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One approach to reducing the cost of concentrated solar power is to improve the heat engine efficiency by
increasing its maximum operating temperature. To achieve higher operating temperatures, we have studied
using a liquid metal heat transfer fluid in conjunction with a receiver made from a ceramic/refractory material.
As a first step in the design of such a receiver, we conducted sensitivity analyses of several receivers, allowing us
to determine what factors most significantly affect receiver performance. Material properties, natural convection

from the receiver cavity, and the location of hot spots within the cavity were found to have the largest effect on
receiver efficiency. It was also determined that stresses due to thermal expansion can exceed the fracture
strength of the receiver material if care is not taken to minimize these stresses. Interestingly, the stress as
opposed to performance considerations, set the most important constraints on the receiver geometry.

1. Introduction

Considering the imminent effects of climate change (Pachauri et al.,
2014), developing a carbon-neutral approach to electricity is becoming an
ever increasing priority. Although many renewable technologies, such as
wind and photovoltaics (PV), have experienced major reductions in their
levelized cost of energy (LCOE) (Branz et al.,, 2015; Donohoo-Vallett,
2016), it has now become clear that finding an inexpensive way to dis-
patchably store energy is critical (Denholm et al., 2016, 2013; Denholm
and Mehos, 2014; Sioshansi et al., 2014). Concentrated solar power (CSP)
with thermal energy storage (TES) is currently the most cost effective
option, but it is still too expensive, as it currently costs about twice that of
new installations of natural gas combined cycle plants (EIA, 2013; NREL,
2016). While there exist several avenues to reducing CSP costs (Pitz-Paal
et al., 2005), one of the best opportunities for cost reduction is improving
the efficiency of the plant, particularly by increasing the hot side tem-
perature of the power block from 565 °C to temperatures high enough to
allow for a Brayton-Rankine combined cycle to be used (i.e. > ~1000 °C);
doing so can increase the power block efficiency by upwards of 50% (Rolf
et al., 1999).

1.1. Material selection for high-temperature CSP

Current state of the art CSP utilizes molten nitrate salts as the HTF
and stainless steel or, in some cases, nickel alloys as the containment
material (Fernandez et al., 2012; Goods and Bradshaw, 2004). To
achieve temperatures necessary for a combined cycle however, re-
fractory materials not found in current CSP plants must be used.
Finding a suitable HTF to use in a CSP plant is one of the primary
limitations that prevents CSP from attaining extreme temperatures and
is problematic for a number of reasons (Becker et al., 2006; Bertocchi,
2002; Bradshaw and Meeker, 1990; Bradshaw and Siegel, 2008; Bugge
et al., 2006; Cable et al., 2003; Fernandez et al., 2012; Garcia-Casals
and Ajona, 1999; Goods and Bradshaw, 2004; Karni et al., 1997, 1998;
Kribus et al., 1999; Kruizenga and Gill, 2014; Margolis et al., 2012; Pitz-
Paal et al., 1997; Ries et al., 1997; Ries and Spirkl, 1996; Siegel et al.,
2010; Weitzel, 2011; Wright et al., 2004). To overcome the issues
presented by other heat transfer media, a liquid metal heat transfer
fluid (LMHTF) is considered herein for use in a power tower receiver.
LMHTF’s have many properties that make them desirable for use at
extreme temperatures (Pacio and Wetzel, 2013; Yang and Garimella,

Abbreviations: PV, photovoltaic; LCOE, levelized cost of electricity; CSP, concentrated solar power; TES, thermal energy storage; TIT, turbine inlet temperature; LMHTF, liquid metal
heat transfer fluid; MCRT, Monte Carlo ray tracing; HFSS, high flux solar simulator; CFD, computational fluid dynamics
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2010), particularly their high thermal conductivity and the large tem-
perature range over which they remain liquid. Several LMHTF candi-
dates for CSP exist; however, few are liquid in the temperature range of
interest and unreactive/non-toxic enough in liquid form to use safely,
and even fewer are economically feasible in a large-scale plant.
Nevertheless, we have identified two LMHTF’s as candidates for use in
high-temperature CSP applications (Wilk, 2016), namely aluminum-
silicon (Al-Si) alloys and tin (Sn). We limit our sensitivity analysis here
to the latter. Graphite is used as the containment material, as it is a
refractory that does not form compounds with Sn and thus, it can be
used to make an entire system without any corrosion whatsoever (Amy
et al.,, 2017; Zhang et al., 2018); mullite was considered for similar
reasons, but was not used in later receiver designs. Furthermore, a re-
cent demonstration of an all ceramic pump operating at 1200 °C,
pumping liquid tin, has opened up the potential for a new version of
CSP that leverages such a refractory based infrastructure.

1.2. Receiver design for high-temperature CSP

While most existing commercial plants employ external receivers, at
the extreme temperatures of interest (i.e., > 1000 °C), an external re-
ceiver would lose too much heat through reradiation to yield a net gain
in overall system efficiency. Thus a cavity design is necessary to con-
struct a high-efficiency receiver, to limit the view factor of the receiver
to the surroundings. The present investigation is a first step to reducing
losses from a receiver assembly. Here, we perform a sensitivity analysis
to identify the most important design parameters and attempt to answer
the question of whether an efficient (~90%) receiver can be realized at
temperatures > 1000 °C. Here, the receiver efficiency, #, is defined as

Toutlet

s mC,(T)dT
T [¢(re, 2)dA O

where T, is the inlet temperature of the HTF, T, is the average
outlet temperature of the HTF, 71 is the mass flow rate of the HTF, C,(T)
is the specific heat of the HTF as a function of temperature, ¢ (7,6, z) is
the spatially dependent radiant flux entering the cavity through an
aperture, given in kWm ™2, and A is the area of the aperture.

