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Abstract

This paper reports on a systematic experimental and numerical study that investigates the
interaction between four isothermal jets within a cylindrical chamber under conditions relevant
to a Hybrid Solar Receiver Combustor (HSRC). The HSRC features a cavity that is operable as
a combustion chamber, or as a cavity receiver with an aperture to admit the concentrated solar
radiation, multiple burners to direct fuel and air into the chamber and tubular heat exchangers
to transfer the heat to the heat transfer fluid. The HSRC geometry is simplified here to the
cylindrical cavity with four jets, representing the burners, which are configured in an annular
arrangement and aligned at an angle to the axis with a swirling component. The aperture to the
cavity is closed while the four jets interact with each other and with the cavity wall. The jet
inclination angle (aj) was fixed at 25°, while the jet azimuthal angle (6;) was varied from 5" to
15". The inlet Reynolds number for each injected jet and the number of jets were fixed at Rep
= 10500 and 4, respectively. Measurements obtained with Particle Image Velocimetry (PIV)
were used together with numerical modelling employing Reynolds-Averaged Navier-Stokes
(RANS) methods to characterise the large-scale flow field within the HSRC device. The results
reveal a significant dependence of the mean flow-field on the jet azimuthal angle (8;) and have
implications on the heat transfer within the HSRC.

1. Introduction

Renewable energy generation is gaining interest globally due to the growing need for a more
sustainable society (Christoff 2016). Solar energy has received particular attention because it is
both clean and abundant (Desideri & Campana 2014). In recent years, there is growing interest
in Concentrating Solar Thermal (CST) system because it offers opportunities to utilise energy
at high temperatures, to allow the storage of thermal energy and to allow hybridisation with
combustion devices (Moore & Apt 2013). Nevertheless, the intermittent nature of the solar
source is a barrier to the penetration of all solar and wind energy technologies. In contrast, the
combustion of fuels offers high availability. In the near term, fossil fuels have low cost but high
emissions of CO> and other pollutants (Cavaliere & de Joannon 2004). However, the cost of
more sustainable fuels such as hydrogen and syngas are expected to decrease in the future.
Thus, the complementary nature of these two thermal energy sources means that their
integration is gaining prominence globally (Nathan et al. 2017).

A Hybrid Solar Receiver Combustor (HSRC) has been recently proposed by the Centre for
Energy Technology (CET) at the University of Adelaide, which offers potential to reduce both
the energy losses and total infrastructure requirements relative to a hybrid from stand-alone
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components, while providing a firm supply of energy for heat and power applications (Nathan
et al. 2014). It features a cavity operable as a combustion chamber, an aperture to admit
concentrated solar radiation into the chamber, multiple burners to direct fuel and air into the
chamber and a heat exchanger within it to absorb the heat from both energy sources (Figure 1).
In addition, the HSRC can be operated in any of three modes, namely, the ‘combustion only
mode’, the ‘solar only mode’ and the ‘mixed mode’. For the ‘solar only mode’, the shutter of
the secondary concentrator (SC) is open to allow the entrance of concentrated solar radiation,
while the only heat source for the HSRC is solar energy. For the ‘combustion only mode’, the
heat source is derived only from the burning of injected fuel and the shutter is closed. In the
‘mixed mode’, the power of the HSRC is derived from both solar energy and combustion, with
the percentage of each being dependent on the solar intensity available at the time. Importantly,
the configuration of the combustion system in a solar cavity differs from that in a conventional
combustor owing to the need to incorporate the aperture. This results in an annular ring of
burners, which can be configured with an inclination angle («;) relative to the axis of the
chamber, and/or as well as an azimuthal angle (#) to the axis of the burner. The azimuthal angle
generates swirling flows within the chamber, which causes the jets to interact with each other
as well as with the wall and the aperture. Owing to the swirling burner arrangement and the
range of operational modes, it can be expected that different flow regimes, flame structures and
dominant heat transfer mechanisms will occur with changes to these angles. Hence, a more
detailed characterisation of the flow field within the HSRC for a well-defined and consistent
inflow conditions is needed to better understand the flow generated by the swirled burner

arrangement.
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Figure 1. Schematic diagram of Hybrid Solar Receiver Combustor (Nathan et al. 2013).

To meet the aforementioned needs, the current investigation aims to conduct an experimental
and numerical study to a) investigate the iso-thermal flow-field of interacting jets with swirling
component within the HSRC configuration, b) identify potential flow regimes as a function of
jet azimuthal angles (6;) within a circular chamber, and c) analyse the effect of different flow
regimes on the ‘combustion only’ (closed-aperture) and ‘mixed’” modes of operation. In
particular the aim of the CFD work is to provide a qualitative understanding of the flow patterns
in the regions for which experimental data is not available (i.e. out-of-plane motion).

