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Abstract: A 2kW dynamic two-stage refrigerant direct injection refrigeration system directly driven by distributed PV 

energy was investigated by combining experiment and simulation. The simulation results were in good agreement with the 

experimental data with -1.03% relative error of instantaneous generation power and 5.16% relative error of COP. And then, the 

refrigeration performance of R22, R134a and R318 were tested and the average COPs were 6.16, 5.80 and 8.70, respectively. 

More importantly, relatively environmentally friendly refrigerants R407C and R410a had better refrigeration performance and 

the COPs were 6.13 and 8.52. Finally, the dynamic performance parameters of refrigerant injection and the influence of 

component parameters on refrigeration COP were analyzed. The wall thickness of the plate heat exchanger had a negative 

effect on the heat transfer coefficient of the exchanger and the COP of the second refrigeration system. The average increase 

rates were - 0.234 kW/(m
2
°C) and -0.017. The exchange area of exchanger had a positive effect on the COP and refrigerant 

mass flow of the second refrigeration system. The average increase rates were 12.92 m
-2

 and 0.0209 kg/(s·m
2
). Moreover, the 

effect of refrigerant injection speed on refrigeration performance, COP and outlet refrigerant temperature, was greater than that 

of injection pressure. Changing capillary inner diameter had a greater effect on the refrigeration performance than changing the 

length of capillary. Therefore, it was faster to optimize the refrigerant the refrigerant direct injection refrigerant performance 

by adjusting the capillary inner diameter. 

Keywords: Refrigerant Direct Injection Refrigeration System, Foam Ice, Distributed Photovoltaic Energy System, Capillary 

 

1. Introduction 

The relation between power supply and refrigeration 

demand is becoming more and more intense for the rapid 

development of economy and living standard. So cold storage 

air-conditioning unit had been widely adopted for the electric 

power peak-load shifting [1]. Phase change materials (PCM) 

such as water, inorganic salts, organic alcohols and gas 

hydrates, with stable performance and high latent heat value 

were employed in heat energy storage [2-5]. But the 

refrigeration efficiency and super-cooling of PCMs were the 

focus and hotspot of researchers [6-10]. So the direct contact 

heat exchanger and ice slurry were the practical solutions for 

the super-cooling of PCMs cold storage. The direct contact 

heat exchangers had many undoubted advantages for the 

absence of the internals or barriers between refrigerant and 

PCMs thermal storage over surface type heat exchangers such 

as shell and tube [11]. Because in ice-on-coil system, the 

evaporator coil was submerged in the PCMs thermal storage 

and the ice was formed around the coil. For the poor thermal 

conductively of ice, the refrigeration efficiency gradually 

reduced along with the increase of the ice thickness [12, 13]. 
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Therefore, in order to improve the refrigeration efficiency, the 

refrigeration technology of direct contact heat transfer is 

proposed, which is that the refrigerant is sprayed into cold 

storage material and the heat transfer is efficient without 

intermediate thermal resistance [14-17]. When R12 was 

employed as the refrigerant, the heat transfers between R12 

and water was close to 100% and the system COP was about 

3.4-3.6 [18, 19], which was almost about 2-3 times that of coil 

evaporator ice making system. Because direct contact heat 

transfer keeps in contact with immiscible continuous liquid 

without intermediate thermal resistance, which is widely used 

in many industrial fields, such as industrial energy recovery 

and thermal energy storage for the advantages of relatively 

simple design, high heat transfer coefficient and no 

installation. 

Moreover, in cold storage system, slurry ice was attractive 

for excellent thermal storage property and lower 

super-cooling degree [20]. Ice slurry has good fluidity, when 

it was employed as refrigerant in transporting cooling 

capacity process, its cooling density was several times that of 

traditional refrigerant carrier. So the flow of ice slurry was 

smaller and the power consumed was lower. Moreover, the 

ice slurry has a lower flower resistance and larger heat 

transfer coefficient than cold water [19]. There are six 

methods to generate ice slurry such as moving bed, 

super-cooling, scraped surface heat exchanger, evaporative 

super-cooling, vacuum ice making and direct contact heat 

transfer. Among them, direct contact refrigeration with 

refrigerant injection has the advantages of low super-cooling 

and high refrigeration efficiency, which has attracted the 

attention of researchers. 

The formation mechanism, the influence of ice crystal size 

on the fluidity and heat transfer performance and the ice 

point drift characteristics of ice slurry in refrigerant injecting 

process were investigated in detail [21]. The research on the 

performance of direct contact evaporation heat transfer 

mainly focused on single droplet evaporation. Refrigerant 

droplet gradually absorbed heat and vaporized in PCM 

energy storage material, the droplet volume expanded and 

accelerated to rise in the energy storage material. The bubble 

diameter inside the droplet gradually increased with the 

increase of rising height until the droplet was completely 

vaporized. Most of studies on droplet were theoretical, which 

focused on the volumetric heat transfer coefficient and the 

temperature distribution along the evaporator. Volumetric 

heat transfer coefficient, liquid holdup and heat flow rate are 

important performance parameters of droplets, and they are 

all functions of temperature. The research showed that the 

influence of refrigerant flow rate on heat transfer is greater 

than that of initial refrigerant temperature and PCM 

temperature [22]. Moreover, the initial drop had an inverse 

effect on the average volumetric heat transfer coefficient. 

Nozzle aperture is one of the important parameters for 

performance prediction and design of direct contact heat 

exchanger. When the refrigerant droplets injected with its 

saturation temperature, the optimal refrigeration 

performance was achieved. The continuous temperature 

changes of refrigerant droplets during the dynamic 

movement of heat absorption, vaporization and rise in PCM 

energy storage materials were simulated and tested 

experimentally [23-26]. The temperature difference between 

the interface and the droplets saturation temperature was the 

driving force to the evaporation. So when the interface 

temperature of the PCM material was tested, the direct 

contact evaporator heat transfer coefficient was calculated. 

But the research results revealed that the calculated valued 

was different when interface temperature and PCM 

temperature were adopted in the calculated model, 

respectively. So, analytical models and experimental test to 

study the refrigeration system adopted direct contact heat 

exchanger are very rare for many complex interacting 

phenomena. 