Cavity receiver efficiency is fundamentally limited by its reradia-
tion. Steinfeld provides an expression for the theoretical maximum ef-
ficiency of a cavity receiver, by assuming the only loss is reradiation
through the aperture, via (Steinfeld, 2002)

Tmax =177 @
where o is the Stefan-Boltzmann constant, T is the nominal blackbody
temperature of the receiver, and ¢ is the average flux of light coming
through the receiver aperture.

Not only do thermal losses increase at higher temperatures, but
thermal stresses in the receiver also become more significant.
Furthermore, even though it possesses superior thermal shock

resistance, graphite has a low fracture strength (~50MPa), and a cri-
tical stress intensity factor, K., of only ~1 MPa-+/m (Rose, 1985). Thus,
it is not clear without first calculating the temperature distribution that
the thermal stresses will not exceed the limits of the candidate material.
Therefore, it is necessary to model the system to calculate expected
temperature profiles so that subsequent stress analyses and efficiencies
can be evaluated for feasibility.

Here, we attempt to analyze a small-scale receiver as an important
first step towards determining what factors must be considered at larger
scales. Although one can qualitatively predict a priori what types of
materials and system properties are likely to yield the best performance,
it is not clear if the properties that can be realized with commercially
available materials are sufficient to allow for actual testing without
immediate failure, or whether such materials are even sufficient to
reach the nominal target of 90% efficiency after optimization. Among
the most significant questions associated with the design of such a re-
ceiver are the following:

@ The difference between the inlet and outlet temperatures of the
receiver is on the order of 1000 °C, and the thermal conductivity of
graphite changes by nearly an order of magnitude over this tem-
perature range. Is graphite sufficiently thermally conductive, such
that it does not form hot spots leading to substantial reradiation
from the cavity or thermal stresses in excess of graphite’s fracture
strength?

@ To construct an efficient receiver, thermal losses must be quantified.
Radiation and convection from the cavity aperture as well as off the
surfaces of the insulation are primary loss mechanisms, but it is not
clear a priori which loss mechanisms will dominate, or which op-
tions are available to mitigate such losses.

@ The radiative heat flux on different parts of a cavity receiver can
potentially vary by orders of magnitude and is highly dependent on
receiver geometry. Reradiation depends on the temperature at a
given location in the receiver, which is in turn affected by several
factors, such as the incident flux at that particular location. Thus,
another question is to what extent can the temperature/radiation
distribution in the cavity be manipulated to improve efficiency by
suppressing reradiation?

In the following sections, we describe a full, steady-state model
constructed to evaluate the aforementioned effects and to assess the
sensitivity of a receiver to each of these various parameters. The
parameters altered include the thermal conductivity and emissivity of
both graphite and insulation, dimensions and receiver geometry,
LMHTF flowrate, and the value of convective coefficient on both the
outer insulation surface and the surfaces inside the receiver cavity.

2. Methodology

To create an efficient receiver geometry, a base-case receiver was
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first used to evaluate the effects of altering different material properties.
The receiver geometry itself was then altered and iterated upon to
produce a final receiver design.

Receiver geometry was considered with three primary design cri-
teria: (1) minimize the chance of receiver failure due to effects such as
thermal stresses, (2) maximize the conversion efficiency from sunlight
to thermal energy, and (3) maintain a liquid metal outflow temperature
of at least 1350 °C (chosen because it allows for the use of SiC that
might have residual Si, which melts at 1414 °C).

In our receiver designs, the receivers use an inner layer of high
temperature zirconia insulation capable of withstanding temperatures
in excess of 1500 °C (1). The zirconia is surrounded by microporous
insulation that can operate at temperatures up to 1000 °C. The thermal
conductivities of the two types of insulation vary between 0.2 and
0.5Wm™'K™?! (1) and 0.01-0.05Wm ™ 'K~ (2) respectively in the
simulated temperature range. It should be noted that thermal con-
ductivity data cited here is specific to the bulk insulation used in our
experiment. Thus, effects such as, e.g. temperature increasing the
thermal conductivity of gas within voids in the insulation, have already
been accounted for.

2.1. The U-tube receiver geometry (Base Case)

The U-tube receiver (Fig. 1) consists of a cylindrical cavity with a U-
shaped pipe within the cavity through which the LMHTF Sn(l) flows.
Though not expected to be particularly efficient, the computational
time required to simulate this receiver is low due to the simplicity of the
fluid velocity profile. Therefore, this receiver geometry was used as a
base case to conduct parametric sweeps over different receiver di-
mensions and material properties, before the geometry itself was opti-
mized.

A number of parameters were varied for the U-tube sensitivity
analysis. These parameters include the thermal conductivity and
emissivity of various materials, the dimensions of the cavity, and the
effective convective coefficient for both the surface of the insulation
and the surfaces within the cavity.

2.2. The cup-cone receiver geometry

The cup-cone receiver (Fig. 2) consists of two nested “cups”, with Sn
flowing between into the receiver at its base and up the side walls,
exiting at the top of the walls, near the lid. Light enters an aperture
through the “lid” of the cup and is absorbed by the inner cavity. A taper
at the inlet region creates a longer flow path, reducing temperature
gradient, and therefore thermal stresses; without the tapered inlet, the
thermal stresses developed are in excess of graphite’s fracture strength.
The receiver lid is made of rigid insulation.

