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Ejector refrigeration is a promising technology for the integration into solar driven cooling
systems because of its relative simplicity and low initial cost. The major drawback of
such a system is associated with its relatively low coefficient of performance (COP) under
variable operating conditions. In order to overcome this problem, an advanced ejector
was developed that changes its geometrical features depending on the upstream and
downstream conditions. This paper provides a short overview of the development process
and results of a small cooling capacity (1.5 kW) solar driven cooling system using a variable
geometry ejector. During the design steps, a number of theoretical works have been carried
out, including the selection of the working fluid, the determination of the geometrical
requirements, and prototype design. Based on the analysis, R600a was selected as
working fluid. A prototype was constructed with two independent variable geometrical
factors: the area ratio and the nozzle exit position. A test rig was also assembled in
order to test the ejector performance under controlled laboratory conditions and to
elaborate a control algorithm for the variable geometry. Ejector performance was assessed
by calculation of cooling cycle COP, entrainment ratio, and critical back pressure. The
results show that for a condenser pressure of 3 bar, an 80% increase in the COP was
obtained when compared to the performance of a fixed geometry ejector. Experimental
COP values varied between 0.4 and 0.8, depending on operating conditions. Currently,
the cooling cycle is being integrated into a solar driven demonstration site for long-term
in situ assessment.

Keywords: ejector cooling system, variable geometry design, experimental work, performance enhancement

Introduction

Most worldwide existing cooling systems are driven by electricity. Their increase over the last years
is so dramatic that, in many European countries the peak of electricity consumption is switching
from winter to summer. In order to reverse this tendency, the development of efficient and reliable
thermally driven cooling systems can be a logical solution, especially in the context of supplying
the necessary heat from readily available solar collectors. Among alternative technologies, ejector
cooling has been studied over the last two decades by a number of researchers as recently reviewed
by Chen et al. (2013). In general, ejectors are simple in construction, have a low initial cost, and can
be operated using a wide range of refrigerants when compared to alternatives such as an absorption
refrigerator. Nevertheless, it has been realized by many researchers that it is necessary to improve
performance in order to make ejector cooling economically more attractive.
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As most thermally driven cooling cycles, ejector refrigeration is
strongly influenced by thermodynamic properties of the working
fluid and the working parameters such as operating temperatures
and pressures. The influence of the working conditions on ejector
cooling cycle performance is relatively well established. Several
experimental (Chunnanond and Aphornratana, 2004; Selvaraju
and Mani, 2006; Yapici et al., 2008; Zegenhagen and Ziegler, 2015)
and theoretical works have been carried out (Huang et al., 1999;
Hemidi et al., 2009; Varga et al., 2009a; Dennis et al., 2015) to
assess the effect of generator, evaporator, and condenser condi-
tions. Refrigerant selection is also an important factor to assure
stable cycle operation. A considerable number of fluids have
been applied in previously published works, including water,
chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs),
and other types of refrigerants. Comparative studies are however
limited to theoretical analyses, such as in Sun (1999), Cizungu
et al. (2001), and Gil and Kasperski (2015). Some recent studies
that involved the analysis of hydrocarbon refrigerants for ejector
cooling (Roman and Hernandez, 2011; Varga et al., 2013c), such
as R600a, concluded that they provide high performance; however,
precautions should be taken due to their flammability.

The geometrical design of ejectors (for a given working fluid
and cooling capacity) has a strong dependence on the operating
conditions (Yapici et al., 2008; Varga et al., 2009b). Consequently,
an ejector with fixed geometry only works with good performance
in a rather limited range of operating temperatures/pressures (near
design condition). To overcome this problem, the concept of a
variable geometry ejector (VGE) emerged. Sun (1996) was one
of the first authors analyzing geometrical requirements for an
ejector using water as working fluid. More recently, Varga et al.
(2013c) carried out a sensitivity analysis of ejector dimensions to
upstream and downstream temperatures/pressures for six different
refrigerants. Dennis and Garzoli (2011) presented research results
of a VGE using R141b under variable operating conditions. In all
previously mentioned works, it was concluded that there is an urge
to develop a VGE that can operate at high performance, especially
when driven by solar heat (Dennis et al., 2015). Potential technical
implementations for controlling the area ratio (the ratio between
the constant area section to the primary nozzle section) can be
found in Kim et al. (2006) for air; in Elbel and Hrnjak (2008) for
carbon dioxide (R744); and in Ma et al. (2010) and Varga et al.
(2011) for water as the working fluid. The use of air as a working
fluid has very limited application in refrigeration. Water has been
frequently applied in ejector systems; however, it leads to relatively
low coefficient of performance (COP) values for moderate gen-
erator temperatures, which is the case when using low-cost solar
collectors as primary heat source (Varga et al., 2013c).