Although the refrigerant direct contact injection 

refrigeration system has very high refrigeration efficiency, but 

it also has a very fatal ice blockage problem. As the refrigerant 

evaporate in PCM material, some water molecules are 

adsorbed on the refrigerant molecules and sucked back to the 

compressor. Since the freezing point of water is higher than 

that of refrigerant, water molecules freeze before refrigerant in 

the throttling process. As the refrigeration cycle continues, the 

ice gradually accumulating in the nozzle, which results the ice 

blockage. Therefore, it also paralyzes the whole refrigeration 

system. So far, this ice blockage problem has not been 

completely solved, which hinders the development of direct 

contact refrigeration system. 

Therefore, in order to ensure the continuous external 

cooling of the refrigeration system, based on the above 

theoretical analysis and our previous research, the refrigerant 

direct injection dynamic two-stage refrigeration cycle 

directly driven by distributed photovoltaic energy system 

was proposed in this paper. The first stage chiller efficiently 

produces cold water, part of the cold water is used to cool the 

high temperature and high pressure vapor refrigerant 

discharged by the compressor of the second refrigerant direct 

injection refrigeration system and the surplus cold water is 

used to service user. Since the two-stage refrigeration 

systems do not interfere with each other, even if the direct 

injection refrigeration system stops working due to the ice 

blockage, the first stage chiller can still operate efficiently to 

service the user. This working mode has high engineering 

application value. Firstly, theoretical analysis and 

experimental test were carried out. The dynamic two-stage 

high efficiency refrigeration coupling mode combining 

direct cooling with high evaporation temperature and surplus 

cold stored with foam slurry ice by liquid-liquid-vapor heat 

exchanger in the second stage, which effectively solved the 

problem of the low efficiency of the single static ice making 

and energy storage system by the efficient coordination of 

refrigerant cooling and energy storage. At the same time, 

through the allocation of control strategy, the distributed 

photovoltaic energy system is effectively combined with the 

refrigerant direct injection dynamic two-stage refrigeration 

system to achieve the purposes of ice storage instead of 

battery to store solar energy. 
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2. Experiment 

2.1. Experimental Setup 

Figure 1 shows the schematic of dynamic two-stage 

refrigerant direct injection refrigeration system directly driven 

by distributed photovoltaic energy system (DPES). The 

system is comprised of DPES, the first stage chiller 

refrigeration cycle, low temperature water cycle and the 

second stage refrigerant direct injection ice making cycle. 

 

Figure 1. Schematic diagram of experimental setup. 

DPES is composed of photovoltaic arrays, inverter and 

controller with maximum power point tracking. The 

electric energy generated by DPES is used to ensure that 

compressors, water pumps and other equipment operate 

efficiently and stably. Moreover, the system energy control 

strategy and matching coupling control are competed by the 

intelligent controller. The compressor 1 of chiller operates 

intermittently to ensure that the temperature of water in the 

storage tank is maintained at about 5°C ~ 8°C. Water pump 

pumps the low temperature water stored in the storage tank 

into the plate heat exchanger to cool the high temperature 

and high pressure refrigerant discharged by the compressor 

2 of the second stage refrigerant direct injection ice making 

cycle, and then flows back to the water storage tank. In 

refrigerant direct injection ice making cycle, compressor 2 

compresses the refrigerant into high temperature and high 

pressure gas, which is condensed into low temperature and 

high pressure gas by the plate heat exchanger and then is 

throttled into low temperature and low pressure liquid 

refrigerant. The refrigerant sprays into the PCM material 

tank through the nozzle arranged at the bottom of the tank. 

After the refrigerant is sprayed and vaporized in PCM 

material, it is wrapped by water in gaseous form. At this 

time, the cooling capacity is directly transferred to the PCM 

material. In ice making process, the vapor refrigerants are 

wrapped in the ice grains. Under the action of buoyancy, the 

ice grains gradually float up to the surface of liquid PCM. 

When ice grains reach the surface, the gas overflows from 

the ice and the gaps are left. With the development of 

refrigeration cycle, a lot of empty ice grains accumulate on 

the liquid surface of PCM and form foam ice layer. After 

that, the vapor refrigerant discharged from the ice is sucked 

back to the compressor 2. This moment, one refrigeration 

cycle of the second stage refrigeration system is completed. 

When the refrigerant is directly injected into PCM material, 

the refrigerant is in direct contact with PCM. The cold 

capacity of refrigerant is completely absorbed by liquid 

PCM material. So the refrigeration efficiency is greatly 

improved. In addition, the injection temperature of 

refrigerant is about -15°C ~ -5°C, which can effectively 

alleviate the super-cooling phenomenon and further 

improve the refrigeration efficiency. So the dynamic 

two-stage refrigerant direct injection refrigeration system 

proposed in this paper can effectively solve the 

disadvantages of low efficiency of traditional static ice 

making system. 

So according to the working principle shown in Figure 1, 

A 2kW dynamic two-stage refrigerant direct injection 

refrigeration system directly driven by DPES was 

constructed and the photos were shown in Figure 2. 

Moreover, the main component parameters are shown in 

Table 1. 
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Table 1. Component parameters. 

DPES First stage Second stage Cold supply system 

Component value Component value Component value Component value 

PV module Max power 245 W Compressor 1.10 kW Compressor 0.35 kW Water pump 0.10 kW 

Number of PV module 10 Water tank 125 L Tank 282 L Fan coil 0.25 kW 

Connection mode in series Pipe length 3.5 m PCM 200 L   

Inverter 220 V3 kW Total Water 150 L Water pump 0.15 kW   

Controller 30A load 3 kW Fan 0.05kW Capillary length 0.5m   

  Water pump 0.10 kW Capillary inner diameter 2mm   

 

2.2. Measurement System 

Solar irradiation was measured by pyranometer, wind speed 

was measured by the wind speed sensor and the ambient 

temperature was measured by temperature sensor. Moreover, 

the refrigerant temperatures in two stage refrigeration cycle 

were measured by T-type thermocouples, shown in Figure 3. 