\

Fig. 1. Cross section of the U-shaped tube receiver. Microporous insulation is shown in
dark gray, zirconia in light gray, mullite in beige, graphite in black, and Sn in blue.
Direction of Sn flow shown with red arrows. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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2.3. Model description

To accurately determine the flux profile of the light incident on
receiver cavity surfaces, Monte Carlo ray tracing (MCRT) was per-
formed, assuming the high flux solar simulator (HFSS) at the University
of Minnesota as the radiant source (Krueger, 2012). The source consists
of seven total XBO® 6500 W/HSLA OFR OSRAM lamps arranged in a
hexagonal pattern around a central lamp, delivering approximately
9.2 kW to a spot 6 cm in diameter. The flux at the center of this spot is in
excess of 7000 kW m ™2, with an average flux of about 3200 kW m ™2
over the full 6 cm diameter.

The maximum Reynolds number for Sn flowing within any receiver
geometry presented here is ~1000, occurring within the U-tube re-
ceiver. In the cup-cone receiver, the Reynolds number is < 100 every-
where, so flow was modeled as laminar in all cases. The governing
equations for a Newtonian, incompressible, three-dimensional Sn flow
inside graphite tubes with temperature dependent viscosity and thermal
conductivity are expressed as follows:

Mass continuity:

d(ou;) -0
ox; 3)
Momentum continuity:
d(u;ipu; ou;
wpu) _ _op 8 (0
0x; ox;  ox;\| Ox; Q)
Energy continuity in the fluid domain is given by:
a(pC Z'T
OeGT) _ 3 (1 T\ | o
0xi 6xi axi (5)
Energy continuity in the solid domains is expressed as:
i(kfa_T) =0
6x,- axl- (6)

where u is the fluid velocity vector, p is density, p is pressure, u is the
fluid dynamic viscosity, C, is the specific heat capacity, T is tempera-
ture, and @ is the dissipation function, which gives the time rate at
which energy is dissipated per unit volume due to viscous effects. Here,
the Sn is treated as a Newtonian fluid. However, as will be shown later,
the results are very insensitive to the fluid dynamics within the Sn.

At the solid-fluid interface, the temperature and heat flux of the
solid and fluid were set equal, i.e., kfiinf = ks% where the subscripts s
and f denote the solid and fluid, respectively. A constant and uniform
velocity and temperature (T;, = 300 °C) is applied at the fluid inlet of
computational domain. At the outlet, the static pressure is fixed and the

remaining flow variables are extrapolated from interior of computa-
tional domain, i.e., 3—:‘; = %’: = % = 0, where m is the vector normal to
outlet. The no slip boundary condition is applied at the all internal and
external walls.

Surfaces inside the cavity were modeled to exchange radiation with
other surfaces inside the cavity as well as the insulation that comprises
the aperture and the surrounding environment. These surfaces can also
convect directly to the surrounding environment with an effective heat
transfer coefficient hjc. Lastly, these surfaces are externally heated by
the light source (e.g., simulated sunlight), with an effective, spatially
varying absorbed flux g, , which was determined separately from this
model, using MCRT performed using the LightTools software package.
Therefore, the following boundary condition was applied to the inner

surfaces of the cavity,

o (T*-T)

abs
Rmdiative

Q= —kVT + e (T—Ting) +
i )]

where the first term is the heat conducted away from the inner cavity
surface, the second term is heat loss due to convection off the cavity
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Fig. 2. Cross section of the cup-cone receiver. Microporous insulation is shown in dark
gray, zirconia in light gray, graphite in black, and Sn in blue. Direction of Sn flow shown
with red arrows. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

surface, and the third term is the total radiation exchange between the
cavity surface and other radiating surfaces. Here, we have employed the
diffuse gray approximation, where R,qgiqive can be expanded as,

1—¢; + 1 1_Ej

Ryqdiativej =
J EiAi Ai Ej E}Aj

(8
where the index i denotes the element to which Eq. (7) is being applied.
The index j denotes all other elements with which element i has a non-
zero view factor, ¢ is the material emissivity, A is the area of the surface
element being considered, and Fj; is the view factor between elements i
and j. All surface to surface radiation that was not associated with the
incident sunlight source was modeled using the gray-diffuse approx-
imation, which assumes no preferential direction for re-radiation and is
expected to be accurate for the rough graphite surfaces being con-
sidered (Wang et al., 2014). All external insulation surfaces experience
natural convection and radiation to the surroundings, yielding the fol-
lowing boundary conditions

0= —kVT + hoc(T—Tng) + 0e(T*—Tihp) 9

where hoc is the convective coefficient off the outer insulation surface.

Solutions of the governing equations was obtained numerically using
the COMSOL Multiphysics software package, employing the finite element
method. It is worth noting that because the fluid in question is a liquid
metal, the Prandtl number is very low (~0.012 at its melting point (Stewart
and Weinberg, 1972; Wolff et al., 1988)). Thus, the heat transfer in the fluid
is due primarily to conduction and is largely unaffected by the fluid velocity
profile, i.e., any reasonable fluid velocity profile would yield approximately
the same temperature profile, as the liquid metal represents a negligible
thermal resistance, even in the limit of laminar flow. Numerical solutions to
the governing equations using COMSOL are therefore both easily im-
plemented and accurate for the cases considered.

