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ABSTRACT
The flash tank vapor injection cycle is widely used and has been proven effective for improving system performance
compared with the conventional systems. A good control design for this type of cycle to make the system work
properly under various operation conditions is a challenge and one often has to resort to experimental studies, which
are time-consuming and costly. In this paper, a transient mathematical model for a flash tank vapor injection heat
pump system with an economized scroll compressor is presented. The compressor model is a map-based model. The
heat exchangers are modeled using the finite volume method. The valves are modeled using empirical correlations.
The resulting equations are solved using a commercially available differential algebraic equation solver. The
simulation results are compared against experimental data and the comparison indicates that the model can predict
system transient behavior during startup reasonably well. Using this validated model, the impact of the upper-stage
EEV opening is investigated.

1. INTRODUCTION
Flash tank vapor injection (FTVI) system has been gaining popularity recently since it was first introduced to the
market in late 1970s. Its applications have expanded considerably to satisfy different needs, such as heating, cooling
and refrigeration. FTVI system is superior to the conventional systems owing to its higher energy efficiency and
lower discharge temperature as well as the flexibility in adjusting the capacity by altering the vapor injection ratio.
So far, there have been many experimental studies carried out to compare the performance of FTVI system to that of
the conventional ones under different operating conditions. All these studies demonstrate that system capacity and
COP can improve remarkably when vapor injection is applied. Xu et al. (2011a) conducted a comprehensive
literature review on vapor injection systems. In the review, the authors compared the flash tank cycle with the
internal heat exchanger cycle in detail and pointed out that the system control should be carefully devised for the
former in order for the flash tank to maintain a proper liquid level. As a follow-up study, the same authors (Xu et al.,
2011b) analyzed several different control scenarios for a flash tank heat pump system and experimentally
investigated the feasibility of using the injection superheat to control the injection ratio.
Although the experimental approach is the most straightforward and reliable one to tackle the difficulties in the
control design of the FTVI system, clearly it is too expensive and time-consuming. Countless tests need to be
conducted even just in order to find an adequate combination of PID parameters for controllers. Under this
circumstance, a numerical dynamic model becomes necessary. The use of numerical models can facilitate
understanding the phenomena related to the problems and reduce the financial cost of control design. To the authors’
best knowledge, however, full understanding of models to simulate the dynamic behavior of FTVI system is still
lacking and many efforts are still needed to make further progress.
This paper introduces a first-principles model to simulate the transient behavior of a flash tank heating pump system
during startup. In the meanwhile, the transient response of the system to a step change in the opening of the upperstage EEV will be analyzed. In the future, the model can be expanded to include other transients for shutdown,
frosting and defrosting.
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2. SYSTEM DESCRIPTION
The studied system and its P-h diagram are shown in Figure 1. In the system, an economized scroll compressor is
used. The hot vapor discharged by the compressor flows through the condenser coil where cooler air removes the
heat from the vapor until it condenses into a subcooled liquid when exiting the condenser. Then the liquid refrigerant
goes through the upper-stage expansion valve where the pressure decreases drastically. This process results in a
vapor-liquid mixture entering the flash tank where the vapor and liquid separates. The separated saturated vapor is
routed to the economizer port of the compressor and mixed with the refrigerant after the first stage compression,
while the saturated liquid goes through another throttling process before flowing through the evaporator coil where
it evaporates. The resulting refrigerant vapor returns to the compressor inlet. The vapor is then compressed and
discharged at a higher temperature, thus completing a thermodynamic cycle.

Figure 1: Schematic of a flash tank vapor injection system and P-h diagram (Wang, 2008)

3. MATHEMATICAL MODELS
3.1 Scroll Compressor
A scroll compressor with an economizer port is used in the studied system. Vapor injection can be turned on or
turned off by opening or closing the solenoid valve before the economizer port on the injection line.
In the transient simulation, the compressor is generally treated as a quasi-steady state component because the
timescales associated with the variation of the compressor mass flow rate are very small compared to timescales
associated with heat exchanger and charge distribution. Therefore, a full-scaled physics-based compressor model
that captures the detailed transients during the compression process is not necessary considering the computation
cost (Winkler, 2009). As a result, a map-based compressor model is used in the study. The compressor is divided
into two stages. The suction vapor is compressed in the first stage and then is mixed with the injected vapor from the
economizer port. The mixture is further compressed in the second stage to the discharge pressure.
The polytropic compression process is well understood and its volumetric efficiency and compression power can be
calculated using Equations (1) and (2), respectively
ߟ = 1 −  ܮܥቀܴ