2. Methodology

A schematic diagram of the experimental HSRC configuration is shown in Figure 2. The cavity
of the experimental model consists of a cylindrical chamber with a conical expansion,
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connected with a secondary concentrator (SC). An aperture shutter is employed at the end of
the SC. Particularly, the current study investigates the HSRC within the ‘combustion-only’
mode, where the aperture is closed to prevent heat loss. The geometric parameters are given in
Table 1.
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Figure 2. Schematic diagram of cold flow device used for the experimental investigation.

Table 1. Values of the geometric parameters of the experimental models.

Dimensions | Description Value (mm)
Dc Chamber diameter | 37

Lc Chamber length 225

Dpipe Pipe diameter 3.35

Lpipe Pipe length 150

aj Jet inclination angle | 25°

0; Jet azimuthal angle | 5,10 and 15°

2.1. Experiment arrangement

Planar Particle Image Velocimetry (PIV) was employed to investigate the mean flow-fields
within experimental models under iso-thermal conditions at ambient temperature. Three
laboratory-scale devices were manufactured with inclination angles of aj = 25" and azimuthal
angles of §;=5", 10" and 15". Acrylic was chosen as the material to provide optical access and
a close match between the refractive index of the chamber and that of the working fluid. The
entire experimental model was fully submerged into a rectangular water tank with dimensions
of 500 mm (L) x 400 mm (W) x 390 mm (H) to prevent optical distortion.

Water was chosen as the working fluid to avoid deposition of tracer particles onto confining
walls. The water from the outlets was discharged into the water tank, which overflowed to a
reservoir. The inlet jet bulk injection velocity (Up) was fixed at 2.8 m/s for each nozzle, leading
to an inlet jet Reynolds number Rep = 10,500. This ensures that the inlet flow is within the fully
turbulent regime. The flow was seeded with hollow glass spheres of 12 um in diameter and with
a specific gravity of 1.1.
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The optical arrangement and the measurement region are shown schematically in Figure 3. The
illumination for the PV measurements was sourced from a double-head, pulsed Nd:YAG laser
(Quantel Brilliant B), frequency doubled to provide a wavelength of 532 nm at a fixed pulsing
frequency of 10 Hz. The thickness of the light sheet was estimated to be 1.5 mm at the focal
line.

The images were captured with a Charged Coupled Device (CCD) camera (Kodak Megaplus
ES2093) with an array of 1920 x 1080 pixels, which provides the axial (u) and radial (v)
instantaneous velocity components with an image size of 118 mm (Lij) x 66 mm (W;). A
minimum of 3000 PIV images (12 bits) was recorded for each measurement. The image-
processing was performed with an in-house PIV code in MATLAB (Mathworks), with an
interrogation window size of 32 x 32 pixels, leading to a spatial resolution of 2 mm in each
direction. A multi-grid correlation algorithm with 50% overlap was applied to all cases. All
erroneous vectors were removed from the ensemble.
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Figure 3. Experiment layout for the PIV measurements, together with the optical
arrangement.

2.2.  Computational modelling

The commercial computational fluid dynamics (CFD) code ANSYS/CFX 17.0 was employed
to simulate the flow-field, utilising the Reynolds-Averaged Navier-Stokes (RANS) method.
The 3-dimensional computational model of the device, shown in Figure 4, was generated with
a commercial CAD package PTC Creo. To reduce computational cost, only a quarter of the full
domain was modelled utilising the periodic boundary option in the code. The ANSYS/Meshing
17.0 CFD code was used to generate the computational mesh. The mesh quality was checked
for expansion factor, aspect ratio, skewness and orthogonality. The influence of the number of
mesh nodes on the CFD results was evaluated through a mesh independence test, which showed
that approximately 8 million mesh nodes yield a good compromise between the accuracy of the
calculated results and the simulation time. The convergence criterion for all cases was set to be
1x10° (RMS). The working fluid and the inflow conditions assessed in the CFD simulations
were chosen to match those of the PIV measurements (i.e., water as working fluid and Rep =
10500). The Shear Stress Transport (SST) model was selected as the turbulence closure model,
owing to the reasonable prediction of the mean flow-field in related configurations (Chen et al.
2012; Tian et al. 2015).
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Figure 4. The CFD domain of the Hybrid Solar Receiver Combustor.