The quantity g, in Eq. (7) was determined by a separate calculation
of the absorbed light, using LightTools. Here, since light is non-inter-
acting, incident light has no effect on re-radiated light, and as a result,
the absorbed light can be determined separately from the temperature
profile. This assumes optical properties are not strongly temperature
dependent, which appears to be the case, based on previous measure-
ments (Thorn and Simpson, 1953). Using these assumptions, the ab-
sorbed light was first computed in LightTools by MCRT using 1,000,000
rays, based on a CAD model constructed of the HFSS at the University of
Minnesota (Krueger, 2012). The model includes the seven Osram xenon
arc lamps and their ray data as determined by Zeemax’s Radiant Source
Model, with corresponding elliptical mirrors and the receiver.

The absorbed light profile for a given geometry was then imported
into COMSOL as a 3D array mapping of heat flux onto the receiver
surface using 3D linear interpolation. Aperture size was optimized
based on an energy balance to maximize the total net radiation (i.e.
radiation entering the cavity minus reradiation).
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The natural convective coefficient for the surface of the insulation
was calculated based on the relation provided by Incropera for a hor-
izontal cylinder (Bergman et al., 2011) to yield a convective coefficient
of 5.8Wm~2K™!. The emissivity of the insulation was prescribed a
nominal value of 0.6 (Tanaka et al., 2001), and the ambient tempera-
ture was set to 25 °C. As shown later, the performance of the receivers is
insensitive to either of these values.

Solving Egs. (3)—(9) yielded the temperature profile, which in turn
was used to calculate both receiver efficiency (Eq. (1)) and the thermal
stresses in the receiver according to

0 = E[e—a(T—Ty)] (10)

where o is the total stress in the material, E is the Young’s modulus, ¢ is
the total strain in the material, « is the coefficient of thermal expansion,
T is the local temperature of the material, and T, is the reference
temperature at which all thermal stresses are zero (25 °C in this case).

3. Results and discussion
3.1. Mesh convergence

The computational domain was spatially discretized using un-
structured grids of tetrahedral volume elements. A fine grid was used in
regions with steep velocity and temperature gradient. Three grids of
67,764 (coarse), 288,474 (fine), and 736,263 (very fine) elements were
used for the study of grid independency for the U-tube model (see
Table 1). Taking the U-Tube receiver as an example, the average fluid
velocity, outlet temperature and cavity temperature obtained for the
finest mesh (736,263 elements) were within 1% of the fine mesh
(288,474 elements). Therefore, the fine mesh was used for subsequent
simulations.

Table 1
Values of parameters examined for different mesh densities. Percent difference between
parameters evaluated for fine and finer meshes included.

Coarse Fine Finer % Difference
Average fluid velocity (m/s) 0.0916 0.0885 0.0885 0.500
Outlet temperature (°C) 1768.7 1806.1 1815.5 0.452
Average cavity temperature (°C) 1826.2 1861.2 1871.0 0.455

3.2. Model validation

While we have yet to test a receiver using the HFSS, we have vali-
dated the COMSOL model of the cup-cone receiver subassembly, com-
paring it to an assembly constructed for experiment. This validation
was obtained by heating the receiver using heating coils. By controlling
the coils’ duty cycle and reproducing the heating conditions within
COMSOL, we were able to compare simulations of the receiver to ex-
perimental data. Since these tests were performed in air, temperatures
were kept well below 300 °C, to avoid any oxidation.

Our first validation entailed heating the receiver from ambient
temperature to approximately 220 °C, then held at steady-state for ap-
proximately 48h. After this time, the aperture to the receiver was
plugged with insulation to eliminate natural convection and radiation
through the aperture to the environment, and the receiver was allowed
to cool. We also simulated this procedure in COMSOL and compared the
results with those obtained experimentally, as shown in Figs. 3 and 4.

For the heat-up portion of the experiment, the discrepancy in final
temperature between the experimental and simulation results is 3.9%,
which corresponds to a temperature difference of approximately 8 °C.
At the end of the simulation (~13.5h), the difference in predicted and
measured temperature was less than 3°C, which is within the un-
certainty associated with the thermocouples used. For comparison, the
expected error for the K-type thermocouples used was + 5 °C. The heat
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Fig. 3. Experimental and simulation results of the temperature, © = during a

Tmax — Tamb
heat-up procedure. Gray shading used to show uncertainty in thermocouple measure-
ment.
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Time (hr)
Fig. 4. Experimental and simulation results of the temperature, © = T‘:a;i.ra;"bb during a
— faml

cool-down procedure. Gray shading used to show uncertainty in thermocouple mea-
surement.

capacity of graphite was not measured and is not provided for the AR-
14 grade of graphite used for the receiver validation. Instead, we ap-
proximated the heat capacity of the graphite based upon the heat ca-
pacity of fully dense graphite and the porosity of AR-14. It is also
possible that the actual power provided to the heating coils is a few
percent lower than stated due to e.g. manufacturing imperfections,
oxidation of the coils, or variations in the supplied voltage, or that the
effective convective coefficient estimated within the cavity is in-
accurate. Nonetheless, despite these discrepancies, the agreement be-
tween the model and experiments is good.

