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p’ momentum density (kg m~3)
0 angle to horizontal plane (deg.)
Subscripts

ax axial

c condensation

cyc  cycle

e evaporation

exp  experiment

f saturated liquid

g saturated gas

H homogeneous

damp dampening

inj injection

rad radial

Ss steady state

tot total

w wall

1 Introduction

Flow maldistribution in fin-and-tube evaporators has
been shown by many investigators to reduce the per-
formance of air-conditioning systems in terms of cool-
ing capacity and COP. Furthermore, compensation of
flow maldistribution by control of individual channel
superheat has been shown to recover the penalties of
flow maldistribution significantly [1, 2, 3]. Perfect
control of individual channel superheats means that a
thermostatic or electronic expansion valve is located
on each evaporator channel and thus controls each su-
perheat to be the same. It is not beneficial for eco-
nomic reasons to install an expansion valve for each
channel. Therefore, the discontinuous liquid injec-
tion principle is studied in this paper as a promis-
ing method for compensation by control of individual
channel superheat. On the other hand, the tube cir-
cuitry of fin-and-tube evaporators may be optimized
to compensate flow maldistribution by design [4] such
that equal channel superheats occur, however, it does
not ensure equal channel superheats at part-load or off-
design conditions.

The focus of the current study is to gain more under-
standing and insight in the discontinuous liquid injec-
tion into each evaporator channels and its implications
for evaporator design and system performance in terms
of overall UA-value, cooling capacity and COP. We
will investigate implications for two standard tube cir-
cuitries namely the face split and the interlaced evap-
orator, see figure 1. Especially, we strive to optimize
the discontinuous liquid injection principle by study-

ing the effects of different specifications (cycle time
and optional secondary flow) and provide guidelines
for optimal energy efficiency. For simplicity we do
not consider actual flow maldistribution when evalu-
ating the effect of cycle time and optional secondary
flow. The injection principle is essentially two-phase
flow pulsations and the study may show the potential
of increasing capacity and COP by employing pulsa-
tions to the flow.

The modeling of the liquid injection dynamics
showed spurious fluctuations in pressure, which have
not been observed as high in any similar experiments
carried out at Danfoss. The current analysis should
therefore be seen as a first study of the injection dy-
namics with the current model approach and limita-
tions. When simulating the injection dynamics, we
must keep in mind that the correlations for heat trans-
fer, friction and void may become invalid at large tran-
sients in mass flow, since they are developed from
steady state experiments. Furthermore, the discontin-
uous refrigerant injection is essentially pulsating two-
phase flow, and the significance of the liquid/vapor in-
terfacial dynamics may become important such as in-
terfacial friction and drag and/or thermodynamic non-
equilibrium effects. These phenomenons are not in-
cluded in the typical mixture two-phase flow model
used in many Modelica libraries, and also used in the
current study (developed in Karn [3]).

1.1 Liquid injection principle

The liquid injection principle is based on the recently
developed Danfoss product (EcoFlow™ [5]). Actu-
ally, the EcoFlow valve does not measure the individ-
ual channel superheats but only the overall superheat.
Furthermore, it does not provide continuous refriger-
ant flow in each channel, but rather discontinuous in-
dividual channel injection (modulation of each chan-
nel flow) with optional secondary flow to the other
channels. The optimal distribution of mass flow rate
(at flow maldistribution) is then found from a distribu-
tion analysis performed at specific time intervals dur-
ing operation, see Mader and Thybo [6]. The distribu-
tion analysis is essentially carried out by control algo-
rithms, where the importance of each individual chan-
nel on the overall superheat is measured in order to
find the optimal distribution. The individual channel
superheats become the same at the optimal mass flow
distribution.

The individual injection is performed by a stepper
motor (48 steps per revolution), which rotates the dis-
tributor disc, see figure 2a. The EcoFlow valve comes
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Figure 1: Tube circuitries of the interlaced evaporator (a) and the face split evaporator (b).

in two different designs, i.e. a multi-orifice (MO) de-
sign (main orifice + secondary orifices) and a single-
orifice (SO) design (main orifice only), see figure 2b
and 2c. The orifice size of the SO design is larger,
since more refrigerant needs to pass through the main
orifice. The SO design enables the possibility of in-
dividual channel defrost during cooling operation (no
defrost periods) for the face split evaporator only, see
figure 1b. As we shall see later, the results show that
the performance in steady state without considering
frost build-up becomes a bit smaller when using the
SO concept. Furthermore, all orifices of both designs
are closed in between each channel injection.

1.2 Objectives and content

The first objective is to evaluate the effect of the cycle
time for the MO and SO design concepts, i.e. the time
it takes for one revolution. The second objective is to
evaluate the size of the secondary orifices in the MO
design compared to the main orifice. The questions
that are sought to be answered are:

e What is the minimum cycle time for discontinu-
ous liquid injection? Too large cycle times will
cause too much dry-out of the channels.

e Does capacity decrease or increase by the discon-
tinuous liquid injection (pulsating flow)?

e How much refrigerant should pass through the
main and secondary orifices in the MO design?