Meanwhile, voltages and currents of PV modules were 

measured by Solar 300N. The compressor operating power 

was measured by Solar 300N too. Finally, the electromagnetic 

flow meter was used to measure water flow and refrigerant 

flow. The parameters, accuracy and measurement uncertainty 

of all instruments are shown in Table 2. 

 
Figure 2. Experimental platform. 

 
Figure 3. Thermocouples distribution over the test section. 
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Table 2. Instrument parameters and measurement uncertainty. 

Instrument Model Range Accuracy 
Application 

scope 

Maximum 

relative error 

Maximum 

absolute error 

Uncertainty 

(B class) 

Thermocouples T -200-350°C ±0.4% 0-150°C ±0.93% ±1.4°C 0.8083  

Pyranometer Kipp&Zonen CMP-6 0-2000W·m-2 ±5% 0-1000 W·m-2 ±10% ±100 W·m-2 57.7348 W·m-2 

Wind speed sensor EC-9S 0-70 m·s-1 ±0.4% 0-10 m·s-1 ±2.8% ±0.28 m·s-1 0.1617 m·s-1 

Electromagnetic flow 

meter 

KROHNE OPTIFLUX 

5000 
0-12 m·s-1 ±0.15% 0-5 m·s-1 ±0.36% ±0.018 m·s-1 0.0104 m·s-1 

Digital multimeter Solar 300N 
Voltage: 0-1000 V ±0.9% 0-380 V ±2.37% ±9.006 V 5.1996 V 

Current: 0-10 A ±1% 0-10 A ±1% ±0.1 A 0.0577 A 

Electronic balance AHW-3 0-3kg ±0.05g 0-3kg ±0.05% ±0.0015 kg 0.0009 kg 

 

3. Modelling 

3.1. Energy Transfer Process of DPES 

The transient energy balance equation of PV arrays [27]: 

, , , ,( Cp )
p

pv in pv rad pv conv pv elecmodu e tl

dT
m Q Q Q Q

dt
= − − −  (1) 

Where, mCpmodule is photovoltaic module heat capacity, 

kJ/K. Tp is PV module temperature, K. Qpv,in is solar irradiance 

power obtained by PV arrays, kW. Qpv,rad is radiation power 

loss, kW. Qpv,conv is convective heat loss power, kW. Qpv,elect is 

electric power converted by PV arrays, kW. 

The solar energy collected by PV arrays is calculated by: 

,pv in pQ GSτ=                 (2) 

Here, τ is the product of PV module cover glass 

transmittance and PV cell surface absorptivity, experimental 

value is 0.75. G is solar irradiance accepted by PV arrays, 

W/m
2
. Sp is PV module area, m

2
. 

The calculation formula of radiant heat loss is given by: 

, , ,pv rad pv rad ground pv rad skyQ Q Q− −= +        (3) 

( )4 4
,pv rad ground p pg p p g gQ S F T Tσ ε ε− = −      (4) 

( )4 4
,pv rad sky p ps p p s sQ S F T Tσ ε ε− = −        (5) 

Qpv,rad-ground is ground radiation heat loss of PV arrays, W, 

which can be ignored when PV arrays are installed in 

unobstructed areas. Qpv,rad-sky is the radiation heat loss of PV 

arrays to sky, W. σ is Stephan-Boltzmann constant, 5.76×10
-8

 

W/(m
2
·K

4
). Fps is transparency factor of PV arrays to sky, 1. εp 

is PV arrays average emissivity, 0.88. εg is average ground 

emissivity and εs is average sky emissivity, 1. Tg and Ts are 

ground temperature and sky temperature, respectively. 

Generally, the sky temperature is 0.914 times of the ambient 

temperature [28]. 

The calculation formula of heat loss of surface convective 

heat transfer is given by: 

( ),pv conv p p aQ S H T T= −            (6) 

Here, H is convective heat transfer coefficient between PV 

arrays and air, W/(m
2
·K), which can be calculated by the 

follow empirical formula [29]. 

[ ]1
31.2475 cos 2.686 windH T Vβ= ∆ +       (7) 

∆T is different temperature between PV modules and 

ambient, K. β is PV arrays installation angle and the tested 

value is 25°. Vwind is wind speed during test, m/s. 

The generating power by PV arrays is given by:  

,pv elect cQ GSη=                  (8) 

η is photoelectric conversion efficiency. Sc is PV cells total 

area, m
2
. 

( )0 1 p rT Tη η γ = − −
 

             (9) 

Where, η0 is photoelectric conversion efficiency under 

standard conditions, 17.5%. γ is temperature transfer factor of 

photoelectric conversion efficiency, 0.0042K
-1

; Tr is reference 

temperature, 298 K. In this paper, the output efficiency of the 

integrated reverse and control machine is about 92%. 

3.2. Energy Transfer Process of the First Stage Chiller 

Refrigeration Cycle 

The compressor energy balance equation is given by: 

, 1 , ,CP in p CP out CP lossQ W Q Q+ = +，        (10) 

QCP,in is input compressor energy per unit time, W. QCP,out is 

compressor output energy per unit time, W; Wp is compressor 

input power, W; QCP,loss is compressor energy loss per unit 

time, W. generally, it is taken as 10% of compressor operating 

power. 
State 1 is dry vapor with saturation temperature. And the 

refrigerant state parameters are obtained from the refrigerant 

saturation properties table. The energy balance equations in 

the steam compression refrigeration system are shown as 

follows: 

, / ,1 1/2 1CP in out rfQ m h= ɺ ，             (11) 

, ,CO in CO out EQ Q Q= +             (12) 

QCO,in is condenser input energy per unit time, W. QCO,out is 

condenser output energy per unit time, W. QE is condenser 

discharging heat to outside per unit time, W. 
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, ,CO in CP outQ Q=             (13) 

( ), , , ,E air con P air air out air inQ m C t t= −ɺ       (14) 

, ,TH in TH outQ Q=             (15) 

, ,TH in CO outQ Q=             (16) 

QTH,in is throttle input energy per unit time, W; QTH,out is 

throttle output energy per unit time, W. 