To validate the radiation portion of the model, while the receiver
was held at its steady-state temperature of 220 °C, we inserted a ther-
mocouple into the cavity and measured the temperature as a function of
the depth of insertion. The aperture was not plugged with insulation
during this portion of the experiment, nor was it modeled as such when
comparing to COMSOL simulations. The results are shown in Fig. 5 and
we have included the error bars due to the uncertainty in the readings
generated by the thermocouples ( = 5 °C). The discrepancy between the
measured and predicted results can be ascribed in part to neglecting
convection within the simulation. We expect convection from the re-
ceiver cavity would further heat the thermocouple slightly, which is
consistent with the under prediction in Fig. 5. While the temperature
does not match perfectly, the correct trend and quantitative capture of
the insertion depth where the temperature should change most steeply
confirms that the reradiation is being modeled correctly; the data
shown in Fig. 5, shows sufficiently good agreement to indicate that the
model is sufficiently accurate for the sensitivity study of interest here.
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Fig. 5. Experimental measurements and simulation results of cavity temperature at var-
ious locations during radiation modeling validation.

3.3. Energy balance

Fig. 6 provides a breakdown of the energy balance within the U-tube
receiver. Of the 7000 W entering the receiver, 5561 W heat Sn flowing
through the receiver, while 62 W are reflected from the cavity (i.e. the
energy is never absorbed), 602 W are reradiated from the cavity, 312 W
radiate from the surface of the insulation, and 444 W are convected
from the insulation surface. These values sum to 6977 W, leaving 23 W
(0.33% of the input power) unaccounted for. This discrepancy is due to
the coarseness of the mesh used, but is within an acceptable range that
still allows the sensitivity to different parameters to be studied.

8000
_____ ___ 7000 Winput __ _ _
6000
E = AH,
g 4000 | mmm= Cavity Radiation
3 === |nsulation Radiation
o mmmm |nsulation Convection
2000 r
0

Fig. 6. Assessment of heat losses in the system confirming the energy balance within the
simulation domain.

3.4. The effect of thermal conductivity

There are two thermal conductivities that were varied in this pro-
blem to assess sensitivity, namely the thermal conductivity of the ma-
terial containing the LMHTF flow, and the material used for the in-
sulation. Because the convective resistance is negligible within the
LMHTF, it is not expected that there will be any sensitivity to the
LMHTF thermal conductivity for the range associated with liquid me-
tals. Prior to performing this sensitivity analysis however, it was not
clear whether the thermal conductivities of other materials available
were sufficiently high to enable a high efficiency receiver. In the case of
the receiver itself, a material with a low thermal conductivity would not
transfer heat efficiently from the irradiated surface to the LMHTF.

To alter the thermal conductivity of materials within the simula-
tions, the temperature dependence of the thermal conductivity for each
base case material, namely graphite, and zirconia and microporous
insulation, was multiplied by a scaling factor, preserving the tempera-
ture dependence of the original material’s thermal conductivity. The
effective composite thermal conductivity of the insulations used is ap-
proximately 0.05Wm~ 'K~ (Behar et al., 2013; Bertocchi et al.,
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Fig. 7. Receiver efficiency vs. insulation conductivity and graphite conductivity. Actual
values for each material being used shown using arrows.

2004), while the thermal conductivity of the graphite is
~102Wm™ 'K~ ! (Cormack et al., 1974) at room temperature. From
Fig. 7, as the insulation thermal conductivity increases above
~0.1Wm~'K™!, the receiver efficiency drops dramatically. It is
beneficial that commercially available high temperature insulation can
in fact achieve a much lower effective thermal conductivity of
~0.05Wm~'K™!, which can be achieved by placing microporous
insulation in series with fibrous zirconia. However, if the conductivity
significantly exceeds this value, heat losses through the insulation can
become the primary loss mechanism.

Like the insulation, the thermal conductivity of the base case re-
ceiver material (e.g., graphite) sits very near the regime where the ef-
ficiency is heavily penalized. Very few refractory materials have a
sufficiently high thermal conductivity to enable an efficient receiver
while also being chemically compatible with molten Sn; graphite is
rather unique in this respect. It is worth noting though that it is quite
possible that a somewhat lower thermal conductivity could be tolerated
as long as it is higher than graphite at high temperature. For example,
certain electrically conductive ceramics such as ZrC might also work,
since they would be expected to exhibit much less of a decrease in
thermal conductivity at high temperature.

3.5. The effect of emissivity

To test the effect of emissivity on receiver performance, emissivity
values were altered for both the tube itself and the cavity walls, as
depicted in Fig. 8. One of four values was prescribed for each surface
independently: 0, 0.45, 0.8, or 1, for a total of 16 different possible
combinations of emissivity. The values selected are based on the ex-
treme cases for emissivity (0 or 1), as well as an approximate emissivity
for graphite (0.8) (Thorn and Simpson, 1953) and mullite (0.45) (Bauer
et al., 2005).

Table 2 gives the efficiency of the U-tube receiver for the 16 dif-
ferent emissivity scenarios and confirms several qualitative trends that
were to be expected. When both emissivities are set to exactly zero, no
light is absorbed by the receiver, so 300 °C Sn cools as it flows through
the receiver, resulting in a negative efficiency. When comparing all other
cases, the difference in receiver efficiency is only 5% (absolute) max-
imum. In these cases, the temperature profile is nearly identical. The
lack of sensitivity to the optical properties is instructive, and is a
somewhat unexpected insight. Furthermore, altering emissivities at
such extreme temperatures and high fluxes is expected to pose a sub-
stantial materials challenge. Instead, other properties should take pre-
cedence over optimizations focused on optical properties, which is an
important insight.