Numerical studies with R600a (Pridasawas and Lundqvist,
2007; Varga et al., 2013a), have shown that a good cooling cycle
performance can be achieved, even for moderate generator tem-
peratures (80-90°C). Although R600a is already widely used in
domestic refrigerators, because of the flammable nature of R600a,
there are only a very limited number of experimental investigations
regarding (fixed geometry) ejector cooling (Butrymowicz et al.,
2012, 2014). The present work summarizes the major develop-
ment steps and a summary of the performance results with a VGE
prototype using R600a as working fluid. The ejector geometry is

actively controlled by changing the area ratio through a movable
spindle and by changing the nozzle exit position (NXP). The
control algorithm uses pressure readings at the upstream and
downstream sides of the ejector. The characteristics of a solar
driven air-conditioning prototype and demonstration facility using
the developed VGE cycle is also presented.

The Solar Driven Ejector Refrigeration
Cycle and its Performance

A simple solar driven ejector refrigeration system is presented in
Figure 1. The ejector cycle subsystem employs the following major
components: a high pressure generator, alow pressure evaporator,
an ejector, a condenser, a circulation pump, and an expansion
valve. The role of the generator is to transfer a sufficient amount
of thermal energy coming from the solar thermal subsystem to the
working fluid. A part of this thermal energy is used as a driving
force to entrain and recompress the secondary stream coming from
the evaporator, where the cooling effect takes place. In order to
complete the cycle, the heat content of the working fluid is released
to the environment in the condenser. After condensation, part of
the refrigerant is returned to the generator by a pump, increasing
its pressure to the generator pressure, and part is returned to
the evaporator through an expansion valve. The solar collector
subsystem is also shown in Figure 1. It generally consists of solar
thermal collectors in series or parallel configuration, a storage
tank, and a circulating pump. Fittings, valves, and control are not
indicated in the diagram. An auxiliary heater can be applied in
the storage tank so that energy can be supplied to the generator
if necessary during periods when solar radiation is not available,
but there is need for cooling.

The key component of the cycle is the ejector (see Figure 2).
In the ejector, the motive or primary fluid coming from the
generator (g) enters the primary nozzle at high pressure and low
velocity. After expansion, it leaves the nozzle exit section with high
kinetic energy and low static pressure. This draws the low pressure
(secondary) fluid through the suction chamber coming from the
evaporator (e) of the cooling cycle where the refrigeration effect
takes place. The strong shear between the motive and secondary
jet leads to the acceleration of the secondary fluid. Under normal
operation, the secondary fluid starts mixing with the primary
flow after it gets choked. The condition when the secondary fluid
reaches Ma = 1 is often referred to as “double choking” operation.
The mixing process after the primary nozzle exit plane is rather
complex due to the interaction between the two fluid streams
and the ejector wall. The motive fluid flow can be characterized
by a series of oblique/normal shock waves called the shock train
(Bartosiewicz et al., 2006; Bouhanguel et al., 2011). During this
process, the static pressure of the primary stream tends to gradually
increase until it levels with the pressure of the secondary fluid. After
the mixing process is completed, a final shock occurs somewhere
in the constant area section or in the beginning of the diffuser
depending on operating conditions. The resulting flow becomes
subsonic; the pressure is then further increased in the diffuser
toward the ejector exit. The exit pressure is mostly determined by
the condenser conditions (T¢) of the ejector refrigeration cycle.
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FIGURE 1 | Simplified diagram of a solar driven ejector cooling system with its main components.
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FIGURE 2 | Cross section view of a typical ejector.