The energy balance equation of evaporator is shown as: 

, ,EV in AB EV outQ Q Q+ =
 

        (17) 

, ,EV in TH outQ Q=             (18) 

, ,EV out CP inQ Q=             (19) 

At the time n, the energy balance inside the evaporator of 

the first stage chiller refrigeration cycle is given by: 

, ,
n n n
EV in AB EV outQ Q Q+ =            (20) 

-1
, , 1= +0.9n n n

EV in EV outQ Q W            (21) 

-1
, , ,10.9n n n n

AB EV out EV out p EQ Q Q W Q= − + −     (22) 

, 1,1 1,1
n n n
EV outQ m h= ɺ              (23) 

1
,1 ,11

,1 1,1 ,1 1,1 ,1
,1 ,1

0.9

n n
p pn n n n

AB rf rf p E
p p

W W
Q m h m h W Q

W W

−
−

   
   = − + −
   
   

ɺ ɺ  (24) 

( )1,1 1 10.6143 398.05nh t t= +          (25) 

The cooling capacity produced by the evaporator at the n 

time can be obtained by: 

( ) ( )
( )

,1 1 1 1 3
,1 1,1 ,1 1,1 ,1 ,1

,1

,1 , , , ,

0.6143 398.05 10

0.9

rfn n n n n n n
AB p p p p

p

n n n
p air con P air air out air in

m
Q W t W t W W

W

W m C t t

− − − = − + − ⋅
 

+ − −

ɺ

ɺ

 

(26) 

The cumulative refrigerating capacity of the first stage 

refrigeration system is shown by: 

1

t
n

AB ABQ Q=∑            (27) 

3.3. Energy Transfer Process of the Second Stage 

Refrigerant Direct Injection Refrigeration Cycle [30] 

3.3.1. Plate Heat Exchanger 

The calculation formula of instantaneous energy obtained 

by the secondary refrigeration system from the first stage 

refrigeration system is given by: 

3,2 4,2 , ,
2,

+
-

2 2

n n n n
ex in ex outn

con

t t t t
Q kA

 +
 =
 
 

     (28) 

3,2
nt , 4,2

nt , ,
n
ex int  and ,

n
ex outt

 
are respectively compressor 

discharge temperature, refrigerant temperature flowing out of 

plate heat exchanger, the inlet temperature of the first stage 

refrigeration system to plate heat exchanger and the outlet 

temperature of the first stage refrigeration system to plate heat 

exchanger in the secondary refrigeration system,°C. k is the 

total heat transfer coefficient of plate heat exchanger, 

W·m
-2

°C
-1

. A is the heat exchange area of plate heat exchanger, 

1.4 m
2
. 

The total heat transfer coefficient k of plate heat exchanger 

can be calculated by the following formula: 

1 2

1 1 1

h c

R R
k

δ
α α λ

= + + + +          (29) 

Where, αh and αc are convective heat transfer coefficients of 

cooling side and receiving cold side of plate heat exchanger 

respectively, W·m
-2

·°C
-1

. δ is plate heat exchanger plate 

thickness, m, λ is plate thermal conductivity, W·m
-1

·°C
-1

. R1 

and R2 are the fouling coefficient of cooling side and receiving 

cold side respectively, 0.000030 and 0.000172. At this 

moment, αh and αc can be given by: 

h
h h

h

Nu
de

λα =                (30) 

c
c c

c

Nu
de

λα =                (31) 

Here, deh is plate diameter, which is twice of the plate spacing, 

m. Nuh and Nuc are the Nushilt numbers of cooling side and 

receiving cold side of plate heat exchanger respectively. 

Because the equal flow channel is adopted in the plate heat 

exchanger, so the Nushilt numbers are calculated as follows: 

0.6376 0.3=0.308Re Prh h hNu          (32) 

0.6376 0.4=0.308Re Prc c hNu          (33) 

Where, Reh and Rec are the Reynolds numbers of the 

cooling side and receiving cold side, respectively. Prh and Prc 

are the Prandtl numbers of the cooling side and receiving cold 

side, respectively. All of the Reynolds and Prandtl numbers 

can be obtained by looking up the relevant reference Tables. 

3.3.2. Capillary Restrictor 

The mass flow of refrigerant flowing out of capillary tube, 

which was also the mass flow of working medium direct 

injection, can be calculated by the following empirical formula: 

43 52
2 1 4,2=C 10 scCC C TC

m d L Tɺ          (34) 

Here, C1, C2, C3, C4 and C5 are empirical constants, shown 

in Table 3. 
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Table 3. Empirical constants. 

Refrigerant C1 C2 C3 C4 C5 

R22 0.249029 2.543633 -0.42753 0.746108 0.013922 

R134a 0.123237 2.498028 -0.41259 0.840660 0.018751 

R407C 0.246647 2.544032 -0.41953 0.755385 0.013678 

R410A 0.406125 2.589643 -0.45475 0.696669 0.011865 

tsc is the super-cooling degree of the refrigerant, which can 

be calculated as follows: 

4 ,2 4,2-sc sct t t=                 (35) 

t4sc, 2 is the temperature of the saturated liquid refrigerant 

corresponding to P4, 2, which can be obtained by referring to 

the table. 

Here, 

0.0305

4,2 303.73
t

P e= 4 ，2          (36) 

4 ,2 4,228.008ln 181.36sct P= −         (37) 

The empirical formula for capillary length calculation is 

given by: 

0.25
2

2
,2

Re 2

0.3164 rf

P d g
L

v ρ
∆ ⋅ ⋅ ⋅

=
⋅ ⋅

         (38) 

Where, ∆P is the pressure difference between the inlet and 

outlet of the capillary, therefore: 

4,2 5,2-P P P∆ =              (39) 

Thus, the nozzle injection pressure P5,2 is shown as: 

2-3
,2

5,2 4,2 0.25
2

3.1 10
-

2Re

rfvL
P P

d g
ρ⋅= ⋅ ⋅ ⋅       (40) 

P4,2 and P5,2 are expressed with kPa. 

At this time, the nozzle temperature t2,5 can be calculated by 

the following empirical formula: 

5,2 5 20.0958 52.096t P= −，          (41) 

3.3.3. Refrigerant Injection Refrigeration Process 

Firstly, the heat transfer process of a single bubble is studied. 