Note that the results is focused on the steady state
performance in terms of overall UA-value, cooling ca-

pacity and COP, where the dynamics of the refrigerant
injection is modeled.

The paper starts by a brief description of the lig-
uid injection modeling and use of experimental results
for evaluating orifice flow coefficients for the actual
MO and SO designs. Then the pressure fluctuations
caused by the liquid injection modeling is considered
and compared to experiments using an earlier MO de-
sign and performed on the interlaced tube circuitry. Fi-
nally, the effect of the cycle time and flow ratio be-
tween main and secondary orifices of the MO concept
are investigated.

2 Modeling approach

This section describes the model that was imple-
mented in the Modelica language of the discontinu-
ous liquid injection principle. Furthermore, the system
model is described with focus on the evaporator.

2.1 Injection modeling

This section describes the experimental data reduction
that was performed of actual EcoFlow capacity tests,
in order to obtain the orifice flow coefficients for both
MO and SO designs (see figure 2). The goal of the
data reduction is to compute the mass flow through the
main orifice and secondary orifices at different pres-
sure levels and opening degrees (when the expansion
valve is open only). The capacity tests provide con-
tinuous capacity (evaporation of refrigerant) or mass
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Figure 2: EcoFlow distribution method and refrigerant
flow through discs (a), single-orifice (SO) discs (b) and
multi-orifice (MO) discs (c).

flow rate through the valve, but we are only interested
in the mass flow through the valve when it is open.
When knowing the orifice flow coefficient K, the mass
flow through the valve may be computed by the single
phase orifice equation as

mopen = KA\/ pr(Pin - pout)

where A is the flow area of the orifice, py is the sat-
urated liquid density, pi, and poy are the pressure at
inlet and outlet of the valve. The use of equation 1
is the standard method of developing empirical equa-
tions to predict mass flow rate through orifices [7] even
in refrigerant expansion devices [8, 9].

Two-phase flow effects such as partial vaporization
(flashing) are included in the flow coefficient. Further-
more, the capacity tests of the orifice discs were only
carried out at standard conditions. It means that K will
not be dependent on the pressure levels, and is thus as-
sumed to be constant at different pressure levels. The
standard conditions for these capacity tests are: Evap-
oration at 5°C, condensation at 32°C, 4 K subcooling
and no superheat. The relation between the experi-
mental mass flow rate and valve capacity is thus

)

Qexp = mexp [hg (pout) - h(pina Tm)] (2)

The stepper motor has 48 steps per revolution equal-
ing 7.5 degree rotation per step. The step time is 10
ms per step, i.e. a minimum of 480 ms per revolution
(minimum cycle time). Due to the opening and clos-
ing of the valve, the liquid refrigerant before the valve
will create a fluid hammer (also called a hydraulic
shock). The moving liquid is suddenly forced to stop,
and the pressure builds up before the valve and a pres-
sure wave will propagate upstream. In order to elimi-
nate the peak forces acting on the valve, the speed of
the stepper motor is dampened as the valve opens and
closes.

To find the actual mass flow through the valve when
open we need to know the opening time of the valve
(injection time). The actual injection time is a func-
tion of cycle time, opening degree, damping time and
step time of the stepper motor. A detailed description
is given in Ka&rn [3], however, it is simply a matter of
tracking the time when open and closed. When the in-
jection time is known the mass flow through the valve
when open may be computed by mass continuity as
tcyc

3)

mopen = mexp_
finj
and used in equation 1 to compute the flow coefficient
K for the total flow through main and secondary ori-
fices. The flow coefficient is thus for actual design and
number of discharge channels (EcoFlow is made with
up to 8 discharge channels), and is a function of open-
ing degree, cycle time, step time and damping time.

In this paper we only consider four channel evapora-
tors, i.e. two coils with two channels each. Therefore,
the flow coefficients were only computed on the four
channel orifice discs with MO and SO designs. The
standard EcoFlow time settings are a step time of 10
ms and a damping time of 120 ms for both opening
and closing. Using the capacity tests, we computed
the flow coefficients for the total flow as function of
opening degree for cycle times 6, 10 and 20 seconds
for both MO and SO designs. For the SO design the
total flow comes through the main orifice, however,
for the MO design we need additional information on
how much flow that goes into the main and secondary
orifices, respectively.