One way to measure ejector performance is by the entrainment
ratio (M), defined as:

A=—= 1

For a given cooling load, the required evaporator flow rate is
approximately constant. The higher the entrainment ratio is, the
lower the flow rate on the primary nozzle side is, and consequently
the lower the required generator energy input is. The entrainment
ratio is related to the COP of the cooling cycle by the following
relationship:

Q Ah

COP=—==Ax—= 2)
Q Ah,

According to the variables present in Eq. 2, ejector performance
is affected by both working fluid properties and operating condi-
tions. The instantaneous (or steady state) performance of the solar
collector array can be assessed by the solar collector efficiency (o)
given by Pridasawas and Lundqvist (2007):

Near = (Ta)_FRUL [M] (€)
The reader should note that Eq. 3 represents a simplified
assessment of solar collector performance, assuming no
variability in the climatic conditions. For the evaluation of the
long-term performance of solar thermal systems, the energy
balance over the solar collector subsystem should be integrated
with time using local climate data. This was out of the scope of
the present work. The values of the optical efficiency [Fr(ta)]
and the loss coefficient (FrU.) in Eq. 3 strongly depend on
the collector design and orientation. The steady state collector
subsystem performance can be characterized by the heat ratio
(HR) as:

_ NalAa +Q4
Icholl + QA

HR (4)

In Eq. 4, Qa is the heat supplied by the auxiliary heater. For a
solar fraction of 1, HR is identical to the collector efficiency in
Eq. 3. Typical solar fractions in solar heating/cooling applications
are in the range of 0.5-0.7. By writing an energy balance over the
solar and ejector subsystems and neglecting the energy required
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for fluid transport, the global system efficiency (1) can be written
as:

Qg Qe

=—2F X
IIAcoll + QA Qg

N, — HRxCOP (5)

Working Fluid Selection and Geometrical
Characterization of the Ejector

An analysis of the ejector performance with six environmentally
friendly working fluids was carried out, based on the well-known
constant pressure mixing ejector theory. This theory has been
applied by several researchers over the last two decades (Eames
etal., 1995; Huang et al., 1999; Yu et al., 2006; Varga et al., 2013c).
In order to describe the fluid flow inside the ejector, the one-
dimensional flow domain was divided into a number of physical
and hypothetical sections including (see Figure 2): primary nozzle
throat (d,), primary nozzle exit (d..), hypothetical throat where
the secondary fluid gets choked (y-y), mixing plane (m) where the
mixing process is completed, transversal shock wave section (s-s),
and diffuser outlet (c). A number of assumptions were made in
order to solve the governing equations. For details of these assump-
tions, the reader is referred to Varga et al. (2013c¢). The model was
implemented in Engineering Equation Solver (EES) (F-CHART,
USA) software and validated with published experimental results.
Typical inputs for the analysis were the refrigerant type, generator,
evaporator and condenser temperatures, and cooling capacity.
Typical outputs of the simulations were the ejector cycle perfor-
mance indicators (A, COP), 1, and the geometrical factors that
allow the ejector to work under critical operation, including the
diameters of the nozzle throat (d,) and constant area section (d),
as well as the corresponding area ratio (r, = (d,, /d, )Z) .

The entrainment ratio as a function of generator temperature
(for constant T: and T) is shown in Figure 3, for the six selected
working fluids. It can be seen that water performed considerably
worse than any of the other refrigerants. For example, for low gen-
erator temperatures (T = 80°C), the entrainment ratio for R600a
was approximately five times larger than for water. A A of 0.25,
considered by the authors as a minimum acceptable performance,
was obtained for T, as high as 125°C. Based on the results for the
entrainment ratio, R600a seems to be a good choice for the working
fluid in the generator temperature range presented. Figure 4 shows
the system efficiency for R600a and R152a using three types of solar
collectors with typical efficiency curves. It can be seen that R152a
performs always better than R600a, when a flat plate solar collector
is considered. The highest system performance was obtained for
vacuum tube collectors. In this case, the relative performance of
the two fluids was inverted. The maximum value of N, = 0.27 at
a Ty of 110°C was obtained for R152a, while in the case of R600a
the system efficiency was 0.29 at a generator temperature 122°C.
As mentioned before, the optimal area ratio considerably changes
with the operating conditions. As an example, results of r, for
varying T in the range of 24-40°C are shown in Figure 5. It can be
seen from the figure that the area ratio required for the ejector to
operate in critical mode decreased with Tt in a non-linear manner.
The sensitivity of r4 on the downstream conditions was again the

0.7

}\‘ -&- R600a
—*—R152a

96 < RC318

-8-R290
—&-R134a

80 85 90 95 100 105 110 115 120 125 130 135

T4 °C

FIGURE 3 | The effect of generator temperature on the entrainment
ratio for the six selected working fluids and for constant T, = 10°C
and T. = 35°C.