The average heat transfer coefficient per unit area of a single 

bubble surface is shown as follow: 

2
c

U
h

R
λ

πα
=                (42) 

R is the equivalent spherical radius of two-phase bubbles of 

diffusion phase (refrigerant), m. λc is continuous phase (PCM 

material) thermal conductivity, W·m
-1

·°C
-1

. U is the rising 

velocity of two-phase bubble, m·s
-1

. α is continuous phase 

liquid thermal diffusivity, m
2
·s

-1
. 

The Nusselt number of single bubble heat transfer is given 

by: 

( )1
2

2 2

c

hR
Nu Pe

λ π
= =            (43) 

Pe is the Beckley criterion number (Pe=Re*Pr), 28000. 

3.3.4. Two Phase Bubble Growth Process 

Assuming that there is no aggregation and rupture of 

bubbles in rising process. This moment, the mass in the 

spherical boundary is conserved. The energy balance equation 

is shown as: 

3
0

4

3
v

l

m
m R mρ π

ρ
 

+ − = 
 

         (44) 

m0 and m are the initial mass and residual liquid mass of 

two-phase bubbles respectively, kg. ρv and ρl are the gas phase 

density and liquid phase density in two-phase bubbles 

respectively, kg·m
-3

. 

21 4v
v

l

dm dR
R

d d

ρ ρ π
ρ τ τ

 
− = 

 
         (45) 

Because ρv<<ρl, Therefore:  

2
- 4v

dm dR
R

d d
ρ π

τ τ
=             (46) 

According to the law of conservation of energy. 

( )2
- 4fg c i

dm
h R h t t

d
π

τ
= −            (47) 

Where, hfg is dispersed phase liquid evaporation latent heat, 

J/kg, tc is the main body temperature of continuous phase,°C. ti 

is the two-phase interface temperature,°C. 

The calculation formula of bubble growth rate is shown 

as: 

( )= = u
2

c i
v hg

dR h
t t N J

d f R
α

α
τ ρ

−         (48) 

Where, Nu=2hR/λc, Jα is Jacobian criterion number. 

α=λc/ρlCp, Cp is specific heat capacity of continuous phase 

liquid, kJ·kg
-1

°C
-1

. 

( )
,

=
l p

c i
v h g

C
J t t

h
α

ρ
ρ

−               (49) 
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R

ατ α
π

 
 +
 
 

           (50) 

R0 is initial radius of two phase bubble, 0.0006m. 

Therefore, the heat transfer coefficient formula of a single 

bubble can be summarized as follows: 



 International Journal of Sustainable and Green Energy 2021; 10(4): 129-144 136 

 

1-
33

2
0

32 2
+

2
c

JU U
h R ατ αλ

πα π
 

=   
 

      (51) 

Nusselt number is given by: 

1
33

2
0

32 2
2 +

2
u

JU U
N R ατ α

πα π
 

=   
 

        (52) 

Assuming that the droplet just reaches the surface of the 

liquid column when it is completely evaporated. At this 

moment, the mass conservation of the droplet is as follows: 

3 3
0

4 4

3 3
l f vR Rπ ρ π ρ=            (53) 

1
3

0= l
f

v

R R
ρ
ρ

 
 
 

            (54) 

Rf is the bubble radius when the droplet evaporates 

completely, m. The droplet radius R0 can be calculated by the 

following formula: 

0.35 0.72
0 = hR Cv d                 (55) 

v is the jet velocity at the nozzle, m·s
-1

. dh is the nozzle 

diameter, m. C is the empirical constant, 0.1535. According to 

the above formula, the time required for complete evaporation 

of droplets is calculated by: 

13
22

02
1

3 2

l
f

v

R

J Uα

ρ πτ
ρ α

 
  = −     

      (56) 

The number of bubbles generated by the secondary 

refrigeration system per unit time is calculated by: 

3
0

4
3

vQ
n

Rπ
=                (57) 

Where, Qv is the volume flow of refrigerant before injection 

into the tank, m
3
·h

-1
. 

The total number of bubbles in the tank is given by: 

3
0

4
3

v
v f f

Q
n n

R
τ τ

π
= = ⋅           (58) 

The instantaneous volume heat transfer coefficient in the 

tank is shown as follow: 
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   (61) 

The average heat transfer coefficient of bubbles in the tank 

is given by: 

3
2 3

0 2
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v c
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Q R
h R J H

J U
α

α

λ α
α π

 
=   ⋅  

       (62) 

4. Results and Discussion 

4.1. Model Validation 

Based on the measured climate conditions, shown in Figure 

4a, the power generation of DPES and the coefficient of 

performance (COP) of two stages refrigeration system were 

simulated by the formulas described above. After that, the 

experimental test was carried out with the experimental test 

platform. All of the experimental data were compared with the 

calculation results, shown in Figure 4b. 

 
Figure 4. Model validation. 
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In Figure 4a, it was obvious that the experiment was carried 

out in a typical sunny day from 8:00 A.M to 4 P.M. The 

cumulative irradiation amount and average solar irradiance 

during the experiment were 21.34 MJ/m
2
 and 760.78W/m

2
, 

respectively. In addition, the average wind speed and ambient 

temperature were 1.18 m/s and 21.14°C, respectively. And the 

average photoelectric conversion efficiency of PV arrays was 

17.99%. It could be seen from Figure 4b that the calculated 

values of the instantaneous generation power of DPES and the 

instantaneous COP of the two refrigeration cycles were in 

good agreement with the experimental data. The relative 

errors were shown in Table 4. It was obvious that the relative 

error of the refrigerant direct injection refrigeration cycle was 

more than 10%, because the refrigerant direct contact heat 

transfer process was very complex. There was no mature 

theoretical model at present. So more empirical formulas were 

used in the calculation process. Therefore, the accumulation of 

empirical formula errors leaded to the increase of the final 

calculation errors. However, this error was acceptable in the 

engineering field. So it could be concluded that the model 

reported in the paper was reliable and practical, which could 

be used to calculate the performance of dynamic two-stage 

refrigerant direct injection refrigeration system directly driven 

by DPES. 

Table 4. Relative errors of calculated values (R410a). 

