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Abstract
A preliminary study is used to develop a novel high-temperature pressurised non-windowed cavity
receiver which utilises a compound Heat Transfer Enhancement (HTE) method. The cavity absorber
is covered by impinging jets and extended surface techniques together to increase the solid
absorber-to-HTF heat transfer rate and to keep the temperature of the cavity below the maximum
service temperature of the cavity. Results showed that a compound technique of impinging jets on
a plate-fin heat sink (compared to the impinging jets on a clean cavity and forced flow through a
plate-fin heat sink) provides the highest convective heat transfer coefficient by around two times
higher than the convection coefficient required to keep the temperature less than the cavity maximum
working temperature.
1. Introduction
A state-of-art solar receiver feeds a Rankine power cycle with an outlet temperature up to 600˚C.
However, to increase the efficiency, recent global interest has been fuelled for a sCO2 Brayton cycle.
This power cycle is able to provide efficiency even higher than 50%, if the inlet temperature is higher
than 700˚C (Turchi, Ma et al. 2013). The main difference between a Rankine cycle and a Brayton
cycle is that the working fluid in the former transforms within liquid to vapour among boiler (in a
solarised cycle a heat exchanger is used instead), turbine and condenser, while the latter includes
a compressor, combustion chamber and turbine with always gaseous working fluid (Nag 2013). In a
solarised Brayton cycle, the combustion chamber can be eliminated (Turchi, Ma et al. 2013).
Consequently, the new trend in CSP research aims to develop a solar receiver providing HTF outlet
temperature above 700˚C to be efficiently integrated with a sCO2 Brayton cycle (Mehos, Turchi et
al. 2016, Ho 2017, Mehos, Turchi et al. 2017). The current commercialised technologies include the
first (direct steam) and second (thermal storage) generations of receiver, while the third generation,
the integration of solar receiver with supercritical carbonate dioxide (sCO2) Brayton cycle to generate
low-cost electricity, is under development (Mehos, Turchi et al. 2017). A volumetric pressurised gasphase solar receiver, due to a wide temperature range of its gaseous HTF, has this potential to
provide such high temperature. This receiver uses a pressurised gaseous HTF, e.g. air or CO2,
flowing through a porous medium which is exposed to a direct irradiation flux. Through this process
HTF is heated. In this directly-irradiated HTF cavity receiver type, a window is required to make the
cavity receiver close-loop while it let the solar radiative flux come inside. However, the window needs
to be strength enough for a long-term operation and also permanently needs to be clean and clear.
To address these issues associated with use of a windowed cavity, concept of an indirectly-irradiated
HTF receiver has recently grabbed the attention (Hischier, Leumann et al. 2012, Hischier, Poživil et
al. 2012, Kim, Lee et al. 2014, Poživil, Aga et al. 2014, Pozivil, Ackermann et al. 2015, Poživil, Ettlin
et al. 2015, Wang, Laumert et al. 2015, Wang, Wang et al. 2016, Giovannelli and Bashir 2017). In
this type of receiver, the window is eliminated and cavity plays role as an absorber. The irradiative
flux touches the aperture-facing surface of the cavity while the heat transfers to the HTF from the
non-irradiated side. However, the heat transfer in this indirect irradiation HTF receiver is limited by
cavity wall conductivity. Moreover, this type of receiver also suffers from a low heat transfer rate
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between gaseous HTF and solid absorber due to intrinsically poor properties of a gaseous HTF
which results in a low thermal efficiency and high temperature gradient throughout the cavity. This
paper aims to preliminarily design and develop an indirectly-irradiated HTF cavity receiver using a
Heat Transfer Enhancement technique to increase the absorber-HTF heat transfer rate and keep
the temperature of the cavity below the maximum service temperature.
2. Material and Methods
A preliminary inverse design method (Wang, Xu et al. 2014) is used in this study to calculate the
heat transfer coefficient required to remove the extra heat and keep the temperature below the
maximum service temperature of the cavity material. This analysis includes two parts of calculation
of required convection coefficient provided by mathematical heat transfer model and computation of
convective flux through available Nusselt correlations. A 1-D mathematical model (Wang, Xu et al.
2014, Wang, Laumert et al. 2015, Wang, Wang et al. 2016) (Figure 1) is used to calculate the
convective heat transfer coefficient required to remove the extra heat. In this inverse method, a
uniform temperature distribution of inner surface of the cavity, which is based on the maximum
service temperature of the cavity material, and an input solar radiative flux on the cylindrical cavity
are considered as inputs to the heat transfer model. Finally, different Heat Transfer Enhancement
(HTE) techniques are used to absorb the heat from non-heated side of the cavity in this study. In
this part the average convection coefficient provided by these techniques are compared with the
required convection coefficient calculated before. The two above-mentioned parts are briefly
illustrated in Figure 2. The model is a 300mm-long cylindrical cavity with a diameter of 220mm and
a thickness of 5mm. A silicon carbide has been widely used as an absorber in high-temperature
receivers, either porous absorber or cavity absorber, due to its high maximum service temperature
(Petrasch, Meier et al. 2008, Hischier, Leumann et al. 2012, Hischier, Poživil et al. 2012, Cheng, He
et al. 2013, Daguenet-Frick, Toutant et al. 2013, Poživil, Aga et al. 2014, Wang, Xu et al. 2014,
Aichmayer, Spelling et al. 2015, Chen, Xia et al. 2015, Hischier, Poživil et al. 2015, Pozivil,
Ackermann et al. 2015, Poživil, Ettlin et al. 2015, Wang, Ragnolo et al. 2015, Ndiogou, Thiam et al.
2016, Giovannelli and Bashir 2017, Wang, Li et al. 2017). Accordingly, here a silicon carbide cavity
absorber is used with a thermal conductivity of 26 W/(m K), an emissivity of 0.9 and a maximum
service temperature of 1200˚C.