0.35 4 —#—Flate Plate - R600a
- = - Flat Plate - R152a

—&— Vacuum - R600a —e—CPC-R600a

- O - Vacuum - R152a - <3 - CPC-R152a

Nsys

FIGURE 4 | System efficiency for three types of solar collector for
R152a and R600a (T. = 10°C and T. = 35°C).

highest for water. The results indicated that a one-degree increase
in the condenser decreased the corresponding area ratio about
5.3% on average. Considering the remaining four refrigerants, it
was found that the sensitivities were in the range of 3.5%. For more
details, the reader is referred to Varga et al. (2013c).

Based on this analysis, it was concluded that an ejector using
R600a can operate with good performance for a wide range of
operating conditions under moderate pressures, and thus can be
an attractive choice for a small capacity air conditioner running on
solar thermal energy, as long as special attention is paid to the fluid
flammability. Thus, R600a was selected for the developed system.

Variable Geometry Ejector Design

The design of the VGE was based on CFD modeling of the ejector
flow. Two of the most important geometrical factors affecting ejector
performance were implemented in the model as variable features:
the area ratio (rx) by using a spindle upstream the primary nozzle
throat and the NXP as shown in Figure 6. The baseline geometry
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11
—o- R600a fa (water)

FIGURE 5 | Area ratio as a function of condenser temperature with
T, =90°C and T. = 10°C.

Primary nozzle Spindle

Primary
Constant area inlet
section

Diffuser

Converging
section

FIGURE 6 | Representation of the flow domain indicating the location

of the movable spindle and nozzle exit position.

for both operating fluids was determined by using the 1D model
discussed in the previous section. Typical inputs for the model were
the refrigerant properties, generator, evaporator and condenser
temperatures, and cooling capacity. The most important design
parameters and the resulting ejector dimensions are summarized
in Table 1. A commercial package - ANSYS FLUENT 12 - was
used to simulate the fluid flow in the VGE. In FLUENT, the space
domain is discretized into a number of small, non-overlapping
control (finite) volumes and surrounding nodal points. For each
finite volume, each PDE is transformed into a set of algebraic equa-
tions using the Gauss divergence theorem and then simultaneously
solved. In each simulation, the solution was obtained in two steps.
In the first step, unsteady terms were kept and the solution was
obtained using a time marching scheme. In the second step, final
convergence was obtained using a FLUENT’s coupled implicit
algorithm. Iterations were performed until the relative residuals
for each flow variable were <107°. Mesh sensitivity tests indicated
that a structured mesh with approximately 20,000 finite volumes
resulted in grid independent ejector performance indicators. For
more specific details of the developed CFD model including the
assumptions, the reader is referred to Varga et al. (2013a).
Figure 7 shows the influence of the spindle position on the
Mach number distribution (Ma > 1) inside the ejector tail, under
the same downstream and upstream conditions. For a spindle
position of 1 mm (Figure 7A), the primary flow underwent a

TABLE 1 | Design conditions and baseline ejector geometry for the R600a
ejector.

Design temperatures

T4 (°C) 80
T (°C) 37
T. (°C) 10
Cooling capacity (kW) 1.0
Dimensions

d; (mm) 2.8
Chex (MM) 3.5
dm (Mm) 4.9
d. (mm) 1
Ia 3.1
Leony (Mm) 25
Ly (Mm) 17
Lg, mm 34