1/݊

− 1ቁ
షభ


ܹ = ܼ ܰ/60ߟ ܸ  ቈܴ

(1)
− 1

(2)

In reality, the compression process is very complex and is influenced by many factors. Without loss of physical
meaning, the format of the above equations is adopted but the coefficients are curve-fitted based on the experimental
data to account for the deviation of an actual compression from the polytropic compression.
The modified equation for the volumetric efficiency is given by
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ߟ = ܿ ൣ1 − ܿ ൫ܴయ − 1൯൧


(3)

While the modified calculation for the compression power is
ܹ = ܿ ܸ ܰ/60ߟ  ൣܴఱ − 1൧


(4)

The specific enthalpy of the refrigerant leaving each stage is determined by
ℎ = ℎ + ߚ

(5)

where β is an empirical constant and c1-c5 are curve-fitted coefficients.

3.2 Expansion Valves
An electric expansion valve (EEV) is used in the upper-stage and a thermostatic expansion valve (TXV) is used in
the lower-stage. The EEV attempts to control the intermediate pressure and thus the injection ratio, while the TXV
tries to maintain the refrigerant entering the compressor at a certain superheat. In general, saturated refrigerant vapor
passes through the vapor line of the flash tank. In such a condition, the EEV is not able to function properly. To
resolve this issue, an electric heater is installed on the vapor line to ensure full vaporization of possible liquid
carryover by the injection flow and to obtain a modest injection superheat. This injection superheat signal can be
sent back to the PID controller of the EEV to control the EEV opening.
Same as the compressor model, the dynamics of the valve itself are neglected. The mass flow rate through the valve
is determined by the flow coefficient, the flow area, the inlet density and the pressure drop across the valve
݉ሶ = ܣ ܥඥߩ  ∆

(6)

The area in the above equation is a function of the EEV opening that is adjusted by the PID controller until the
injection superheat reaches to its setting point. Since the pressure and temperature of the injection flow are both
measured on the vapor line, the superheat can be sensed instantaneously. Therefore, there is no need to add a delay
for the superheat signal to the PID controller.
For the TXV, the superheat is sensed by the bulb attached on the suction line. Hence, there is an inevitable delay
between the sensed superheat and the actual superheat due to the thermal inertia of the bulb and the heat transfer
resistance between the substance in the bulb and the refrigerant flowing in the suction line.
The bulb is modeled as a lumped section and its temperature variation is given by
್


+


ܶ
್ 

=


ܶ
್ 

(7)

where τb = MbCb/UA is the time constant of the bulb temperature response.
The spring deflection needs to be known in order to find the effective flow area. The force exerted by the spring can
be found from a force balance on the diaphragm. Here, we assume that the spring force is a linear function of the
spring deflection, yielding
ܲ − ܲ =  ݕܭ+ ܲ

(8)

where K is a constant determined by the diaphragm area and spring constant. Poffset is the initial spring force. Once
the spring deflection is known, the effective flow area can be calculated based on the internal geometry of the valve.
More details can be found in (Li et al., 2004).

3.3 Heat Exchangers
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Transient heat exchanger models generally fall into one of two categories; namely phase-independent finite volume
models and phase-dependent moving boundary models (Bendapudi et al., 2008). In finite volume models, the heat
exchanger is subdivided into a fixed number of constant volumes and the manner in which the heat exchanger is
subdivided is independent of the refrigerant phase. In moving boundary models, the heat exchanger is subdivided
based on the location of the phase transition points. The length of each region changes with time as the transition
points move throughout the heat exchanger. Compared with finite volume models, moving boundary models are
more efficient in terms of computation because they utilize fewer control volumes. However, when it comes to
simulation of fast transient behavior, such as startup and shut-down operations, moving boundary models tend to
have difficulty in making a continuous, smooth and stable transition in the solving process when flow phase forms
or disappears.
In general, the heat exchanger is analyzed by dividing it into three sections, i.e. refrigerant flow, finned wall and the
air stream. The conservation laws are applied to each of these three sections. In the present study, the finite volume
approach is adopted and each tube and its associated fins are considered as a control volume, as shown in Figure 2.
The models are mainly based on the following assumptions:
1)
2)
3)
4)
5)
6)
7)