 
DPES First stage chiller refrigeration cycle Second stage refrigerant direct injection refrigeration cycle 

Accumulated power / kW·h Average COP Average COP 

Calculated values 15.066 2.607 9.557 

Experimental data 15.222 2.479 8.523 

Relative errors -1.03% 5.16% 12.13% 

 

4.2. Refrigeration Performance 

The refrigeration performances of three refrigerants such as 

R22, R134a and R318, which were employed in two-stage 

refrigerant direct injection high efficiency refrigeration 

system driven by power grid, were investigated by experiment. 

Moreover, the temperatures of components in the refrigeration 

system were measured and recorded. The results were showed 

in Figure 5a, Figure 5b and Figure 5c. 

The experimental results showed that the refrigerant 

injection refrigerant system could operate stably and 

efficiently when R22, R134a and R318 were employed as the 

dispersant in direct contact heat exchanger. Because the first 

stage chiller was a closed refrigeration cycle, the replacement 

of refrigerant in the secondary refrigeration system had little 

effect on its refrigeration performance and its COP was 

basically maintained at about 3. In the second stage 

refrigeration cycle, the average COPs of injection 

refrigeration system with R22, R134a and R318 refrigerant 

were 6.16, 5.80 and 8.70, respectively. After the same 

capillary throttling, R22 temperature at the nozzle could reach 

-17.29°C, which was the lowest temperature in three 

refrigerants. The minimum temperatures of R134a and R318 

at the nozzle were -10.02°C and -5.09°C, respectively. 

Table 5 showed that the main research results and was 

close to those of Kiatsirriroat et al [19, 30], Sidemen [31] and 

Blair [32]. It was obvious that the volumetric heat transfer 

coefficient of refrigerant droplets hv of R22 and R134a in this 

paper were similar to results of Kiatsirriroat. But the COP of 

R22 of present study was 35.25% higher than reported by 

Kiatsirriroat. Because the injection temperature of throttled 

refrigerant at the nozzle was 7.71°C higher than Kiatsirriroat 

by optimizing the length and inner diameter of capillary.  
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Figure 5. Refrigeration characteristic curves of the two-stage refrigeration system with three refrigerants. 

Table 5. Comparison of research results. 

 Present research (Average value) Kiatsiriroat [19, 30] Sideman [31] Blair [32] 

Refrigerant R134a R22 R407C R410a R318 R134a, R12, R22 Pentane R113 

PCM materials Water Water Water Water Water Water Water Water 

hv (kW/m3℃) 39.75 40.62 46.90 65.02 82.27 2-40, 2-16, 2-52  180 122 

Mass flow rate of refrigerant (kg/s) 0.008 0.01 0.01 0.01 0.013 0.02-0.08 0.022 0.023 

Refrigerant temperature (℃)  -10.02 -17.29 -3.10 -11.28 -5.09 -10.00, -20.00, -25.00 - - 

COP 4.52 5.56 6.13 8.52 8.70 -, -, 3.4-3.6 - - 

 

In PCM storage tank, the direct contact heat transfer 

process between refrigerant and PCM material was complex 

and difficult to test experimentally. Therefore, the heat 

transfer process and performance of the second stage 

refrigerant direct injection refrigeration system direct driven 

by DPES were investigated by calculation. Driven by 

compressor, the throttled refrigerant droplets were injected 

into the PCM storage tank. After absorbing the heat energy 

of PCM material with relatively high temperature, the low 

temperature droplets gradually vaporized into gaseous 

refrigerant to form the bubbles in PCM. Under the joint 

action of injection speed and buoyancy, the refrigerant 

bubbles floated up to the surface of liquid PCM and then 

broken. And then, the vapor refrigerant in the bubbles were 

sucked back to compressor and this moment a refrigeration 

was completed. With the development of refrigeration cycle, 

foam ice was gradually formed on the surface of PCM liquid. 

In this process, the injection speed of refrigerant and the size 

of nozzle inner diameter had a great impact on the droplet 

vaporization and bubble rupture height. In addition, the 

temperature and pressure of throttled refrigerant had a 

certain impact on the bubbles` motion characteristics. The 

calculated results were shown in Figure 6. 

Figure 6a showed the capillary outlet pressure and 

temperature curves, which decreased gradually with the 

increase of time until they reached stability. The curves 

fluctuated with the fluctuation of solar irradiance. So The 

average values of pressure and temperature could better 

evaluate the capillary outlet characteristics and the average 

values were 436.05 kPa and -11.17°C, respectively. Figure 

6b described the refrigerant injection speed, droplets 

evaporation time, maximum droplet radius and maximum 

rising height. The injection speed and droplets evaporation 

time decreased along with the increase of time. On the 

contrary, the maximum droplet radius and maximum rising 

height increased along with time. Their average values 

were 3.89 m/s, 3.58 mm, 0.00164 s and 6.4 mm, 

respectively. The heat transfer coefficient of refrigerant 

bubble in PCM material was an increasing function of time, 

which reached the equilibrium after a certain time, shown in 

Figure 6c. But the bubble heat transfer power and the 

number of the bubbles always about kept the same. Their 

average values were 112, 21.09 W and 12.54 kW/(m
2
·K), 

respectively. Finally, the COPs of the refrigeration system 

were shown in Figure 6d. 
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Figure 6. Refrigerant direct injection characteristics. 

4.3. Influence of Component Parameters on Refrigeration 

Performance 

In the second stage refrigerant direct injection refrigeration 

system, the plate heat exchanger played a very important role. 

The cold side of the exchanger was pumped the cold water 

produced in by the first stage chiller, which was employed to 

cool the high temperature and pressure vapor refrigerant in the 

hot side of exchanger. So the exchanger played the role of 

condenser in the second stage refrigerant. Different from the 

ordinary air cooled condenser, the water cooled plate heat 

exchange condenser with better condensation effect was 

adopted. So the heat transfer effect of plate heat exchanger had 

a great influence on the characteristics of the condensed 

refrigerant in the second refrigeration cycle. Therefore, the 

parameters of plate heat exchanger such as material, wall 

thickness and heat exchange area, affecting the heat exchange 

effect of the exchanger were analyzed in this paper. And the 

research results were shown in Figure 7. 

