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Abstract
Concentrated solar power (CSP) plants have the potential to provide 24 hour, renewable electricity.
Current CSP systems have high capital and operational costs which makes the levelized cost of
electricity uncompetitive with conventional techniques. Recent experimental research has shown
the potential of small unit cells (up to 2 × 2 cm) containing micropin arrays (DH < 1 mm) to operate
efficiently at high incident flux (>140 W cm-2) using supercritical carbon dioxide as the working
fluid. Applying this technology to CSP systems would result in a smaller central receiver, which
would reduce thermal losses, increase receiver efficiency and reduce the capital cost of the receiver
component.
This study investigates and addresses the practical thermal and hydraulic issues in numbering up
these small unit cells into numerous parallel cells within an integrated module design. A thermal
hydraulic network model is developed to quantify the distribution and the overall receiver
efficiency of an integrated module. This model is used to specify maximum allowable unit cell
size and header dimensions to maintain acceptable thermal performance and pressure loss. Once a
module design was finalized, parametric studies were performed to study the effects of varying
incident flux on flow distribution and thermal performance of the module. The results show that
an integrated module design can be achieved with less than 5% flow maldistribution and a pressure
drop acceptable to the remainder of the system.
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NOMENCLATURE
A

Area (m2)

DH

Hydraulic Diameter (µm)

Gmax

Mass flux (kg m-2 s-1)

i

Specific enthalpy (J kg-1)

Km

Minor loss coefficient

ṁ

Mass flow rate (kg s-1)

MD

Maldistribution (%)

Ns

Number of segments

PD

Pin diameter (µm)

Re

Reynolds number

SL

Longitudinal pitch (µm)

ST

Transverse pitch (µm)

V

Velocity (m s-1)

GREEK
η

Efficiency (%)

µ

Dynamic viscosity (kg m-1 s-1)

ρ

Density (kg m-3)

SUBSCRIPTS
Amin-P

Minimum transverse flow area based on segments

F

Forced

L

Characteristic length

max

Maximum

MH

Module header

min

Minimum

PF

Pin fins

S

Segment

SC

Sudden contraction

sCO2

Supercritical carbon dioxide

SE

Sudden expansion

UCH

Unit cell header
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1. Introduction
Concentrating solar thermal power (CSP) remains an attractive complement to solar photovoltaic
systems as a dispatachable source of electricity using relatively low cost thermal storage (Mehos et al.,
2016). Starting in 2011, the United State Department of Energy SunShot program has sought to reduce the
cost of electricity generated from solar power, including CSP. The path to accomplish this has been to
increase the delivery temperature of the working fluid to >700°C, and use the supercritical carbon dioxide
(sCO2) Brayton cycle as the heat engine in central tower applications. Attempts to achieve these goals has
led to investigation of three receiver-to-power block pathways: (1) gas-phase receiver (2) molten salt
receiver, and (3) particle based receiver (Ho, 2017; Mehos et al., 2017). Each of these technologies have
their own advantages and challenges that are the subject of active research.
Gas-phase solar thermal systems use a compressible fluid such as air, helium, or carbon dioxide as the
working fluid. The circulating fluid is heated in the receiver and then is either directly utilized in a power
system or transfer energy to a thermal storage system and/or a power block. The European GAST project
in the 1980s was an early example of an air based central receiver (Romero et al., 2002). The 20 MW plant
used tubular panels capable of producing air at temperatures from 800 to 1000°C at pressures of
approximately 9.5 bar and incident fluxes < 20 W cm-2 (Romero et al., 2002). Incident flux was limited by
the relatively poor heat transfer coefficients of the air, which led to local overheating and high estimated
capital costs (Müller-Steinhagen and Trieb, 2004; Romero et al., 2002).
These limitations spurred interest in air based volumetric receivers, where solar flux is absorbed inside
a porous volume and energy is transferred volumetrically to flowing air or other gas. Ho and Iverson (2014)
note numerous volumetric designs have been developed capable of producing temperatures from 800 to
1500°C depending on the porous material. They note receiver efficiency from 50 to 60%. Prototype designs
with air have shown potential for average incident fluxes of 40 W cm-2 with peaks of 100 W cm-2 (Romero
et al., 2002). Key challenges with volumetric based designs are of material durability, flow instability and
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need for integrating thermal storage. Designs based on atmospheric pressure air also require extremely high
volumetric flow rates to provide meaningful thermal power input.
Lower volumetric flow rates could be obtained at higher operating pressures in tubular type receivers,
but the original challenges of the 1980s remain. Gas-phase convective heat transfer coefficients are poor,
leading to high surface temperature and reradition losses. Furthermore, Ho and Iverson (2014) show that
rapid thermal transients in gas-based tubular receivers can cause significant thermomechanical loads
resulting in reduced fatigue life of the receiver. The recent interest in supercritical carbon dioxide Brayton
cycles has caused gas-phase receivers to be revisited (Mehos et al., 2017). Supercritical CO2 has good
transport properties and relatively high volumetric heat capacity at the temperatures and pressure of interest.
Prototype designs of open, “tubular” receivers using sCO2 as the working fluid have been developed by
industry, national labs and universities (Ho, 2017; Mehos et al., 2017).
Researchers at Oregon State University have been investigating the use of a micropin gas-phase
receiver using sCO2 as the working fluid. This receiver was initially conceptualized as directly supplying
sCO2 to the power block at high pressures and temperature (> 200 bar and 650°C). However, the technology
could also be used in an indirect gas-phase architecture where a circulating fluid is connected to thermal
storage and power block through secondary heat exchangers. Initial simulations (Rymal et al., 2013) and
lab-scale experiments (L’Estrange et al., 2015) of small, unit-cell devices containing arrays of micropins
(DH ~ 300 μm) have demonstrated the potential to absorb heat fluxes > 100 W cm-2 at the desired
temperature/pressure with high receiver efficiency. By using small flow passages, the working fluid can be
safely contained with minimal wall thickness, and higher gas convective heat transfer coefficients can be
obtained. Both features decrease the surface temperature and reradiation losses. To minimize pressure drop,
the micro-pin receiver is a modular, multi-scale design (with a conceptual schematic shown in Figure 1).
The three model scales are defined as follows:
1. Unit cell –The unit-cell (Figure 2) consists of a thin flat flux plate coated with high absorptivity
material. Inside the unit cell is a flow passage containing an array of micro-pin features with
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hydraulic diameter approximately 300 μm. The flow length of a unit cell is determined by the
maximum allowable pressure drop. Each unit cell consists of two inlet headers (from the left and
right), and a central outlet header.
2. Module – Multiple unit cells connected in parallel in a single unit. In the present study, a module
will have a total heat transfer area of ~1 m2 and absorb approximately 1 MW of thermal energy at
a receiver 90% efficiency. Thus, for 10 cm long by 1 m wide unit cells, approximately 10 unit
cells must be connected in parallel to form a module. Figure 3a shows a top view of a three-unit
cell module with the flux plate removed. Figure 3b shows the back view of this pin array with
flow distribution headers. Flow enters through the module inlet header (in green) from the main
receiver riser. The sCO2 is distributed to unit cell inlet headers (in blue), and then exits each unit
cell through the unit cell outlet headers (in red). Finally, flow from each unit cell outlet header is
collected in a module outlet header (in yellow), and returned to the main receiver downcomer.
3. Central Receiver –The central receiver consists of multiple modules connected in parallel. The
modular design allows for the mass flow rate of sCO2 to different zones within the receiver to be
controlled to maintain a specified temperature increase and enables arrangement of modules to
tune the receiver surface area to a given heliostat field allowing for higher efficiency annualized
performance.
Zada et al. (2016) developed a thermal model for a single unit-cell and then by solving the model
multiple times at different incident fluxes, which corresponded to different positions on a full-scale receiver,
were able to obtain overall system efficiency. With the multi-level model, they were able to predict thermal
performance of a 250 MW receiver at an average incident flux of 110 W cm-2 heating sCO2 from 550 to
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Figure 1: Schematic of numbering-up concept