Figure 1. A 1-D thermal resistance circuit heat transfer model.
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Figure 2. Flowchart of the method used in this paper.
Since there is an assumption of uniform temperature distribution over the cavity, radiative flux
between different surfaces of the cavity is ignored. Hence, this model includes only cavity-to-ambient
radiative heat transfer. The radiation heat transfer between the cavity and ambient is calculated by
Eq. (1) and Eq. (2) (Wang, Xu et al. 2014, Wang, Wang et al. 2016).
𝑅𝑎𝑑𝑆1−𝑎𝑚𝑏 =

𝜋𝐷𝑆1 𝜎(𝑇 4𝑆1 − 𝑇 4 𝑎𝑚𝑏 )
(1 − 𝜀𝑆1 )⁄
1
𝜀𝑆1 + ⁄𝐹𝑆1−𝑎𝑚𝑏
2

𝐹𝑆1−𝑎𝑚𝑏 =

(𝑥⁄𝐷 ) + 0.5
𝑆1
2

√(𝑥⁄ ) + 1
𝐷𝑆1

(1)

(2)
− (𝑥⁄𝐷 )
𝑆1

where 𝜎 and 𝐹𝑆1−𝑎𝑚𝑏 are Stephan-Boltzman constant and perimeter wall-to-ambient view factor and
𝜀𝑆1 and 𝐷𝑆1 are emissivity and diameter of inner surface of the cavity, respectively.
One-dimensional cylindrical steady state conductive heat transfer is calculated by the following
equation (Bergman, Incropera et al. 2011):
𝐷𝑆2
𝐶𝑜𝑛𝑑𝑆1−𝑆2 = 2𝜋𝑘𝑠 (𝑇𝑆1 − 𝑇𝑆2 )/ln( )
𝐷𝑆1

(3)

where 𝑇𝑆1 and 𝑇𝑆2 are temperature of inner and outer surfaces of the cavity, respectively. Also 𝐾𝑠 is
the thermal conductivity of the cavity material.
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Since the gaseous HTFs suffer from a low conductivity (Benoit, Spreafico et al. 2016, Ho 2017),
some improvements in fluid-absorber interaction are required. Several techniques have been utilised
for heat transfer enhuncements which are categorised into two groups of passive and active
methods. There are numerous comprehensive reviews available in the literature about HTE
techniques including both passive and active methods (Siddique, Khaled et al. 2010, Liu and Sakr
2013, Sheikholeslami, Gorji-Bandpy et al. 2015, Xu, Sasmito et al. 2016, Sandeep and Arunachala
2017, Alam and Kim 2018). Here convective flow through a plate-fin heat sink, impinging jet on a
clean surface and impinging jet on a plate-fin heat sink are compared. There are several correlations
available in the literature for air impinging jet on a flat plate. However, there is a limited number of
correlations available for jet impingement on a cylindrical target. Accordingly, it might be possible to
use available correlations of flat plate rather than that of cylindrical target. Here a comparison will be
done between convective heat transfers on a flat plate with a cylindrical target to find their
differences.
Hofmann et al. (Hofmann, Kind et al. 2007) developed Nusselt correlation of jet impingement on a
flat target for 14,000<𝑅𝑒<230,000 (Eq. (4)). Nusselt correlation for convective flow through a platefin heat sink (Eq. (5)) was proposed by Elshafei (Elshafei 2007) for 3000 < 𝑅𝑒 < 38000. For a platefin heat sink under an impinging jet, the following correlation was proposed (Eq. (6)) (Fubing,
Jianfeng et al. 2011) for 3000<𝑅𝑒<16000. Figure 3 illustrates the schematic of these receivers
analysed in this study.
3
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(6)

where 𝑑 is nozzle diameter, 𝐻𝑓 is fin height and 𝐻 is nozzle to cavity distance.
For impinging jet on a cylinder in a radial direction the following equation was proposed by Lee et al.
(Lee, Chung et al. 1997) which has been widely used by several researchers:
𝐻 −0.2 𝑑 0.38
𝑁𝑢cylinder = 0.6𝑅𝑒 0.6 ( )
( )
𝑑
𝐷