3. Results and Discussion

Figure 5 presents the contours of measured mean axial velocity (Uy) normalised by the inlet
velocity (Up) for the cases (a) aj= 25" and 6j=5" (HSRC-25-5), (b) aj= 25" and ¢;= 10" (HSRC-
25-10) and (c) o= 25" and #;= 15" (HSRC-25-15). It can be seen that an increase in azimuthal
angle (6;) from 5° to 15 leads to a significant change of the mean flow field for a given value
of ;. For the case of HSRC-25-5, the mean flow of the resulting jet (merged jet downstream
from the impingement point) spreads out gradually and symmetrically beyond the impingement
point, qualitatively similar to non-swirling jets configurations (6= 07). By increasing 6;to 10°
(HSRC-25-10), the mean flow bifurcates into two resulting jets downstream from the
interacting region (Vanierschot & Van den Bulck 2008). This is most evident for the case of
HSRC-25-15, with a higher value of 6; for which the bifurcation is strong and slightly
asymmetrical. Indeed, slight asymmetry can be seen for each flow, which is consistent with
such a configuration tending to amplify small asymmetries in the inflow conditions.

It is also worth noting that a region of significant central recirculation zone, CRZ (i.e. negative
axial velocity) is generated in the region downstream from the bifurcation point for the cases
of HSRC-25-10 and HSRC-25-15. The position of this CRZ progresses upstream with an
increase in 6, from 0.38 < x/L¢<0.6 for HSRC-25-10, to 0.27 < x/L<0.53 for HSRC-25-15.
This is consistent with previous investigations of swirling flows for other configurations, in
which an increase in swirl increases the strength of the CRZ (Vanierschot & Van den Bulck
2008).
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Figure 5. Measured normalised mean velocity (Ux/Uy) contours for the cases of (a) a;= 25’
and 6;=5" (HSRC-25-5), (b) @j= 25" and ;= 10" (HSRC-25-10) and (c) @;= 25" and 6;= 15’
(HSRC-25-15).

Figure 6 presents the evolution of measured dimensionless mean axial velocity (U¢/Up) along
the centreline of the HSRC chamber for the cases of (a) HSRC-25-5, (b) HSRC-25-10 and (c)
HSRC-25-15. For comparison with previous measurements of non-swirling (6= 0°) jets, the
PIV data of Long et al. (2017) for multiple-impinging jets in a cylindrical chamber, namely
HSRC-25-0, is also included. It can be seen that all cases feature similar trends in the mean
axial centreline velocity decay, although the locations and magnitudes of their peak values
differ. The velocity peak for HSRC-25-5, HSRC-25-10 and HSRC-25-15 is approximately
27%, 50% and 70% lower than that of HSRC-25-0, and the location of velocity peak progresses
upstream from x/Lc = 0.28 for HSRC-25_5 to x/L¢ = 0.20 for HSRC-25-15. This reveals that an
increase in 6 leads to a significant decrease in the velocity peak along the centreline of the
chamber.

It can also be seen that a significant saddle point occurs on the axis for the cases of HSRC-25-
10 and HSRC-25-15, which is located at x/L. = 0.38 and 0.27 for HSRC-25-10 and HSRC-25-
15, respectively. This marks the most upstream point of the region of the CRZ described in
Figure 5. Taking together, it can be concluded that a CRZ is established for the configurations
where in which 6;>10".

It is also worth noting that an increase in ¢; from 10" to 15" causes a significant upstream
movement of saddle point for a given value of ;. This progression is important because where
the saddle point to move too far upstream, it would risk transporting hot gases through the
aperture and even into the secondary concentrator, which would lead to large convective heat
losses. Importantly, the present configurations avoid this condition although some differences
may occur between the reacting and non-reacting cases.
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Figure 6. Evolution of the mean axial velocity (UcJ/Up) along the centreline of the
experimental models normalised by the inlet velocity, as a function of the axial distance
through the chamber for the cases (a) ¢j= 25" and ;= 5" (HSRC-25-5), (b) aj= 25" and 6,
=10" (HSRC-25-10) and (c) @j= 25" and @;= 15" (HSRC-25-15).

Figure 7 presents the radial profiles of the measured mean axial velocity, normalised by the
inlet velocity (Ux/Up) at four axial distances along the chamber for the cases (a) HSRC-25-5,
(b) HSRC-25-10 and (c) HSRC-25-15. It can be seen that, for HSRC-25-5, significant positive
velocity peak is found upstream from the impingement point (x/Lc = 0.19), while a central
resulting jet with single velocity peak occurs downstream from the impingement point. The
positive velocity peak at x/Lc = 0.19 for the case of HSRC-25-10 is less significant than that of
HSRC-25-05, while the magnitude is reduced by 40%. For the case of HSRC-25-15, the
velocity peak at x/Lc = 0.19 is no longer exist, which indicates that the extent of asymmetry
increased with an increase of 6;.