strong shock immediately after nozzle exit and correspondingly its
pressure increased. In fact, the secondary fluid was not entrained;
the primary fluid left the ejector through the secondary inlet, lead-
ing to ejector failure. By moving the spindle backwards to 2 mm,
the shock train downstream the NXP was less intense; however,
the secondary flow remained unchoked, with p. higher than its
critical value. Similarly, weaker shock waves can be observed
for a SP of 4 mm; however, in this case, the secondary flow gets
accelerated to the speed of sound as shown in Figure 7C. The
mixed flow became subsonic in the beginning of the diffuser. The
ejector operates at near optimum. Further opening of the spindle
resulted in stronger shock waves downstream the nozzle exit, as
well as in a stronger final wave in the diffuser. In this case, the
back pressure was lower than its critical value, and thus the ejector
was not at its optimal operation point. Combining the results of
optimal SP for different generator temperatures can be used as the
basis for optimizing ejector operation under variable operating
conditions, as shown in Figure 8. The ejector performance is
depicted as a function of the critical back pressure (critical opera-
tion line) under different conditions. Continuous lines represent
the entrainment ratio obtained as a function of T, for a given
spindle position, while dashed lines connect the points with the
same generator temperature. In order to interpret Figure 8, the
reader should notice that the left hand side of each line represents
a situation when the ejector operates in double choking mode,
while the right hand side corresponds to the operating conditions
resulting in ejector failure. It can be seen from the figure that the
ejector performance is successfully controlled along the entire
spindle path (1-7 mm). As an example, consider the conditions
following the dashed arrows in Figure 8. For example, the con-
denser pressure corresponding to 31°C is 415 kPa. For a generator
temperature of 75°C, the optimal spindle position was somewhat
smaller than 4 mm with an entrainment ratio of 0.37. Under the
same conditions, a more advanced spindle position (e.g., 2 mm)
would result in ejector failure while a more open spindle would
decrease A. It can also be seen that ejector performance could be
improved by simultaneously moving SP to 2 mm and increasing
the generator temperature to approximately 80°C. By positioning
the spindle to 4 mm leads to an increase in the COP of about 40%,
when compared to a fixed geometry design (no spindle), which
can be considered as very significant.
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1 1" 12 13 " 15 186 17 13 1% 2

FIGURE 7 | Mach number distribution (Ma > 1) inside the VGE for
T, = 85°C, T. = 31°C, and spindle positions: (A) 1 mm, (B) 2 mm,
(C) 4 mm, and (D) 8 mm.

Figure 9 shows the variation of A with the NXP and the
corresponding increase in ejector performance compared to an
NXP of 0 mm (see Figure 5). The simulations were carried out
for generator design conditions. It can be seen that A increases
with NXP from 0 mm until 10 mm, providing the highest entrain-
ment ratio of 0.21. Beyond this point, A starts to decrease. The
maximum variation of A with NXP was as high as 60%, which can
be considered significant.

Experimental Determination of the VGE
Performance Under Laboratory Conditions

After the geometrical optimization of the flow path and spindle
profile, an experimental VGE prototype was constructed. In the
prototype, SP and NXP can be independently adjusted, allowing for
afull adaptation to the operating conditions. The desired positions

M Spindle position Imm
0,70 -

0,65 -
0,60 -
0,55
0,50
0,45
0,40
0,35
0,30
0,25
0,20
0,15
0,10

O Spindle position 2mm

A Spindle position 4mm
X Spindle position 7mm

300 350 400 450 500 550 600
P kPa

FIGURE 8 | Ejector operation in critical mode for different condenser
pressures, generator temperatures, and spindle tip positions.

Relative
change (%)

- 709
A 70%

= = =Relative change

0 25 5 75 10 125 15
NXP (mm)

FIGURE 9 | The influence of NXP on the entrainment ratio.

can be adjusted by two actuators driven by small stepper motors.
Both SP and NXP are considered 0 at a fully closed position, when
there are no free cross sections for the primary and secondary
flow, respectively. The ejector prototype was integrated into a test
rig composed by the ejector refrigeration cycle with the VGE and
three sub-cycles. These sub-cycles are: (i) high temperature gen-
erator; (ii) low temperature evaporator; and (iii) heat dissipation
condenser sub-cycle, as shown in Figure 10. The objective of the
three sub-cycles (i-iii) was to simulate operational conditions, so
that the heat transfer in the generator, evaporator, and condenser
can be independently controlled. For more details of the individual
test rig components, the reader is referred to Pereira et al. (2014).