(7)

where 𝐻 is nozzle-to-convex distance and 𝐷 is diameter of the convex. This correlation is valid within
𝑑
𝐻
11000< 𝑅𝑒 <50000, 0.034<𝐷<0.089 and 2<𝑑 <6.
Sharif and Ramirez (Sharif and Ramirez 2013) numerically studied the impinging jet on a roughened
convex with different grain roughness height and the results were presented in graphical forms. Here,
we generated the following correlation as a function of Reynolds number and ratio of roughness
height to cylindrical target diameter with a maximum 10% deviation using data analysis offered by
Microsoft Excel:
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𝑁𝑢𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 = 0.012704𝑅𝑒 0.934895 (

𝐾𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 0.018089
)
𝐷

(8)

where 𝐾𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 is the height of grain roughness and 𝐷 is diameter of convex target. The correlation
𝑑

is valid over 13<𝑑<34mm, 0.034<𝐷<0.089, 0<𝐾𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 <1500µm and 11000< 𝑅𝑒 <50000. For
smooth plate 𝐾𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 should be considered as low as possible.
a

b

c

Figure 3. Schematic of the models: (a) cavity covered by a plate-fin under convective flow;
(b) clean cavity exposed to impinging jets; (c) cavity with plate-fin exposed to impinging
jets.

3.

Results and discussions

3.1. Comparison of cylindrical target with flat target
There are limited numbers of Nusselt correlations for impinging jet on cylindrical targets. Lee et al.
(Lee, Chung et al. 1999) demonstrated that the Nusselt number of impinging jet on a cylindrical
target is higher than flat surface. Here, a comparison between Nusselt numbers for jet impingement
on flat surface is done with that of convex target by using Eqs. (4), (7)-(8).
The correlations for convex surface are dependent on the ratio of nozzle diameter to cylinder
𝑑
diameter (𝐷). When the ratio increases, Nusselt number of convex model decreases. Furthermore,
the impinging flow spreads over the cylinder alongside the two axial and radial directions differently
(Cornaro, Fleischer et al. 1999). Meanwhile, the correlations selected for this study need to be valid
𝑑
within the 𝐷 and Reynolds number used in our model. However, there is a lack of available
correlations in the literature for impinging jet on a cylinder in both directions within our design points.
𝑑
Equations (7) and (8) which are valid within 0.034<𝐷<0.089 and 11000<𝑅𝑒<50000 and including only
radial flow direction are used here for the comparison.
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Figure 4 demonstrates that jet impingement on a convex target (radial direction) provides around 9
to 17% higher Nusselt number compared with that of flat surface. The results are almost similar to
the results of Lee et al. (Lee, Chung et al. 1999) who compared the stagnation and local Nusselt
numbers of a flat with a convex hemispherical surfaces exposed to an impinging jet. Their results
showed that the latter increases the Nusselt number by 6% to 12% compared with the flat target.
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Figure 4. Nusselt numbers comparison of flat surface with convex surface for Re=23000,
d=15mm, H/d=4 and d/D=0.056.
𝑑

Figure 5 shows the variation of 𝐷 compared with the flat surface Nusselt number. The results shows
when the ratio increases, Nusselt number of convex model decreases. When the ratio of nozzle
diameter to cylinder diameter (d/D) is 0.045, the Nusselt number of a convex surface is almost same
as that of a flat surface. In our model the diameter of cylinder is 220 mm. Therefore, the nozzle with
a 10 mm diameter is chosen for this study.
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Figure 5. Nusselt numbers comparison of convex surface at different d/D with that of flat
surface.
Moreover, since impinging jet on cylinder spreads on two sides of radial and axial directions
differently, it is even expected that impinging jet on cylindrical target provides higher Nusselt number
(Tawfek 1999). Hence, the correlations correspond to the flat target, which provides almost the same
Nusselt number as that of cylinder or lower, will be applied for calculation of heat transfer coefficient
in this paper as a conservative assumption.
3.2. Performance comparison of different HTE techniques on cavity
The convective heat transfer coefficient required to remove the extra heat in order to keep the
temperature of the cavity below the working temperature limit of the cavity material is calculated
according to the thermal resistance circuit (Figure 1) by using the equations (1) - (3) and
programming in MatLab. Here, a uniform temperature distribution of 1200˚C is considered for the
inner surface of the cavity selected according to its maximum service temperature and a 0.2 MW/m2
input radiative flux. The required average amount of the convection coefficient calculated through
the mathematical modelling is 357.17 W/(m2 K). To absorb the heat from the non-heated surface of
the cavity, HTF impinging jets on the clean cavity, plate-fin heat sink under a HTF convective flow
and under a HTF impinging jets are used and their convection coefficients provided are compared
with the required amount in order to find out which models are able to provide at least the required
amount (Figure 6). The height of each fin is 10 mm and the tip-to-shroud clearance is 2 mm. The
comparison is done for multiple jet impingements. If the ratio of nozzle-to-nozzle distance to the
𝑃𝑖𝑡𝑐ℎ𝑗𝑒𝑡