Fortunately, a capacity test was also performed at
steady state conditions, i.e. no rotation of the distrib-
utor disc and fully open continuous flow. The test
was done at all orifices open, but also at main orifice
closed, which gives us the flow ratio parameter be-
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tween the main orifice flow and total flow in steady
state as

F, = Mmainss _ o 497 &)
Mot ss

The ratio is assumed to be independent of the cy-
cle time and damping time, and thus directly used to
distribute the total mass flow to the main and the sec-
ondary orifices when the valve is open. The total mass
flow when the valve is open and the corresponding
steady state mass flow are shown on figure 3a. Fig-

ure 3b shows the corresponding flow coefficients.
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Figure 3: Total mass flow rate when valve is open (a)
and flow coefficients (b) as function of opening degree
(MO design); Cyc=cycle time [s], O=opening damp-
ing time [ms], C=closing damping time [ms].

We assume that the accelerational effects of the fluid
at opening and closing may cause the differences in the
flow coefficients and mass flows, which tends to differ
more at low opening degree, where the accelerational
effects should play a larger role compared to the actual
mass transferred through the valve. As expected, the
mass flow curves are below the steady state mass flow
and becomes closer at high opening degree, where the
opening and closing have smaller influence. Unfortu-
nately, there were no measurements between 10% and
60% opening degree.

The expansion process may experience choking of

the flow, i.e. the mass flow may not increase by de-
creasing the downstream pressure and is only a func-
tion of upstream conditions. Using the above mod-
eling approach does not include the choking phe-
nomenon and the mass flow is essentially a function
of pressure difference and flow coefficient. It is thus
assumed that choking of the flow is not existing.

2.1.1 Implementation

The implementation of the liquid injection model
in Modelica is done by using the CombiTablelD
model from the Standard Modelica Library, i.e. one-
dimensional linear table interpolation of the flow coef-
ficients. The mass flow rates through the main orifice
and secondary orifices (MO) are then computed using
equation 1 and 4. Now it is just a matter of comput-
ing the individual channel opening and closing time
during each cycle. A distribution vector is defined as

=

Il
—

®,=1 5)

which determines the time period associated with each
channel fype ; as

(6)

where i denotes the channel number and N the total
number of channels. The injection time for each chan-
nel is computed by

N, steptstep N, damptdamp
finj,i = | fbe,i — -

fube,i = tcyc 0,

oD
100

(7

N N
Ndamptdamp
N

The first term in the parenthesis is the controllable
time per channel (minimum cycle time subtracted)
times opening degree. The second term counts for the
additional mass flow that would occur even though the
opening degree is zero. The dampening time occurs
from approximately 70% to 100% opening area of the
orifice (as the disc turn). For simplicity, the additional
mass flow is assumed to be the mass flow when fully
open times the damping time.

The opening of each channel is assumed to occur
at fupe,i/2 — tinji/2. The closing is then at fupe,i/2 +
tinj,i /2. The changes in mass flow rate are made
smooth by use of the first order continuous functions
as described in [3, 10] for numerical reasons. The tran-
sition time was chosen to be 0.1 seconds.

Figure 4 shows some examples of the MO liquid
injection model at a cycle time of 10 seconds. It il-
lustrates the working principle of the liquid injection
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Figure 4: Mass flow distributions for liquid in-
jection model with MO design at cycletime =
10 s; ® = [0.25,0.25,0.25,0.25],0D = 50% (a);
® = [0.4,0.25,0.1,0.25],0D = 50% (b); © =
[0.4,0.25,0.1,0.25],0D = 100% (c); p. = 9.3 bar and
pe = 19.8 bar (standard condition).

model as the opening degree and the distribution vec-
tor are changed. Throughout this paper we do not
consider compensation of flow maldistribution, thus
the liquid injection model runs in even flow mode
(figure 4a) and the distribution vector becomes ® =
[0.25,0.25,0.25,0.25]. In compensating flow mode the
values in the distribution vector need be controlled in
the numerical model according to the individual chan-
nel superheat.

2.2 Model setup

The numerical model is described in Kaern et al. [11]
for a co-axial evaporator and has been updated as de-
scribed in Kern [3] to model the full system (con-
denser and compressor also) and the tube circuitries

of the interlaced and face split evaporators, see fig-
ure 1. The model is implemented in the Modelica
language and Dymola 7.4 [12] is used as simulator.
The Modelica language facilitates object-oriented pro-
gramming, which is important for model reuse and ex-
tension. Dymola has been well tested within the field
of air-conditioning and refrigeration [13, 10]. Ther-
mophysical properties for R410A are obtained from
the Refeqns package [14]. In order to model the re-
frigerant distribution and circuitry in the evaporator
a dynamic distributed one-dimensional mixture finite
volume model was chosen. For the condenser, the sim-
pler moving boundary model of Zhang and Zhang [15]
was chosen, which averages the vapor, two-phase and
liquid regions. The models of the expansion and com-
pressor are quasi-static. Momentum transfer and fric-
tional pressure drop are only addressed in the evapora-
tor tubes, U-bends and feeder tubes, in order to predict
the mass flow distribution in the evaporator. Further-
more, the void fraction model by Zivi (1964) is used
to model the refrigerant charge of both condenser and
evaporator.