The air side is modeled as an incompressible fluid and thus the dynamics is negligible.
The refrigerant flow is one dimensional flow.
The refrigerant properties are considered uniform on the transverse section of the heat exchangers.
The axial heat conduction in the refrigerant flow direction is ignored.
In the two phase region, the liquid and the vapor are in thermodynamic equilibrium.
The potential energy and kinetic energy of the refrigerant are not taken into account.
The tubes and fins are modeled as a lumped section and thus the metal temperature is uniform in each control
volume.

Based on the above assumptions, the governing equations for each control volume can be established.
Refrigerant side
ܸ ቈቀ
ܸ ℎ ቀ

ೝ

ቁ − 1൨

ೝ 

ೝ

ቁ

ೝ

ೝ  

ೝ


+ቀ

ೝ

+ ܸ ቈℎ ቀ

ೝ

൫ ܥܯ൯

 = ݉ሶ, − ݉ሶ,

ቁ + ߩ 



ೝ,

Air side

ೝ

ೝ 

, − , +  ܩ൬
Finned wall

ቁ

ೝ  

−


ೝ,

ೝ


= ݉ሶ, ℎ − ݉ሶ, ℎ − ܳ

൰ ∓  = ݖ݀ ݂ 0


(9)

(10)

(11)

= ܳ − ܳ

(12)

ܶ, = ܶ − ൫ܶ − ܶ, ൯݁ ݔ൬−

(13)

ೢ


   !
൰
ೌ ,ೌ

ܺ, = ܺ, − ൫ܺ, − ܺ, ൯݁ ݔ൬−

   !
మ/య ൰
ೌ ,ೌ 

(14)

A staggered grid scheme is used to solve the equations on the refrigerant side because it can give better convergence
properties in cases of dealing with pressure gradient. Explicitly, mass and energy balance are calculated in control
volumes, whereas the momentum balance is calculated between control volumes (Tummescheit, 2002).
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Figure 2: Control volume of the HX model

Figure 3: Schematic of a flash tank

3.4 Flash Tank
The liquid-vapor refrigerant mixture enters the flash tank and separates, shown in Figure 3. For the sake of
simplicity, it is assumed in the present study that vapor and liquid perfectly separate although it is not the case in
reality. Therefore, the flash tank is considered as a big control volume with one inlet and two outlets. Consequently,
the governing equations can be written as follows
ܸ ቈቀ
ܸ ℎ ቀ

ೝ

ቁ − 1൨

ೝ 

ೝ

ቁ

ೝ

ೝ  

ೝ


+ቀ

ೝ

ቁ

ೝ

ೝ  

+ ܸ ቈℎ ቀ

ೝ

 = ݉ሶ, − ݉ሶ#, − ݉ሶ

ቁ + ߩ 

ೝ 

ೝ


(15)

,

= ݉ሶ, ℎ − ݉ሶ#, ℎ#, − ݉ሶ

, ℎ ,

− ܳ

(16)

The leaving enthalpies of the vapor and liquid streams are dependent upon the refrigerant state inside the flash tank.
Here there are two cases that need to be taken into account, 1) there is liquid inside the flash tank; 2) there is no
liquid inside the flash tank.
The criterion used to switch between these two cases is to compare the refrigerant mean density to the density of the
saturated vapor at the same pressure. For the first case, the mean density is larger than that of the saturated vapor,
then the vapor and liquid should perfectly separate.
ℎ#, = ℎ#
ℎ , = ℎ

(17)
(18)

For the second case, the mean density should be equal or smaller than that of the saturated vapor, and the leaving
enthalpies of the streams should be both equal to the mean enthalpy.
ℎ#, = ℎ
ℎ , = ℎ




(19)
(20)

3.5 Pipes
The governing equations for the pipe model are essentially the same as those for heat exchanger models except the
air side heat transfer is in natural convection; readers are referred to the section for heat exchangers.