In order to monitor the system variables along the ejector
cycle, a number of instruments were installed including: pressure
transducers (Kobold, Germany) with 6 and 25 bar measuring range
and an accuracy of 0.5% on the full scale; calibrated T-type ther-
mocouples (Tecnisis, Portugal) with a maximum error of 0.35°C;
RTDs (KIMO, France) with 0-100°C range and an accuracy of
+0.08°C; and two variable area flow meters (Kobold, Germany)
with an accuracy of 2.2% on the full scale. Additionally, the water
temperature at the inlet and outlet of both the generator and the
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evaporator sub-cycles were measured in order to evaluate the global
performance of the system. The water flow rate through the gen-
erator was monitored with a high precision electromagnetic flow
meter (ABB, USA) with an accuracy of 0.5% of the read value. On
the evaporator side, the water flow rate was constant (13.3 I/min)
and it was manually determined by measuring the displaced water
volume with a chronometer (estimated error of 3%). For the loca-
tions of the installed sensors, the reader is referred to Figure 10.
The data acquisition system integrated a data logger module (HP
Agilent 34970A, USA) connected to a personal computer. A
control and monitoring application was developed in LabVIEW
2011 (National Instruments, USA). The data were sampled every
10 s and saved in a text file for data analysis, carried out in MS
Excel and EES (F-Chart, USA).

Three sets of experiments (A-C) were carried out to demon-
strate the performance benefits of the VGE, based on operating
conditions, spindle position, and NXP, as shown in Table 2.
In the first set (A), the spindle position was varied in a range
of 3.75-5.5 mm. During these tests, the generator and thermal
bath temperatures were maintained at 85 and 15°C, respectively.
NXP was set to 3 mm, which is the position resulting in the
lowest evaporator pressure for a closed expansion valve. In the
second experimental set (B), SP was fixed at 7 mm and NXP was
varied from 0 to 15 mm. In these runs, generator and thermal
bath temperatures were 71 and 15°C, respectively. In the third set
(C), the experimental conditions were identical to set B, with the
difference that SP was reduced to 6 mm. In order to make sure
that both SP and NXP are in the correct position during each run,
both variables were set to 0 (fully closed) and then retracted to
the desired set points using the stepper motors. Each experiment
started when the temperature of the working fluid at the primary
inlet of the ejector reached steady state, considering a superheat of
5-15°C. At the outlet, the condenser pressure (temperature) always

started below the critical pressure (temperature) by adjusting the
condenser temperature with the water chiller in the beginning of
the test run, and it was allowed to slowly increase beyond p. .. This
way, the entire operating curve of the ejector could be determined
in a single run, identifying double choking, critical operation, and
single choking regimes. The expansion valve was adjusted to set
an evaporator pressure of about 2 bar.

Influence of the Spindle Position on

Ejector Performance

The current section presents the discussion of the experimental
results related to the influence of the spindle tip position on the
VGE performance (set A). Operating curves were experimentally
determined for each spindle position within the considered range
and each p. was computed. Figure 11 shows COP as a function
of the condenser pressure for different spindle positions. The
points indicated on the graph actually correspond to the critical
conditions (see Figure 8). This representation allows to identify the
effect of SP on both COP and critical back pressure simultaneously
for constant T, and T.. The critical operational line represents the
highest possible COP that can be obtained for the ejector, as a
function of the condenser pressure, and is also indicated. Looking
at Figure 11, one may conclude that for the considered range, an SP
of 3.75 mm results in optimal operation (maximum performance).
However, as the spindle closes, critical back pressure decreases.
These two characteristics allow for the optimization of the VGE
SP control. Condenser pressure usually depends on the climatic
conditions and it varies with time. For instance, considering a
condenser pressure of about 3.65 bar (about 26°C condenser tem-
perature), the spindle position that resulted in optimal operation
conditions was 5.25 mm, ensuring critical operation with a COP of
0.5. If the condenser pressure decreased about 0.65 bar (condenser
pressure of 3 bar, about 20°C condenser temperature), the optimal
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TABLE 2 | Working conditions during each set of experiments.