Since the evaporator pressure showed spurious fluc-
tuations when simulating the injection principle, we
included the refrigerant flow equations and implemen-
tation for the evaporator model in the appendix such
that these may be studied by the reader. Furthermore,
we did not use the Modelica stream prefix. Since the
compressor runs at constant speed, we did not observe
flow reversal during the flow pulsations.

2.2.1 Geometry and correlations

Table 1 shows the main geometry of the test case evap-
orator and condenser. The tube inner walls are smooth.
Furthermore, the feeder tubes to the evaporator have
an internal diameter of 3 mm and a length of 300 mm.
The manifold inner and outer diameter is 16 mm and
19 mm, respectively, and its length is 5 m from the
evaporator to the compressor. Note that the coil geom-
etry is the same for both the interlaced and face split
evaporator, however, the tube connections or circuit-
ing are different as shown on figure 1. Furthermore,
the simulation of the injection is very CPU demand-
ing and for this reason we chose to use only one cell
per tube for the evaporator. In terms of convergence
in total cooling capacity of the evaporator, this choice
is within 2% of the total cooling capacity at 5 cells
per tube [3]. In the condenser, refrigerant enters four
channels and is mixed before entering a fifth channel.
Since the circuitry is not addressed in the condenser, it
is assumed to be four straight tubes.
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Table 1: Main geometry of evaporator and condenser

Evaporator ~ Condenser
Number of coils 2 1
Number of channels in each coil 2 5
Number of tubes in each channel 18 6
Tube length [mm)] 444.5 2100
Inner tube diameter [mm)] 7.6 7.6
Outer tube diameter [mm] 9.6 9.6
Transverse tube pitch [mm] 25.4 25
Longitudinal tube pitch [mm] 21.25
Fins Louvred Louvred
Fin pitch [mm] 1.81 1.15
Total outside area [m?] 17.3 522
Number of cells per tube 1

Table 2: Overview of used correlations

Air-side
Heat transfer
Fin efficiency

Wang et al. (1999)
Schmidt approximation (1949)

Single-phase

Heat transfer Gnielinski (1976)

Friction Blasius (1913)

Bend friction Ito (1960)

Two-phase

Heat transfer (evaporator)  Shah (1982)

Heat transfer (condenser)  Shah (1979)

Void fraction Zivi (1964)

Friction Miiller-Steinhagen and Heck
(1986)

Bend friction Geary (1975)

Full references are given in Keern [3].

Each discrete cell of the evaporator is calculated
as a separate heat exchanger with uniform transport
properties. Mass, momentum and energy conservation
equations are applied to the refrigerant in each cell,
where thermodynamic equilibrium is assumed. Fur-
thermore, changes in kinetic and potential energies are
neglected. It is assumed that the tube walls have rota-
tional symmetry (no azimuthal heat conduction) and
negligible axial heat conduction. Mass and energy
conservation equations are applied to the air, which
is assumed to be dry. Similar assumptions are used
in the condenser model of the refrigerant and airflow,
however the heat resistance and the dynamics in the
condenser wall are neglected. The used correlations
for both the evaporator and the condenser are given in
table 2. Furthermore, effectiveness-NTU relations are
employed.

The expansion process is modeled as an isenthalpic
process and the opening degree from equation 7 es-
sentially controls the superheat out of the evaporator.
The manifold is modeled by mixing of the refrigerant

streams, i.e. mass and energy conservation equations
are applied. The dynamics of the manifold wall is in-
cluded and heat transfer is modeled using a constant
heat transfer coefficient of 700 Wm~2K~!. The geo-
metric volume flow of the compressor is 6.239 m3h~ !,
and polynomials from the rating of the compressor are
used to compute the isentropic and volumetric efficien-
cies.

2.2.2 Boundary conditions

The liquid injection model controls the overall super-
heat to 5 K by the opening degree using a PI-controller.
During start-up of the simulation, the charge of the
system is determined so that the subcooling becomes 2
K. The indoor and outdoor air temperatures are 26.7°C
and 35°C, respectively. The mean frontal air veloci-
ties are 1.16 and 0.68 ms~! to the evaporator and con-
denser, respectively.

3 Experimental comparison

In this section we compare the injection modeling with
experiments carried out at Danfoss Nordborg. The dy-
namic behavior observed in the simulations showed
fluctuations in important variables such as superheat
and evaporating pressure. In Karn [3] a sensitivity
analysis of the fluctuations were performed in order to
better understand the causes of the fluctuations, how-
ever, sensible variables such as void fraction and mani-
fold+suction volume did not eliminate the fluctuations
satisfactorily.