The effect of the insulation emissivity at the surface of the insulation
was also considered, but the receiver efficiency is highly insensitive to
the insulation emissivity, affecting the efficiency by less than 0.1%, as
the thermal resistance provided by the insulation is 1-2 orders of
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Fig. 8. Illustration of the two different groups of surfaces whose emissivities were altered.
The “tube” surfaces are shown in red, while the “cavity walls” surfaces are shown in blue.
(For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 2

Receiver efficiency vs. emissivity of the tube and cavity walls. Cell color
is based on efficiency, with higher values in green and lower values in
red. The negative value shown for the case when all emissivities are set
to zero is due to the fact that the receiver cannot absorb any energy, and
loses a small amount of heat to losses through the insulation, since the
incoming Sn (300 °C) is already significantly above ambient.

Ewalls
1
Etube
1 66.8
0.8 67.5
0.45 66.5
0 65.4

magnitude higher than resistance due to convection or radiation from
the insulation surface.

3.6. The effect of convection to the environment

Although reradiation is the primary concern in this sensitivity
analysis due its scaling with the fourth power of temperature,
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efficiency vs. convective coefficient of the cavity surface and the in-

convection is still an important effect to consider. While the effect of the
convective coefficient at the surface of the insulation is insignificant,
convection through the aperture from the cavity to the environment can
lead to significant heat leakage from the receiver.

For the initial sensitivity analysis, an effective heat transfer coeffi-
cient, h, was prescribed on the receiver surfaces to determine the point
at which its value would have a significant effect on the receiver per-
formance. It is clear from Fig. 9 that even for small convective coeffi-
cients typical of natural convection (5-10Wm ™ ?K™!), convection
from the cavity can lead to a significant drop in receiver efficiency. At
higher coefficients, convection causes the efficiency to decrease dras-
tically. However, since the gas will not be externally forced and will
only be driven by buoyancy, the value of h is likely < 15Wm 2K ™1,

The behavior of buoyancy driven flows within the cavity differs
from typical cases discussed in the literature (Balaji and Venkateshan,
1994; Bilgen and Oztop, 2005; Chan and Tien, 1985; Clausing, 1981;
Fang et al., 2011; Harris and Lenz, 1985; Hughes and Lovegrove, 2004;
Leong et al., 1999; Martyushev and Sheremet, 2014). As the gas
properties can vary by factors of more than 3 over the temperature
range considered, rendering the calculation of an effective Rayleigh
number within the cavity an inaccurate representation of the flow. For
reference, the density, kinematic viscosity, thermal expansion coeffi-
cient, and thermal diffusivity of nitrogen at 25/1350°C are: 1.1/
0.21kgm™3,  1.6x107°/53x 10 *kgm 's™!, 3.4 x1073%/
0.62 x 103K~ !, and 2.2 x 107°/0.76 x 10 >m?s ™! respectively.
Therefore, the local Rayleigh number may vary drastically (more than
500X) between locations. Secondly, the geometry in question is com-
plex, and the heating load on the cavity walls is neither a constant
temperature nor constant heat flux. Third, the effective convective
coefficient is expected to be strongly dependent on the location of the
aperture, i.e. whether it is located at the top or bottom of the receiver,
or on one of the sides, as is the case in our assembly. Because of these

Solar Energy 164 (2018) 200-209

irregularities, simple approximations to determine an effective con-
vective coefficient are likely to be inaccurate.

Due to the uniqueness of the problem, accurately determining the
gas dynamics necessitates the use of direct numerical solution via
computational fluid dynamics (CFD). Given the computational expense
required to converge natural convection CFD simulations, cavity con-
vection was not simulated in conjunction with reradiation, heat con-
duction, and fluid flow. Instead, the effective value for the convective
heat transfer coefficient was studied for the final cup-cone geometry,
using a prescribed temperature distribution for the cavity walls, de-
termined by first simulating all other heat transfer mechanisms and
assuming a nominal value 5W m ™~ 2K~ ! for the convective heat transfer
coefficient. The resulting temperature profile was then used to study the
natural convective flow, which then allowed for calculation of the
natural convective heat transfer coefficient. The sensitivity to the ef-
fective cavity convection coefficient is shown in Fig. 9 and illustrates
that it is likely one of the most important parameters that can affect the
efficiency, given that an effective value in the range 1-15Wm 2K~ ! is
expected.

To generate an estimate of the nominal convective coefficient, the
flow of gas occupying both the volume within cavity and the space
immediately outside the cavity was simulated for the cup-cone geo-
metry. Egs. (3) and (5), (6) were applied to nitrogen, which occupied
the volume within the cavity as well as the volume near the cavity
aperture (see Fig. 10). An additional term was added to Eq. (4) to ac-
count for gravity:

) o ( du;
_%P . (Mif) +pg
axi

9 (uipu;) _ o
5x,- 6x,-

0x; 1y

Boundary conditions were prescribed by setting the temperature at
each surface equal to the temperature generated by previous thermal
modeling of the receiver, when a prescribed convective coefficient of
5Wm~ 2K~ ! was used. At the boundary open to the environment, the
gauge pressure of the gas was set equal to zero and the temperature to
25 °C. From the CFD simulations, the resultant convective heat flux is
approximately 370 W, which corresponds to an effective heat transfer
coefficient of 4.47Wm~™ 2K~ ! on the inner surfaces of the receiver,
where Q = hA,(T—T,¢), (that is, direct convection from the receiver
surfaces to the ambient gas environment).