Experimental set pg [bar] T, (Superheat) [°C] pe [bar] T. (Superheat) [°C] SP [mm] NXP [mm]
A 10 83 (15) 15 (8) 3.75-5.5 3
B 9 70 (8) 15 (8) 7 0-15
C 6
1.0 0.80 - 2.00
< ©3.75[mm] A4.00 [mm] e cop
0.9 1 “e SP Travel M4.25[mm] 4.50 [mm] 0.70 :2 ling Capacity | 7>
08 ~o 04.75[mm] A5.00 [mm] - u - ooling Capacity
= L 05.25[mm] ©5.50 [mm] 0.60 150 —
0.7 1 Lt L] H
0.6 el < % " 125 &
.6 ~ - S
N : - 8 040 - a A a 100 &
S 0.5 4 Critical Operational Line e 2N 0.30 | . ° ° ° : 075 E‘,
0.4 - S
0.20 ® 0.50 §
0.3 + ) )
0.2 | 0.10 0.25
0.1 4 0.00 = T T T T T + 0.00
0.00 2.50 5.00 7.50 10.00 12.50 15.00
0.0 T T T T T T T T T T T 1 Nozzle Exit Position [mm]
27 28 29 30 31 32 33 34 35 36 3.7 38 3.
Condenser Pressure [bar]
FIGURE 12 | Performance parameters and evaporator cooling
capacity at different NXP (set B).
FIGURE 11 | Experimentally determined COP as function of the
condenser pressure for different SP (set A).

operation condition corresponding SP was 4.00 mm, and this
corresponds to a COP improvement of about 70%. Therefore, SP
can be tuned as a function of the condenser conditions, resulting
in an optimum COP.

Influence of the Nozzle Exit Position on

Ejector Operation

This section summarizes the experimental results obtained
with the second set of experiments (set B), where the influ-
ence of NXP on ejector performance was studied. Figure 12
presents the results for the ejector COP, A, and cooling capacity
in double choking condition, function of the NXP. Analyzing
the data, one may note that both performance parameters and
also cooling capacity show a maximum at NXP = 7.5 mm. The
optimum values were 0.32, 0.39, and 1.65 kW for COP, A, and
cooling capacity, respectively. For all positions of the nozzle
exit, primary mass flow rate remained essentially constant,
with an average value of 15.8 g/s and a coeflicient of variation
<6%. On the other hand, the secondary mass flow rate seems
to be strongly influenced by NXP, and presented an evolution
similar to the other performance parameters. Nevertheless, one
may also observe that in a wide range of NXP (5-10 mm), the
variation of the ejector performance was small. For example,
when the exit nozzle traveled from 7.5 to 5 mm, the variation
of all the parameters was within 3%. When NXP varied from 5
to 2.5 mm, the decrease in all the performance parameters was
as high as 27%. Similarly, when NXP varied from 7.5 to 10 mm,
the performance of the ejector decreased about 3%. When the
nozzle exit traveled from 10 to 12.5 mm, the performance loss
increased to 12%. Therefore, it was concluded that the optimal

0:50 7 02.50[mm] AS5.00[mm] O7.50 [mm]
0.45 - ©10.00[mm] X1250[mm] + 15.00 [mm]
0.40 |
0.35 - o Ll
. \ e ===
030 { SP6Imm]_ -~ _ -3 N
o + - _ - » N
O 0.25 - - S
o +7 sp7[mm] ®
0.20 -
0.15 -
NXP travel
0.10 -
0.05
0.00 . . : . ; : .

3.00 3.10 3.20 3.30 3.40 3.50 3.60 3.70
Condenser Pressure [bar]

FIGURE 13 | Influence of the NXP on the COP and critical back
pressure for two different spindle positions (sets B and C).

NXP was somewhere between 5 and 10 mm. It should be noted,
however, that this finding needs confirmation for a range of
generator and evaporator conditions.

Interaction of NXP and SP on the

Ejector Performance

Applying the same methodology to set C, similar tendencies
were found for the ejector behavior. COP and A presented the
same evolution as in set B, but with an average increase of 14%.
Figure 13 shows the critical operational map for a SP of 7 and
6 mm as a function of condenser pressure and NXP. It is possible to
observe thata COP improvement is obtained with the SP displace-
ment. Regarding evaporator cooling capacity, the experimental
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Air Conditioned Space

FIGURE 14 | Schematic representation of the test and demonstration facility.

Equipment Room

VGE Cycle

TED System 53 [o]

-

Solar Field

conditions in set C resulted in similar values to set B, with an
average deviation <0.02 kW and with a coeflicient of variation
below 5%. Also, for each NXP, the secondary mass flow rate values
were near the ones verified in set B. Such as for set A, for a given
NXP, closing the SP resulted in a decrease of the primary mass
flow rate, with an average decrease of about 2 g/s. This way, with
a SP of 6 mm, the NXP optimum range was kept between 5 and
10 mm, with a performance improvement due to the decrease in
the primary flow rate (see Eq. 1). Looking at the data in Figure 13,
one may note within the NXP range tested, p... was lower nearer
to a closed spindle position. For example, for NXP = 5 mm, the
reduction of the critical back pressure was higher than 0.2 bar.
Since generator and evaporator conditions were almost identical,
this difference can be associated with the displacement of the
spindle alone and is in agreement with the numerical simulations
and the experimental data in Section “Influence of the Spindle
Position on Ejector Performance.” The more closed the SP is, the
lower the critical back pressure is, considering constant generator
and evaporator conditions and NXP position.