The fluctuations in the model have a time period
corresponding to the cycle time of the liquid injec-
tion model divided by the number of channels in the
evaporator (for even flow mode, see figure 4a). These
fluctuations have not been observed as high in any ex-
periments carried out at Danfoss, where the sampling
frequency has been high enough to capture these fluc-
tuations. The sampling frequency is often chosen to
be 1 s~! for refrigerant temperature and pressure mea-
surements at Danfoss, which is too low for capturing
the injection dynamics seen in the numerical model.

3.1 The experiments

The EcoFlow experiments were performed on a bit dif-
ferent system and conditions than described in previ-
ous section. The system comprised a 10.5 kW inter-
laced evaporator, a hermetic scroll compressor, micro-
channel condenser and an early MO disc version. The
early design of the MO disc is estimated to have a flow
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Table 3: Reduced experimental boundary conditions

Superheat 5K
Pressure out of condenser 31.9 bar
Liquid temperature out of condenser 45.6 °C
Volume flow out of evaporator 7.17 m3h~!
Indoor air temperature 24.3°C
Indoor frontal air velocity 298ms~!

ratio parameter F, (equation 4) of 0.8, which reflects
the earlier version cross-sectional areas of the main
and secondary orifices. Furthermore, the flow coef-
ficients, the step time and damping time are assumed
to be the same as the final MO disc design. The cycle
time was six seconds in the experiments and the flow
distribution mode was even flow, see figure 4a.

These experiments are the most recent experiments
carried out at Danfoss in Nordborg on a fin-and-
tube four channel evaporator using the EcoFlow valve.
Later experiments including compensation were per-
formed with the final EcoFlow version, however, on
larger capacity units with six or eight channels each,
which complicates the simulations drastically. For
these reasons, the earlier EcoFlow MO experiments
were chosen for the comparison. More information
about the experimental data is given in Kern [3]. The
experimental data is reduced in order to be used as in-
put to the evaporator model only, thus we only simu-
late the 10.5 kW evaporator and manifold+suction vol-
ume in this comparison. Table 3 lists the model inputs.

Figure 5a and 5b show the experimental superheat
and pressure fluctuations during three cycles. The cor-
responding model results are shown in figure Sc and
5d. Note that the thick curve around 5 K is overall
superheat. Furthermore, the experiments show a bit
higher individual superheats. This is because that they
were measured on the tube wall surface with insula-
tion around the tube, and may have heat entering from
the surroundings.

When comparing to the experimental data, it is seen
that the pressure fluctuations are smaller (approxi-
mately one third in amplitude of the numerical results).
It is difficult to make this conclusion based on these
experimental results, since the sample time was only
1 s~! for the pressure. However, the experiments car-
ried out at Danfoss with higher frequency did not show
as high fluctuations as the numerical model does here.
The reason for these high fluctuations in the numer-
ical model have not been obtained so far. However,
we believe that the interfacial dynamics of the two-
phase flow and the presence of thermodynamic non-
equilibrium may be responsible for the dampening of

the pressure fluctuations in the experiments. These
are inherently exclusive in the mixture two-phase flow
model. In addition, the refrigerant heat transfer, pres-
sure drop and void correlations are developed from
steady state experiments and employed at large tran-
sients, however, no dynamic two-phase flow correla-
tions (pulsating flow) were found in the literature.

If we compare the individual superheat measure-
ments and the prediction by the numerical model, then
the accordance is much more acceptable. Both the
measurements and the model predictions show the ef-
fect of the liquid injection into each channel, since
they fluctuate similarly at a time period correspond-
ing to the cycle time. Furthermore, the superheat de-
creases as the refrigerant enters through the main ori-
fice into each channel as indicated on figure 5e. The
corresponding mass inside each channel is shown on
figure 5f, which increases when the refrigerant enters
through the main orifice and otherwise decreases.

What is probably most important is the individual
channel overall UA-value in figure 5g, which shows a
decrease just before new refrigerant is fed to the cor-
responding channel. There may be an optimization
potential here if the cycle time is chosen such that
the UA-value decrease is avoided. Figure 5h shows
the corresponding individual channel pressure drop by
friction and acceleration due to density and mass flux
differences. When considering the individual channel
pressure drop due to friction and acceleration, one may
expect that this is the cause of the pressure fluctua-
tions, however, the sensitivity analysis from [3] proves
otherwise. It is interesting to note that the accelera-
tional pressure drop is positive as the refrigerant is fed
to each channel. This is because the refrigerant mass
flow is higher at the inlet compared to the outlet of the
channel, i.e. the difference in momentum flow between
inlet and outlet is positive.