In Figure 7a, it was obvious that with the increase of plate 

exchanger wall thickness, the average plate total heat transfer 

coefficient and the COP of the second injection refrigeration 

cycle of the exchanger gradually decreased. At the same time, 

the average surplus cooling capacity produced by the first 

chiller gradually increased. When the wall thickness of plate 

increased 1mm, the transfer coefficient and COP decreased by 

0.234 kW/(m
2
°C) and 0.017, respectively and the surplus 

cooling capacity increased by 0.352 kW. Therefore, the 

thinner plate was employed, the heat transfer coefficient was 

greater and more cooling capacity produced by the chiller was 

transmitted to the second injection refrigeration cycle. So the 

COP of second stage refrigeration system was improved 

effectively. Figure 7b showed that the COP of second stage 

refrigeration system increased along with the increase of 

thermal conductivity. But the increase rate was gradually 

decreasing. As you know, the more purchase money must be 

paid for the better conductivity coefficient plate exchanger. So 

the plate heat exchangers with large market share usually use 

materials with medium thermal conductivity and low price, 

such as cast iron and lead-zinc. Figure 7c revealed that the 

surplus cooling capacity increased along with the increase of 

exchanger heat exchange area at an increase rate of -9.39 

kW/m
2
. Moreover, the COP and the mass flow of the second 

refrigerant injection refrigeration increased along with the 

increase of area at the increase rates of 12.92 m
-2

 and 0.0209 

kg/(s·m
2
), respectively. 
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Figure 7. Effect of heat exchanger parameters on direct injection refrigeration performance of two stage refrigerant direct injection refrigeration system. 

In refrigeration cycle, the saturated or super-cooled low 

temperature and high pressure refrigerant flowing out of 

the condenser must be throttled, depressurized and cooled 

by throttle valve or capillary before the liquid refrigerant 

can reach saturation again and a refrigeration is finished 

by liquid endothermic evaporation. In order to 

investigated the effect of throttling on the refrigeration 

performance. The capillary was employed in the second 

stage refrigerant injection refrigeration and the influence 

of capillary inner diameter and length on the refrigeration 

characteristics was studied. And the investigated results 

were shown in Figure 8. 

 
Figure 8. Effect of capillary parameters on refrigeration characteristics of the second refrigerant injection refrigeration cycle. 

In Figure 8a, the results showed that capillary inner diameter had a complex effect on the refrigeration 
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characteristics of the second refrigerant injection refrigeration 

cycle. When the inner diameter d increased, the first effected 

parameter was capillary outlet refrigerant pressure P5, 2, which 

decreased gradually with a -9.484 kPa/mm average increase 

rate. In throttling process of refrigeration cycle, refrigerant 

temperature t5, 2 decreases along with the decrease of the 

pressure. So the outlet refrigerant temperature also decreased 

along with the diameter increase at a -0.590°C/mm average 

increase rate. The refrigerant mass flow and jet velocity of 

capillary outlet, the COP of the second refrigeration were 

increased along with the increase of the diameter at the 

average increase rates of -0.0188 kg/(s·mm), 1.291 m/(s·mm) 

and 12.597 mm
-1

. The increase rate of jet velocity decreased 

gradually. But the increase rates of mass flow and COP 

increased gradually. In Figure 8b, it was obvious that when 

capillary length increased, all of the refrigeration 

characteristics parameters decreased gradually. Because the 

capillary was extended, the throttling process also increased. 

So the outlet pressure and temperature decreased continuously. 

With the throttling process increase, the time for the 

refrigerant to receive the friction resistance of the pipe wall 

was expanded, so the outlet refrigerant mass flow and jet 

velocity at the nozzle, the COP of the refrigerant cycle were 

reduced. All of the average increase rates were -32.529 kPa/m, 

-2.011°C/m, -0.0467 kg/(s·m), -14.305 s
-1

 and -30.846 m
-1

, 

respectively. In the second stage refrigeration cycle, the 

relationships between instantaneous COP, capillary outlet 

temperature and corresponding injection speed and pressure 

were shown in Figure 9. 

 

Figure 9. Variation of refrigeration characteristics parameters with injection temperature and pressure in direction refrigeration process. 

The research results in Figure 9 revealed that both 

refrigeration COP and capillary outlet temperature had linear 

increasing trend with the increase of jet velocity and pressure. 

An important conclusion was drawn that the influence of 

injection characteristics parameters on COP was greater than 

the throttling outlet temperature. Moreover, during the 

refrigeration process, the injection speed and pressure of COP 

were relatively concentrated in the range of 4.0-4.5 m/s, 

440-470 kPa, respectively. The effects of refrigerant injection 

speed on refrigeration efficiency and outlet temperature 

caused by the change of capillary parameters were also 

analyzed in detail. According to the above analysis, the jet 

velocity increased with the increase of capillary inner 

diameter and shortening of capillary length. But the injection 

pressure decreased with the increase of inner diameter. 

Therefore, the effects of injection speed and pressure on COP 

and outlet temperature were just the opposite. The research 

results were shown in Figure 10a and Figure 11a. 

 
Figure 10. Effect of refrigerant jet velocity on refrigeration characteristics. 
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Figure 11. Effect of refrigerant injection pressure on refrigeration characteristics. 

It was obvious that the capillary inner diameter has the 

opposite effect on COP and injection temperature. In Figure 

10a, by increasing the capillary inner diameter, the refrigerant 

jet velocity increased and the COP was improved. Moreover, 

the outlet temperature was reduced, which were beneficial to 

the refrigeration performance. The average influence rates of 

jet velocity on COP and outlet temperature were 9.76 (m·s)
-1

 

and -0.46°C/(m·s
-1

), respectively. The jet pressure increased 

along with the decrease of capillary inner diameter. So the 

COP decreased and the outlet temperature increased in Figure 

11a. The average influence rates of jet pressure on COP and 

outlet temperature were -1.33 (kPa)
-1

 and -0.06°C/kPa, 

respectively. As shown in Figure 8b, the length of capillary 

also had a certain influence on the jet velocity and pressure, 

which increased along with the increase of capillary length. So 

the research results about the influences of the change of jet 

velocity and pressure, caused by the change of capillary length, 

on the COP and outlet temperature of the refrigeration system 

were shown in Figure 10b and Figure 11b. 