Figure 7 also shows that there are regions of negative axial velocity in the outer region of the
chamber (|r/D|] > 0.3) for all cases. This implies the presence of a large-scale external
recirculation zone (ERZ) within the main cavity. In addition, the profiles of negative axial
velocity in the inner region (|r/D¢| < 0.3) are only measured for the cases of HSRC-25-10 and
HSRC-25-15, which in turn suggests that a CRZ exists for higher 6; configurations (¢;> 10") of
the HSRC, consistent with qualitative features in Figure 5.

It is also important to note that, for the case of HSRC-25-15, the CRZ region occurs from x/Lc
= 0.28 to downstream locations, which indicates that an upstream progression of negative
velocity profiles occurs with an increase in 6, consistent with Figure 5 and Figure 6.
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Figure 7. Radial profiles of measured mean axial velocity (Ux/Up) at four cross-sections
through the experimental models for (a) aj= 25" and ;=5 (HSRC-25-5), (b) aj= 25" and
0;= 10" (HSRC-25-10) and (c) @j= 25" and #;= 15" (HSRC-25-15).

Figure 8 presents schematic diagrams of the measured and calculated streamlines for the
dominant flow regimes that have been identified within the HSRC configuration for the cases
(a) HSRC-25-5, (b) HSRC-25-10 and (c) HSRC-25-15.

For the case ;= 25"and #;=5" (HSRC-25-5), it can be seen that the flow regime is characterised
by a merged central jet within the upstream half of the chamber, together with a dominant
external recirculation zone (ERZ), which runs almost the full length of the chamber.
Importantly, the ERZ also extends upstream from the burners, so may present a potential risk
for convective heat losses through the aperture. The impingement point is observed downstream
from the conical chamber, consistent with the non-swirling case. At the downstream end of the
chamber, close to the centerline of the chamber, a negative bifurcation is observed in the
modelled flow, although its presence still needs to be confirmed with experiments. This leads
to the generation of a central vortex region at the end of the chamber. A low-velocity swirling
flow region is also observed downstream from the negative bifurcation. This swirling flow has
potential to augment mixing and heat transfer within the chamber.

For the case aj= 25" and ;= 10" (HSRC-25-10), it can be seen that a saddle point can be seen
in the central region of the chamber, which is attributed to slight asymmetry of the jets. An ERZ
is also observed within the chamber, although its size is reduced relative to the HSRC-25-5.
Downstream from the saddle point, a significant reverse flow is observed, while the
downstream CRZ and swirling flow are larger than for HSRC-25-5.

For the further increase in the value of ¢jto 15’ (HSRC-25-15), the key flow features within the
HSRC remain the same, although their relative significance changes. The ERZ is now confined
to the upstream region of the chamber, while CRZ dominates, together with the subsequent
swirling flow region dominates 2/3 of the total HSRC chamber. This suggests that this
configuration will generate substantial transport of gases from downstream to upstream and
perhaps, even through the aperture to the secondary concentrator. Therefore, the heat losses
from this system may increase significantly for the case in which the HSRC is operated with an
‘open-aperture’ in the mixed mode regime.
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Figure 8. Simplified diagrams showing the main flow features within the Hybrid Solar
Receiver Combustor (HSRC) for (a) @j= 25" and 6;=5" (HSRC-25-5), (b) aj= 25" and ;=
10" (HSRC-25-10) and (c) aj= 25" and 6= 15" (HSRC-25-15), as generated with the CFD
and P1V results.

4. Conclusions

A joint experimental and numerical study was carried out to characterise the iso-thermal flow
behaviour within a Hybrid Solar Receiver Combustor configured with four jets, inclined at ¢;=
25" and swirling components (6j=5", 10", 15"). The key outcomes of the study are as follows:

1. The characteristics of the flow field for the current HSRC configuration exhibit a primary
dependence on the azimuthal angles (6;). An increase in azimuthal angle () from 5" to
15" leads to the increase of the swirl intensity within the chamber, which changes the
position and strength of external recirculation zone (ERZ) and central recirculation zone
(CRZ).

2. Anincrease in azimuthal angle (6;) from 5” to 15 generates a low-velocity swirling flow
region downstream from the bifurcation (saddle point), which is typically sought after
for applications such as MILD (Moderate or intense low-oxygen dilution) combustion.

3. For =15, the flow field is dominated with central recirculation zone (CRZ), reverse
flow and swirling flow. The strength of the CRZ in this region is significant, and has
potential to risk transporting fluid through the aperture. The significance needs further
analysis.
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