4. IMPLEMENTATION
In the present study, Modelica is chosen as the modeling language and the simulation environment is Dymola 7.4. In
the recent years, Modelica/Dymola has been proven efficient for modeling complex thermo-fluid systems and a
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series of papers have been published in this area (Jesen and Tummescheit, 2002; Tummescheit, 2002; Casella and
Schiavo, 2003; Elmqvist et al., 2003; Pfafferott and Schmitz, 2004). One of the most prominent advantages of using
Modelica/Dymola is that users do not need to devote much effort on how to solve the mathematical DAEs generated
by the models while can focus on the physical modeling. As a result, the modeling efficiency is significantly
improved.

5. MODEL VALIDATION AND RESULTS
The component models were combined to construct a flash tank vapor injection system. R410A was selected as the
working fluid. The components were sized based on the system studied by Xu et al. (2011b) and the detailed size
information of each component can be found in the paper.
In the present study, only the heating mode was considered. Since the present study was not aimed to investigate the
transients of frosting and defrosting, a frost-free operating condition was chosen, that is, the indoor temperature was
21°C (48% RH) and the outdoor temperature was 8.3°C (75% RH).
In this study, empirical correlations were used to predict the heat transfer coefficients and pressure drop on both
refrigerant side and air side. All the correlations were summarized in Table 1 for completeness.
Table 1: Correlation Summary
Air side
Heat transfer coefficient

Kim et al. (1999)

Single phase
Condensing
Evaporating

Pressure drop

Kim et al. (1999)

Single phase
Condensing
Evaporating

Refrigerant side
Gnielinski (1976)
Shah (1979)
Jung-Radermacher (1989a)
Blasius (Incropera & DeWitt 1996)
Lockhart-Martinelli (1949)
Jung-Radermacher (1989b)

The system model was validated against the experimental data for two cases. The first case was a startup simulation
case with a fixed EEV opening of 18%. The simulation lasted for 15 minutes after startup and all the outputs are
shown in the following figures. Suction, discharge and intermediate pressure transients are shown in Figure 4. It can
be observed that the system takes about 10 minutes to reach the steady-state. In the first 2 minutes, the discharge
pressure increases rapidly, then gradually slows down the ascent and finally levels off. The intermediate pressure
and the suction pressure have very similar transients. In the first 3 minutes, both pressures decline and thereafter rise
up slowly. Compared to the discharge pressure, the transients of the intermediate and suction pressures are more
benign than those of the discharge pressure because their steady-state values are closer to the initial system pressure.
The steady-state values of the suction, intermediate and discharge pressures are 732kPa, 1220kPa and 2770kPa,
respectively. The comparison between the simulation and the measured data shows that the model can predict the
startup transients reasonably except that there are some disagreements in the first 2 minutes. This is understandable
because the startup transients are very complex in the real life since they are affected greatly by the compressor in
whose model lots of details are neglected in the present study. This necessitates a relatively detailed compressor
model while still simple enough in order to account for the influence of internal heat transfer and the oil on the
startup transients.
Figure 5 shows the change in the suction and discharge temperature as well as the suction superheat. It can be noted
that the discharge temperature rises quickly in the first 4 minutes and then flattens out until it reaches to 361K after
10 minutes. Different from the discharge temperature, the suction temperature is quite stable during startup. It drops
a little bit at the very beginning and then quickly recovers. There is no superheat at the first 30 seconds because
there is not enough time for the liquid to vaporize in the evaporator coil till this point. The superheat increases
quickly up to a peak value of 14K at 150 second. After that, it gradually drops down and maintains its steady-state
value. The discrepancy in the steady-state superheat between the prediction and the measured data is about 0.7K.
This is not that bad because the discrepancy directly comes from the under-prediction of the suction temperature
shown in the same figure and the prediction for the suction pressure is still accurate.
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Figure 6 illustrates the simulated changes in the heat load of two heat exchangers, compressor power and the liquid
level in the flash tank. It can be seen that heat load and compressor power rise rapidly in the first 3 minutes and then
gradually approach to the steady-state values after 10 minutes. The liquid in the flash tank quickly drains out after
startup and maintains a very low level thereafter. Low liquid level was confirmed in the testing. As a matter of fact,
bubbles were observed through the sight glass on the liquid line of the flash tank during the steady operation. This
indicates that the liquid level is not high enough to separate the vapor from the liquid-vapor mixture and there is
room to optimize the intermediate pressure thus improving the system performance.