nozzle diameter (

𝑑𝑗𝑒𝑡

) is equal and greater than 8 and nozzle-to-cavity distance over its diameter

𝐻

( 𝑑 𝑗𝑒𝑡 ) is greater than 2 then the interactions between the nozzles are negligible (Zuckerman and Lior
𝑗𝑒𝑡

2006). Taken all cavity and nozzle diameters and above-mentioned conditions (
𝐻𝑗𝑒𝑡
𝑑𝑗𝑒𝑡

𝑃𝑖𝑡𝑐ℎ𝑗𝑒𝑡
𝑑𝑗𝑒𝑡

≥ 8 and

> 2) together, it is possible to use 9 nozzles around the cavity. The comparison is made

according to the same mass flow rate. Accordingly, the Reynolds number among plate-fin heat sink
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under forced convective flow and round nozzle impinging jets are different. In addition, the operation
pressure is 3 bar.
Figure 6 shows that the compound technique of impinging jets on a plate-fin provides the highest
convective heat transfer coefficient while the plate-fin heat sink exposed to a forced convection flow
has the lowest amount. This figure clearly demonstrates that impinging jet can be a more efficient
solution to increase the efficiency and outlet temperature in a non-windowed cavity gas-phase
receiver compared with use of a heat sink under a forced flow on non-heated side of the cavity
absorber. Moreover, the heat transfer coefficient provided by impinging jets either on a clean surface
or on a heat sink-covered surface almost can meet the requirement (dashed line) whereas the heat
transfer coefficient provided by a plate-fin heat sink under a forced convective flow is lower than the
convective heat transfer required to keep the temperature less than the maximum service
temperature. The cavity covered by a plate-fin under a forced flow provided almost a third of the
required amount, while convection coefficient of the impinging jet on the clean cavity is almost equal
to the required amount and the impinging jets on pinned cavity is around two times higher than the
requirement.
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Figure 6. Average Nusselt numbers and convective heat transfer coefficients at mass flow
rate of 0.0415 kg/s and nozzle diameter of 10 mm compared with the required convection
coefficient (dashed line). .
An exclusive parametric study is done on the pinned plate under the impinging jets to optimise its
performance through different fin heights and nozzle-to-cavity distances. Figure 7 shows that when
the height of the fin increases from 0.3 to just above the 0.55 of the nozzle-to-cavity distance, Nusselt
number and convection coefficient increases by around 25%. Similarly, increasing the ratio of nozzleto-plate distance to nozzle diameter, in the same Reynolds number, results in an increase in both
Nusselt number and convective heat transfer. However, when diameter of nozzle increases, while
the H/d is constant, convective heat transfer decreases dramatically (Figure 8).
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Figure 8. Average Nusselt numbers and convective heat transfer coefficients versus
different nozzle-to-cavity distance (solid line) at Hf/H=0.56 compared with the required
convection coefficient (dashed line).
4. Conclusion
In this study, an inverse heat transfer mathematical method was used to preliminarily design a
pressurised, high-temperature, non-windowed cavity receiver. Convection coefficient required to
keep the temperature of the cavity absorber below its maximum service temperature under a uniform
solar radiative flux was calculated through mathematical modelling. Then, the available empirical
correlations for calculation of Heat Transfer Enhancement (HTE) techniques convective flux, were
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used to absorb the heat from non-heated side of the cavity. Active and passive HTE techniques were
utilised in this study including nine impinging jets around the clean cavity and convective flow through
a plate-fin heat sink. For further enhancements in HTF-absorber heat transfer rate, a compound HTE
technique including impinging jets on a plate-fin heat sink was also proposed to be used. Results
showed that when the compound technique was used, the highest amount of convective heat
transfer coefficient was achieved by around 2 times higher than the required amount.
In the present study, the spatial variations of the radiative flux and temperature distributions are not
included. For future research, a local solar radiative flux absorbed by the cylindrical cavity absorber
computed by a ray-tracing analysis will be used as an input to the mathematical model to calculate
the local temperature distribution and local convection coefficient required to keep the temperature
less than its maximum service temperature. In addition, the effect of the different number of nozzles
and diameters around the cavity on pressure drop and heat transfer will be studied to find the
optimum arrangement.
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