4 Simulation results

Despite the presence of the pressure fluctuations, the
numerical model is used to perform simulations of the
significance of the cycle time for both the multi-orifice
(MO) and single-orifice (SO) designs. Furthermore,
the flow ratio parameter F, (equation 4) for the MO
design will be investigated, i.e. the flow distribution
between the main and secondary orifices of the MO
design.
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Figure 5: Zoomed-in experimental superheats and suction pressure (a,b); Model comparison (c,d) and other
model results (e-h) at uniform airflow: Inlet individual channel mass flow rate (e), individual channel mass (f),
individual channel overall UA-value (g) and individual channel accelerational and frictional pressure drop (h).

4.1 Cycle time

Figure 6 (a,b,c) shows the UA-value, cooling capacity
and COP using MO and SO designs as function of the
cycle time. Note that the orifice flow coefficients for
the 3 second cycle time simulations were assumed to
be the same as for the 6 second cycle time case.

The results show that the MO design performs bet-
ter than the SO design. Furthermore, the cycle time
should be kept as low as possible. If flow pulsations
increase heat transfer we would have expected an op-
timum cycle time, but it seems to be outside the cycle
times considered or not shown using the current mix-
ture model and limitations (see discussion). The sim-
ulation using the SO design at a cycle time of 20 sec-
onds failed and was not obtainable. It also seems that
this case decreases the performance drastically. The
question regarding which cycle time is the maximum
limit is difficult to answer based on the present results.
For these four channel evaporators it seems that the
maximum cycle time is 10 and 6 seconds for the MO
and SO design, respectively. Otherwise, the channels
dry-out too much when the valve is closed.

The face split circuitry shows the best performance
in contrast to the interlaced circuitry at uniform flow
conditions for each distribution method. This is be-
cause the superheated regions of the face split evapora-
tor is in the first tube row and is thus minimized. This
also means that the face split evaporator performs bet-
ter than the interlaced if flow maldistribution is com-
pensated as also shown by Kern [3].

4.2 MO flow ratio

Figure 6 (d,e,f) shows the UA-value, cooling capacity
and COP as function of the flow ratio parameter F,,
and at a cycle time of 6 seconds. It shows that the
maximum performance is when F, equals 0.25, which
means that the main and secondary orifices have the
same dimension, thus no possibility to distribute mass
individually. Essentially, all the curves on figure 4a co-
incides, i.e. the flow is distributed evenly to all orifices
at each injection.

It shows that for uniform flow conditions, the op-
timal refrigerant mass flow distribution is uniform.
However, the decrease in performance as F, increases
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Figure 6: UA-value, cooling capacity and COP vs. the cycle time (a,b,c) at F, = 0.492 for the MO design;
UA-value, cooling capacity and COP vs. the flow ratio parameter (d,e,f) at cycle time 7.y = 6 seconds.

is small and the maximum limit seems to be around
0.6. Otherwise the secondary channels will also dry-
out too much. Furthermore, the F, = 95% results of
the MO design seems to be close to the SO design re-
sults presented here at F, = 100%.

5 Discussion

It is difficult to claim whether the two-phase flow pul-
sations increase or decrease the heat transfer mecha-
nism. Firstly, the two-phase flow regimes are broken
up by the flow pulsations and giving rise to new dis-
continuous flow patterns, which are not properly re-
flected in the steady state correlations for refrigerant
heat transfer, pressure drop and void fraction. No two-
phase flow correlations were found in the literature by
the authors that were developed for discontinuous lig-
uid injection or pulsating flow. Secondly, the mixture
two-phase flow model (also used in many Modelica li-
braries) showed spurious pressure fluctuations, which
have not been observed as high in any experiments car-
ried out at Danfoss. The amplitude of the fluctuations
are approximately 3 times higher in the model com-
pared to similar experiments. Thus the readers need
to be cautioned that the results and conclusions from
the liquid injection modeling are obtained despite the
presence of these fluctuations. It is believed that the
absence of the two-phase interfacial dynamics in the
mixture two-phase flow model is the main cause of the
high pressure fluctuations.

It needs to be stressed that it is not the finite volume

model approach itself that leads to these fluctuations,
but rather the governing phasic equations when added
and becoming mixture equations. The model could
be a separated flow model that includes the governing
phasic equations and possibly the finite volume model
could be used to discretize the phasic equations again.
It is difficult to claim what may minimize the pressure
fluctuations. The only separated flow model known
to the authors that is implemented in Modelica is the
work of Bauer [16], who implemented both phasic mo-
mentum equations. It resulted in another state variable
(the velocity difference between the phases), which es-
sentially is related to the void fraction. It would be
interesting to look deeper into such model approaches
when considering these fluctuations. Similarly, more
dedicated experimental evidence of these fluctuations
would be interesting to have.