Cross-sections of the gas temperature and velocity are given in
Fig. 10. N, within the cavity is nearly stagnant, leading to hot gases
trapped within the cavity. N, at ~800 °C flows out of the top of the
aperture, while ambient temperature N, flows into the bottom. Al-
though cavity convection can be a significant heat loss, there are stra-
tegies to potentially combat it, particularly if one uses an external flow
to trap the hot gasses inside the receiver, often termed an “air curtain”
(Chen et al., 2012; Hayes and Stoecker, 1969a, 1969b).

Fig. 10. Temperature map of the gas within the receiver

1,200°C

as well as solid bodies with which it is in direct contact
(left) and velocity profile of gas within the cavity (right).
Velocity magnitude shown using red arrows, and

1,000°C

streamlines in blue. Gravity acts downwards. (For in-
terpretation of the references to color in this figure le-

800°C

600°C

gend, the reader is referred to the web version of this
article.)

400°C

200°C
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3.7. The importance of hot spot location

Because radiation scales with T, minimizing the view factor be-
tween the hottest portions of the receiver and the aperture can sig-
nificantly reduce reradiative losses. However, the hottest portions are
generally those with a high view factor back to the aperture, as portions
of the receiver with a high view factor to the aperture typically also
absorb a high fraction of the incoming light. Though a hot spot with a
high view factor to the aperture will result in increased losses due to
reradiation from the cavity, a hotspot close to the exit point of the Sn
allows the Sn to be heated locally above temperatures achieved in the
rest of the receiver. Thus, an optimal receiver geometry should be de-
signed in such a way that locates hot spots near the Sn outlets but with a
low view factor to the receiver aperture. Here, it should be emphasized
that is useful to think about the receiver in terms of a local energy
balance, with incident light on one face, reradiation back out from the
same face, and conduction to the liquid metal on the back face. From
this viewpoint, it becomes clear that the incident light must exceed the
local reradiation in order for the liquid metal to be heated. Otherwise,
the liquid metal will locally be cooled. Given the fourth power scaling
of the reradiation, this then necessitates non-uniform flux in the re-
ceiver, since the locations where the liquid metal is hottest need much
higher incidence to overcome the local reradiative losses and continue
heating the LMHTF. The need for a hot spot in such a high temperature
receiver is an interesting new insight that was not obvious at first.

For the receiver geometries studied herein, the effective blackbody
temperature of the cavity (calculated based on the flux of reradiation
through the aperture) is typically 1000-1100 °C, even though the peak
temperature is 1350 °C. For the cup-cone receiver geometry, heating Sn
from 300 °C to 1350 °C, the reradiation is less than half that of a cavity
that is uniformly at 1350 °C, corresponding to an effective cavity
blackbody temperature of 981 °C. This result is important, because it
suggests that one can use geometry to significantly suppress reradiative
losses. Referring back to Eq. (2), setting the nominal blackbody tem-
perature of the receiver equal to the peak temperature is therefore a
poor approximation, as reradiation from the cavity can be suppressed
significantly below this limit. Exploiting this effect could be crucial
towards achieving a design that can reach ~90% efficiency at
~1350 °C. Thus, the hot spot location and its effect on receiver effi-
ciency is an important effect to be explored in a future design optimi-
zation study.

3.8. The importance of thermal stresses

As mentioned previously, thermal stresses are one of the most im-
portant factors to consider when developing a receiver geometry at the
laboratory scale. With receiver dimensions on the order of 30 cm and
the temperature difference within the receiver ~1000 °C, temperature
gradients in the receiver are expected to be 50-100 °C/cm. Such gra-
dients may result in stresses that exceed graphite’s fracture strength.
Furthermore, in many of the initial geometries examined, this tem-
perature gradient is compounded by the existence of sharp features that

150 MPa
100 MPa
50 MPa
0 MPa
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Table 3
Maximum stress developed in both receiver geometries. Efficiency of each receiver is also
provided.

Geometry Maximum stress (MPa) Efficiency (%)
U-Tube 325 67.1
Cup-cone 10.8 83.3

can act as stress concentrators.

Due to the number of other factors investigated, thermal stresses
were not initially considered when designing receiver geometries; in-
itially, only the thermal performance of the receiver was considered, in
order to determine which heat loss mechanisms were most impactful on
its efficiency. Once these factors had been quantified, stresses within
the receivers were subsequently examined. The first principle stress
profile, determined from Eq. (10), are shown for both receivers in
Fig. 11. The maximum stress developed in both the U-tube and cup-
cone geometries is given in Table 3.

Many aspects of the cup-cone receiver are designed to minimize
thermal stresses. Specifically, the tapered inlet was added and reduces
thermal stresses near the inlet by an order of magnitude. Stresses due to
the local hot spot/ring that forms near the aperture (visible for the U-
tube receiver) are managed by using a “lid” made of insulation, which
can tolerate the extreme temperature gradients at the hot spot.
Additionally, utilizing graphite near the aperture leads to additional
heat spreading away from the hotspot formed at the aperture, in-
creasing thermal losses, which further motivates the use of insulation to
create the aperture.