Development of a Test and
Demonstration Facility

Besides technological issues, there is a lack of sufficient know-how
on how to integrate thermally driven solar cooling systems into
buildings, especially in the residential sector where small capacity
units are needed. In order to overcome this barrier, a solar driven
ejector cooling test and demonstration facility (TDF) is under
development. The TDF is designed in such a way that it can be
cooled during the hot days (summer) and heated during the winter
using solar energy. The TDF is composed by: (i) a solar collector
field; (ii) the VGE cycle; (iii) the thermal energy distribution (TED)
system; (iv) air-conditioned space; and (v) an equipment room, as

FIGURE 15 | Photo of the south facing facade of the air-conditioned
space and equipment room.

shown in Figure 14. The VGE cycle is essentially identical to the
unit tested under laboratory conditions. All the other components
were designed to match the energy requirement of the ejector.
The floor area of the air-conditioned space and the collector field
were designed based on dynamic simulations using the TRNSYS
16 software with typical meteorological data (TMY) for Porto,
where the TDF is installed. Based on the results, a 15 m? space was
constructed using prefabricated light weight composite sandwich
panels, with window and door facing south as shown in Figure 15.
The solar field is composed by four evacuated tube solar collec-
tors (BAXI AR30), connected in series, with a total area of 17 m?,
providing a heating capacity of 7.5 kW at an outlet temperature
of 85°C and 72% efficiency, with an incident solar radiation of
800 W/m?. The heat exchange between the evaporator of the VGE
cycle and the air inside the air-conditioned space is provided by a
Daitsu FSTD 2-pipe cabinet fan coil with a rated cooling capacity
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FIGURE 16 | 3D representation of the installation.

Collecto r ffeld

-
Heat dissipater

i

VGE cycle

of 3.1 kW. The heat transfer fluid is water. The dissipation unit
placed outside the building is a Unitermos fan coil water-to-air
unit from BAXI, with a rated capacity of about 55 kW. A 3D model
of the TDF is shown in Figure 16.

The construction of the TDF is actually at 80%, and it is
expected to be operational in the summer of 2015. The TDF will be
instrumented using flow meters, temperature and pressure sensors.
Instantaneous system variables, such as collector efficiency, cooling
COP, cooling power, heating power, indoor temperature, environ-
mental conditions (e.g., ambient temperature, solar radiation), and
time integrated performance indicators (e.g., energy removal in
the summer, heating energy in the winter) will be monitored so
that long term performance of the solar driven cooling system
can be assessed.

Conclusion

In this paper, the development process and the results of a small
cooling capacity (1.5 kW) solar driven cooling system using a
VGE were presented. Numerical modeling showed that R600a
is an excellent choice for working fluid in a small-scale ejector
cooling cycle, due to its good performance and moderate operating
pressures. For larger systems, a different fluid should be selected, of
safety issues (explosion risk) associated with larger fluid quantities.

The VGE was designed using CFD modeling with two degrees of
freedom: the area ratio and the NXP. The area ratio was successfully
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Appendix

Symbols

A area (m?)

COP coefficient of performance
d diameter (m)

Fr(ta) collector optical efficiency
FrUL loss coefficient

h specific enthalpy (kd kg=')
HR heat ratio

| incident solar radiation (W m2)
L length (mm)

m mass flow rate (kg s™)
Ma Mach number

NXP nozzle exit position (mm)
p pressure (bar)

Q heat (KW)

ra area ratio, (d./dy)?

SP spindle tip position (mm)
T temperature (°C)

Greek letters

n efficiency

A entrainment ratio
Subscripts

A auxiliary

[¢] condenser

coll collector

conv convergent section
cr critical

d diffuser

e evaporator

ex primary nozzle exit

g heat generator

in inlet

m constant area section
sys system

t primary nozzle throat
o0 ambient
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