6 Conclusion

We conclude that the typical mixture two-phase flow
model that is used in many Modelica libraries is in-
sufficient to model the discontinuous liquid injection
principle (pulsating flow) into each evaporator chan-
nel. This is because the simulations showed spurious
fluctuations in evaporating pressure and superheats,
which have not been observed as high in any experi-
ments carried out at Danfoss. Furthermore, it should
be stressed that the correlations for heat transfer, pres-
sure drop and void fraction employed in mixture two-
phase flow models do not reflect the dynamic behavior
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of the pulsating flow, since they are based upon steady
state experiments. To draw detailed conclusions, fur-
ther studies on the discontinuous liquid injection prin-
ciple should be conducted in order to fully understand
and model the phenomenon.

Despite the fluctuations, two orifice designs of the
discontinuous liquid injection principle were investi-
gated in uniform flow conditions, i.e. the multi-orifice
(MO) design and the single-orifice (SO) design. The
multi-orifice design allows for a secondary flow into
the remaining channels at each channel injection.

The simulations of the discontinuous liquid injec-
tion principle showed that the MO design gave better
performance compared to the SO design, without con-
sidering the possible individual channel defrost possi-
bility of the SO design for the face split circuitry. In
addition, the main flow and the individual secondary
flows in the MO design should be kept as even as pos-
sible while having the required mass flow distribution
control band. Based upon the four channel evapo-
rator that were analyzed, it is recommended that the
cycle time should be kept below 10 and 6 seconds
for the MO and SO designs, respectively. Further-
more, the flow ratio parameter should be around 0.6,
or adapted to specific tube circuitry according to the
required mass flow distribution control band.

A Refrigerant flow equations and im-
plementation (evaporator model)

This appendix describes the refrigerant flow equations
and implementation for the evaporator model only. It
is done in order to fully state the equations that lead to
the spurious fluctuations in evaporating pressure when
simulating the liquid injection principle.

A.1 Mixture two-phase flow

The model of the one-dimensional two-phase flow is
the simplest form, i.e. the mixture model as derived
by performing a differential analysis on each phase
and adding the phasic equations [17]. The result is
the mixture mass conservation, the mixture momen-
tum conservation and the mixture energy conservation
equations given by

A% (Ph—p) + a% (rith) = P, (10)
where it has been assumed that thermodynamic equi-
librium exists and that the changes in kinetic and po-
tential energy are negligible. The mixture density, spe-
cific in situ enthalpy, specific mixed-cup enthalpy and
momentum density are given by

p=pso+pr(l—a) (11)
h=|pshs(1—a)+pghatl/p (12)
h=(1—x)hs+xhg (13)

. (1—x)? X2 >_1 14
P <Pf(1_a)+PgO‘ (4

where the void fraction is defined as o = Az/A, and
the vapor quality is defined as x = ritg /rit.

Using the definition of the slip ratio, the void frac-
tion and the vapor quality, the fundamental void-
quality relation can be derived as

mg
g - YUs__pod
Uf __my
pr(1—a)A
_ X prl-a
 l-xp, «
(15)
and rewritten in terms of the void fraction as
1— —1
o= [1+&—x5} (16)
pr x

If homogeneous flow is assumed, then S = 1 and the
homogeneous void fraction, oy , may be calculated
by equation 16. Furthermore, for homogeneous flow it
can be shown that 2 = h and p’ = p = py by using the
homogeneous void fraction, where the homogeneous
mixture density, py, becomes

~1
oy = ( x n 1—x>
y= =
Ps Py
The state variables are chosen to be 4 and p. The

derivative of the mixture density with respect to time
is computed by use of the chain rule

(17

op dpl| dp dp| oh
p o % " apl o "okl o 1)
AE + a— =0 (8) h p
¢ where the partial derivatives of mixture density with
om 9 [ m? dp o respect to pressure and in situ enthalpy are calculated
ot + 9z <ﬂ> - _Aa_z —F.A—pgAsind  (9) by numerical finite difference as
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8p h Ap
oh|, Ah

Equations 8, 9 and 10 are discretized according to
the Finite Volume Method (FVM), where the number
of control volumes must be high enough to resolve the
spatial distribution of properties.

The staggered grid structure is adopted as described
by Patankar [18]. It means that the mass and energy
conservation will be solved on the control volume grid,
and the momentum equation will be solved on a stag-
gered grid as depicted on figure 7, where y denotes
a thermodynamic quantity and { its approximation.
Similar discretization methodology was used in Bauer
[16].

Vi Wit

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 7: Staggered grid structure; thick = control vol-
ume grid, dashed = staggered grid

The mass and energy conservation equations be-
come
dp;
AAz— =
dt

m; — hiy

21

AN (P~ i) = Fi— iy + O
where the enthalpy flow H; = ri;; and heat flow Q; =
PAzqiLJ- = PAzh i (T,,; — T;) have been used, and New-
ton’s law of cooling is applied with the well known
heat transfer coefficient 7.