Figure 4: Suction, discharge and flash tank pressure change during startup

Figure 5: Suction and discharge temperature change and suction superheat change during startup
Figure 7 depicts the trend of the refrigerant redistribution in two heat exchangers and the flash tank during the
startup since the refrigerant stored in these three components account for the majority of total charge. It can be noted
that before startup, a great amount of liquid refrigerant sits in the evaporator coil; while very little refrigerant,
mainly superheated vapor, is stored in the condenser coil. When the system starts up, the situation is reversed.
Refrigerant is pumped into the condenser coil which holds up to 50% of total refrigerant, while the evaporator coil
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only holds less than 10%. Meanwhile, there is not much refrigerant left in the flash tank after startup, which is
consistent with the change in the liquid level in the flash tank shown in the previous figure.

Figure 6: Heat load change and liquid level change in the flash tank

Figure 7: Mass inventory change during startup
The second case was to examine the transient response of the system to a step change in the opening of the upperstage EEV. Starting from a steady-state condition, the EEV opening was changed from 18% to 20% and then to
25%. Figure 8 shows the responsive trends of pressures and the liquid level in the flash tank to the step change in
EEV opening. It can be seen that when EEV opening increases, the discharge pressure decreases and the
intermediate pressure increases. This is straightforward because an increase in EEV opening results in more mass
flow rate through the valve and the pressure ratio must decline in order for the compressor to deliver an augmented
refrigerant flow. Interestingly, the suction pressure nearly is stable when EEV opening is adjusted. This indicates
that the EEV adjustment has very little effect on the suction pressure. A similar conclusion is also confirmed by
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Zhang et al. (2009). In the meantime, EEV opening seems to have a significant impact on the liquid level in the
flash tank. This can be explained by the fact that the variation in the discharge pressure will affect the length of the
subcooled region in the condenser coil and the distribution of the active refrigerant inventory. When increasing EEV
opening, the discharge pressure decreases and so is the refrigerant mass stored in the condenser coil. Then the
surplus amount of inactive refrigerant mass will be stored in the flash tank. This phenomenon was also observed
during the experiment.

Figure 8: Transient response to a step change in EEV opening

6. CONCLUSIONS
A mathematical model has been developed for a flash tank vapor injection system with an economized scroll
compressor. The comparison between the model prediction and the experimental data shows that the model can
reasonably predict startup transients of the system. Using the validated model, the transient response of the system to
a step change in the opening of the upper-stage EEV was studied. The result shows that the adjustment of the upperstage EEV has little impact on the suction pressure. This is beneficial because it means that the system designers do
not need to worry about the influence of the upper-stage EEV when they select the lower-stage TXV.
Even though the proposed model can provide a fairly good prediction, several possibilities exist for improving the
model. A more detailed compressor model should be developed to capture the transients inside the compressor,
including the heat transfer phenomena and oil effect. A more accurate void fraction calculation is needed because an
accurate charge prediction is very difficult according to the authors’ experience. Finally, the model could be
modified to include the transients for shutdown, frosting and defrosting.

NOMENCLATURE
A
Cp
CL
f
G
h
K
L

area
specific heat
clearance volume ratio
frictional loss coefficient
mass flux
enthalpy
gain
length

ρ

݉ሶ

η
τ

α
∆

density
mass flow rate
efficiency
time constant
heat transfer coefficient
difference

Subscripts
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Le
M
N
p
Q
Rp
T
t
V
W
X
y

Lewis number
mass
motor speed
pressure
heat transfer rate
pressure ratio
temperature
time
volume
power
humidity ratio
distance

a
b
d
f
i
mean
o
r
s
sat
v
w

air
bulb
discharge
liquid
inlet
mean properties
outlet
refrigerant
suction
saturation
vapor
wall
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