Refrigerant jet velocity and pressure were inversely 

proportional to the capillary length. So shortening the length 

of the capillary can increase the velocity and pressure Figure 

10 and Figure 11 showed that the COP and outlet temperature 

increased along the increase of jet velocity and pressure. In 

Figure 10b, the COP increased nearly linearly with the jet 

velocity and the increase rate of outlet temperature increased 

first and then decreased. The average increase rates of them 

were 2.16 (m·s
-1

)
-1

 and 0.14°C/(m·s
-1

), respectively. On the 

contrary, the outlet temperature increased nearly linearly with 

the jet pressure and the increase rate of COP decreased first 

and then increased. The average increase rates of them were 

0.06°C/kPa and 0.95 (kPa)
-1

, respectively. 

In conclusion, appropriately increasing capillary inner 

diameter was conducive to improve COP and low temperature 

liquid refrigerant was obtained. The results also showed that 

the system had better comprehensive performance when the 

inner diameter was between 1.5 mm and 2.5 mm. Moreover, 

the COP was improved but the outlet fluid temperature 

decreased by shortening capillary length. So the capillary 

length should be adjusted according to the performance of 

refrigerator and demand of cooling load. In refrigerant direct 

injection refrigeration cycle, 40-50 cm capillary length was a 

better choice. 

Refrigerant is not only the core component of refrigeration 

cycle, but also the main energy transfer medium. The 

refrigerants had different thermophysical properties due to 

its different composition. There are many kinds of 

refrigerants, but R22 (CHClF2) and R134a (CH2FCF3) 

account for a large market share at present. R22 is a kind of 

Freona. Because a Chlorine atom is contained in its 

molecular formula, R22 has destructive effect on the ozone 

in the earth`s atmosphere. It will be completely eliminated by 

2030 according to the Montreal protocol. Because the ozone 

destruction potential (ODP) of R134a, R407C and R410A 

were zero. So they do not destroy the ozone layer, which are 

an environmentally friendly refrigerant recognized and 

recommended by most countries in the world. But their 

global warming potential (GWP) are high, which are the 

causes of global warming. More and more environmentally 

friendly and zero GWP refrigerants will be researched and 

developed in the future. In the reported references about 

refrigerant direct injection refrigeration system, 

non-environmental friendly refrigerants such R12 and R22 

were employed. The research on environmentally friendly 

refrigerants has not been seen. So in the second stage 

refrigerant direct injection refrigeration cycle, the 

refrigeration characteristics of different refrigerants were 

investigated in this paper. Four common refrigerants R22, 

R134a, R407 and R410a were selected as the direct injection 

refrigerants. The results were shown in Figure 12. 

It was obvious that the COPs of four refrigerants direct 

injection in the second stage refrigeration increased sharply to 

the maximum value and then slowly decreased to the stable 

value. The period of COP rapid increase was the stage of 

producing cold water while the period of COP slow decrease 

was the stage of producing dynamic foam ice. The COP of 

R410a was the highest with the 8.52 average value and the 

COP of R134a was the minimum value with the 4.52 average 

value. The COP of R407C was higher than that of R22, and 

their average values were 6.13 and 5.56, respectively. R410a 

was a kind of refrigerant suitable for direct heat exchanger 

refrigeration cycle. 
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Figure 12. COPs of fourth refrigerants in the second stage refrigerant 

injection refrigeration cycle. 

5. Conclusion 

A 2kW dynamic two-stage refrigerant direct injection 

refrigeration system directly driven by DPES was investigated 

by combining experiment and simulation. Some main results 

were shown as follows. 

(1) Under the typical sunny conditions, the instantaneous 

generation power and COP tested by experiment, were 

15.222 kW·h and 2.479 and the calculated values were 

15.066 kW·h and 2.607, respectively. the relative errors 

of them were -1.03% and 5.16%, respectively. So the 

model constructed in this paper can be used to analyze 

dynamic two-stage refrigerant direct injection 

refrigeration system. 

(2) Driven by power grid, the experimental results revealed 

that the average COPs of injection refrigeration system 

with R22, R134a and R318 refrigerant were 6.16, 5.80 

and 8.70, respectively. And the nozzle outlet 

temperatures of R22, R134a and R318 were -17.29°C, 

-10.02°C and -5.09°C, respectively. When directly 

driven by DPES, the average COPs of R22, R134a, 

R407C and R410a in the second refrigerant direct 

injection refrigeration cycle were 5.56, 4.52, 6.13 and 

8.52, respectively. 

(3) The wall thickness of the plate heat exchanger had a 

negative effect on the heat transfer coefficient of the 

exchanger and the COP the second refrigeration system 

and the average increase rates were - 0.234 kW/(m
2
°C) 

and -0.017, respectively. The higher thermal 

conductivity of the plate heat exchanger, the better heat 

transfer performance. But the exchanger price is also 

expensive. Lead zinc plate heat exchanger with medium 

thermal conductivity was usually employed in 

engineering. The exchange area of exchanger had a 

positive effect on the COP and refrigerant mass flow of 

the second refrigeration system and average increase 

rates were 12.92 m
-2

 and 0.0209 kg/(s·m
2
), respectively. 

(4) The average influence rates of jet velocity caused by 

changing the inner diameter on COP and outlet 

temperature were 9.76 (m·s)
-1

 and -0.46°C/(m·s
-1

), 

respectively. The average influence rates of jet pressure 

caused by changing the inner diameter on COP and 

outlet temperature were -1.33 (kPa)
-1

 and -0.06°C/kPa, 

respectively. Refrigerant jet velocity and pressure were 

inversely proportional to the capillary length. the COP 

increased nearly linearly with the jet velocity and the 

increase rate of outlet temperature increased first and 

then decreased. The average increase rates of them 

were 2.16 (m·s
-1

)
-1

 and 0.14°C/(m·s
-1

), respectively. On 

the contrary, the outlet temperature increased nearly 

linearly with the jet pressure and the increase rate of 

COP decreased first and then increased. The average 

increase rates of them were 0.06°C/kPa and 0.95 

(kPa)
-1

, respectively. 
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