For convection dominated flows the upwind differ-
ence scheme is recommended to approximate thermo-
dynamic quantities onto the staggered grid, because
central difference scheme may lead to non-physical so-
lutions. The 1% order upwind scheme is obtained by
taking the control volume face value (staggered grid
center) to be equal to the nearest upstream control vol-
ume center, thus

(22)

0 m=>0
The momentum equation becomes
dmy; ;
Az P Al; — A (pi — pi—1) — Fy,iAAz
—PigAAzsin 0 (25)

where the momentum flow I; = ri?/(p/A) has been
used and the difference in momentum flow, Al is ap-
proximated according to the 2" order central differ-
ence scheme as

(i1 = B) + (I — ;1) _ dl; 1 +dI;

Aii ~
2 2

(26)

where dI is the momentum flow difference between
the staggered grid cells. The use of the central dif-
ference scheme serves to avoid discontinuities in the
momentum equation.

Boundary models are used to compute the boundary
conditions H, I, dI, . The change of momentum flow
dI at the inlet or outlet is simply set to zero, whereas
the other variables are computed from the thermody-
namic state and the mass flow rate.

Correlations for the frictional force, F,,, the heat
transfer coefficient, /., and the void fraction, ¢, must
be supplied to close the system of equations.

A.2 Tube wall

The tube wall is discretized according to the Resis-
tance Capacitance Method [19]. The method essen-
tially uses the thermal resistances to describe the heat
flows across the tube wall boundaries. The tube wall is
assumed to have rotational symmetry, i.e. T = T(r,z),
and thus the energy equation for each discrete cell be-
comes

Mcpi_f:QW+QE+QS+QN (27)
where Qs = —PAzq, from equation 10. The entering
and leaving heat flows are depicted on figure 8.

By definition, the heat flows are computed as Q =
AT /R, where the thermal resistances in the radial and
axial directions to the midpoint of the wall cell are

Az
Vi Syt (1-8) v  i=la+l (23) Rux =05 (28)
where §; is the indicator function denoting the direc- In %
tion of the mass flow Rrag = 0.5 27kAz (29)
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Figure 8: Heat flows to and from the tube wall

The boundary condition at the inlet and outlet of the
pipe wall is simply no heat flow in the axial direction.
Since we only use one cell per tube in this study the
axial heat conduction is essentially neglected.

A.3 Airflow

The airflow is assumed to be incompressible and can
not accumulate mass or energy. With these assump-
tions, the mass and energy conservation equation for
each air cell become

(30)

Tin — Moy = 0

(mcpT)in - (n'pr)out +0y=0 (€2))

The effectiveness-NTU method is applied to de-
scribe the variation in air temperature, i.e. the single
stream heat exchanger configuration where the surface
temperature of each cell is uniform. It describes the
actual heat flow by the effectiveness, &, of the highest
possible heat transfer, i.e.

QN = SCrnin(—ATmax) (32)
where Cp,, is the minimum capacitance flow and
AThax 1s the maximum temperature difference. Cor-
relations for the heat transfer coefficient and the fin
efficiency must be applied to compute the Number of
Transfer Units and thus the effectiveness.

A.4 Smooth functions

A first order continuous function is applied at the
phase transitions (0 <x < 0.05 and 0.95 < x < 1). The
function ensures a smooth transition from two-phase
to single phase in heat transfer and frictional pressure
drop correlations. If the transitions are discontinuous,
the equation solver might be slow or even fail to con-
verge. The first order continuous function is described
in Richter [10]. The used correlations are shown in
table 2.

A.5 Heat exchanger architecture

Components of the refrigerant (both control volume
grid cell and staggered grid cell), the wall and the air
have been made in Dymola, and essentially arrays of
these components are put together to form the evapo-
rator in cross flow operation, as shown on figure 9.

Air
1 J s J n
_|-> AirCell |-> e |-> AirCell
Air I

ry
WallCell

l l l

RefCell

ra

WallCell

RefCell

Refrigerant Refrigerant

Figure 9: Heat exchanger architecture; cross flow.

Following this implementation, we did not use al-
ready made components from the Modelica standard
library. We chose this to learn every step of the imple-
mentation in Modelica and to be able to quickly apply
changes to the model formulation and correlations if
necessary. Furthermore, we did not use the Modelica
stream prefix. Since the compressor runs at constant
speed, we did not observe flow reversal during the flow
pulsations.

The circuitry modeling is a bit more complex than
shown on figure 9, however, its construction is simply
a matter of running through many for loops to connect
the airflow paths and the refrigerant bends (assumed
adiabatic) with correct radius. Note that the refrigerant
flow is discretized fully from inlet to outlet through the
bends such that the bends also contains a volume grid
cell and a staggered grid cell. More information on the
circuitry implementation is given in Kern [3].
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