The maximum stress expected in the cup-cone design is only
10.8 MPa. The fracture strength of the AR-14 graphite, from which an
experimental receiver has been fabricated, is 43 MPa, which is 4.0 times
the maximum stress developed in the cup-cone receiver. Thus, the re-
ceiver is not expected to fail during testing, with a factor of safety of 4.
Furthermore, fatigue is generally not a concern for graphite, particu-
larly when stresses remain below half the fracture strength of graphite
(Leichter and Robinson, 1970), and graphite does not creep sig-
nificantly, even at 1400 °C (Blackstone, 1977). Thus, it is not antici-
pated that either of these issues will cause a failure during an experi-
mental test of the cup-cone receiver.

3.9. Summary of efficiency sensitivity

The importance of the various parameters/effects studied herein are
ranked in Table 4 below, from most to least impactful. Also included is
the minimum impact each parameter has on efficiency, assuming the
receiver is well-designed to minimize losses associated with that para-
meter.

While many of these parameters have a significant effect on effi-
ciency, none of them are impactful enough to preclude realization of a
high-efficiency receiver. Considering that graphite provides sufficiently
high thermal conductivity and commercially available high tempera-
ture insulation has a low enough effective thermal conductivity to

8 MPa
7 MPa
6 MPa
5 MPa
4 MPa
3 MPa
2 MPa
1 MPa
0 MPa
-1 MPa

Fig. 11. First principle stress profile of the U-tube and cup-cone receivers. Positive values indicate tensile stresses, while negative values indicate compressive stresses. Note here the
difference between the range in stresses for the two receivers. Fixations are on the cold side of the insulation (not pictured), which was in turn allowed to deform freely.
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Table 4

List of various receiver parameters, the extent to which they affect the total receiver
efficiency, and the effect each has on efficiency if the receiver is designed taking these
factors into account.

Parameter Nominal sensitivity (% Minimum sensitivity (%
of efficiency) of efficiency)

Insulation thermal 20-30% ~5%
conductivity

Cavity thermal 10-15% ~5%
conductivity

LMHTF mass flowrate ~15% N/A?

Convection off cavity ~10% ~5%
surfaces

Radiation from cavity 5-10% ~5%

Insulation thickness ~5% < <1%

Cavity dimensions ~5% ~1%

Cavity emissivity < 5% ~1%

Convection off insulation <1% < <1%
surface

Radiation from insulation <1% < <1%
surfaces

@ Mass flowrate is determined by the target outlet temperature, thus the receiver
cannot be designed to improve efficiency based on altering the mass flowrate.

impart a negligibly small penalty, the three predominant losses (e.g.,
reradiation, heat leakage through the insulation, and cavity convection)
can potentially be reduced to ~10% overall. This finding suggests that
doing so requires incident fluxes above 2500kWm™2 and reduced
cavity convection through the usage an effective air curtain (Chen et al.,
2012; Hayes and Stoecker, 1969a, 1969b), resulting in a ~90% effi-
cient receiver. Furthermore, there exists additional opportunities to
reduce losses further at utility-scale. For example, losses from the sur-
face of the insulation are expected to decrease, as the ratio of surface
area to volume decreases at larger scales. Furthermore, a single receiver
would not be expected to traverse the entire temperature difference.
Instead, one would likely use an array of smaller modular receivers
each of which would experience a small portion of the total tempera-
ture difference. Doing so allows one to further reduce reradiative losses
by positioning the receiver modules that experience the peak tem-
peratures in the region where the peak flux incident from heliostats is
maximized, with a reduced acceptance angle to enable higher con-
centration. Thus, the full receiver efficiency would become some ef-
fective average of individual receiver module efficiencies and lower
temperature receiver modules can be designed to greatly exceed 90%
efficiency.

4. Conclusion

Several factors were found to have a strong effect on the perfor-
mance of cavity receivers, while others had little to no effect. Cavity
dimensions, insulation thickness, modes of heat transfer at the surface
of the insulation (i.e. convection and reradiation), and the emissivity of
the inner cavity surface were all shown to have little to no effect on the
receiver efficiency. On the other hand, the thermal conductivity of
materials used in the receiver, as well as convection from the receiver
cavity and the location of hot spots within the receiver can significantly
impact receiver efficiency. Although it does not directly impact receiver
efficiency, another factor to consider is the thermal stresses developed
in the receiver, because they can determine reliability and the like-
lihood of thermo-mechanical failure. However, various strategies can
be employed to minimize these stresses, including the elimination of
sharp features, tapering the inlet region of the receiver, and creating a
receiver “lid” made of insulation rather than graphite. It is evident that
with careful engineering, it is possible to construct a high-temperature
receiver that can attain efficiencies =80% and possibly =90%, parti-
cularly if the receiver were scaled up to utility-scale. The fact that the
results herein suggest such a high receiver efficiency is possible bolsters
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the general feasibly of using a LMHTF in for CSP, particularly since the
materials exist and are compatible that could allow such a technology
to exist. While joining graphite has proven to be a challenge at the
laboratory scale, we have successfully utilized mechanical joints (e.g.
threaded graphite tubes) and graphite “glues’, to seal our piping net-
work against leaks. Additional information may be found in (Amy et al.,
2017). Furthermore, the recent demonstration of high temperature in-
frastructural components to pump and continuously circulate liquid tin
above 1000 °C (Amy et al., 2017), also suggest this is a potentially
feasible pathway for CSP. Additional work is necessary to demonstrate
this feasibility of receiver subsystems and eventually full systems (Amy
et al., 2017), but this initial sensitivity study sheds light on the most
important variables to be considered towards the design of a highly
efficient, high temperature receiver.
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