650°C in different configurations. They concluded that an overall receiver receiver efficiency of >90% was
possible, and that the modular nature of the design could enable the receiver to be tailored to the specific
heliostat field, increasing performance for a fixed receiver area.
In the Zada et al. (2016) model, the 250 MW receiver contained 3,000 unit cells. A key assumption was
that sCO2 flow was evenly distributed to each unit cell. However, one of the long-standing issues with
multiple parallel microchannel systems is developing methods for uniform distribution of flow to the entire
device. Designing the header system of a microchannel device is almost as important as the design of the
device itself. Flow maldistribution is a serious issue that can have significant effects on the heat transfer
performance of the device as well as the possibility of increasing pressure drop (Dharaiya et al., 2009). In
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Figure 2: Schematic of unit cell with representative dimensions (a) with bonded flux plate on and (b)
flux plate removed showing internal pins and sCO2 flow paths.
the case of a solar receiver, maldistribution could lead to overheating and failure. According to Mueller and
Chiou (1988) the major contributors to flow issues in microdevices are as follows:
1. Gross flow maldistribution due to poor header design or channel blockage.
2. Passage-to-passage flow maldistribution due to manufacturing imperfections.
3. Manifold induced flow maldistribution due to header configuration.
Therefore, the overall goal of this work was to investigate the feasibility of headering systems for a
multi-unit cell module for meeting performance targets for receiver efficiency, pressure drop and flow
distribution at a specified design condition, and then to understand how sensitive the performance of the
multi-unit cell design is to off-design conditions. Off-design conditions investigated include changes in
ambient conditions, and unexpected excursion events such as extreme changes in incident flux, and mass
flow rate to each panel.
To achieve this, thermal and hydraulic network models for a conceptual multi-unit cell module (Figure
3) that includes a headering system were developed. These models were then used to produce a design that
achieved target performance values at a baseline design condition of 140 W cm-2, with sCO2 entering at
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Figure 3: Schematic of (a) top view of micropin array in a three-unit cell module and (b) bottom view of
micropin array with inlet/outlet headers
550°C and exiting at 720°C. Finally, the models were used to simulate performance of the physical design
at off-design conditions.

2. Model Development
2.1 Thermal Model and Validation
The thermal performance of a single unit-cell was predicted using a thermal resistance network approach,
shown in Figure 4. The thermal model is fully described in Zada et al. (2016), and briefly summarized here
for completeness. The model requires an input of the unit cell geometry, surface absorptivity, incident flux
(assumed uniform), ambient temperature/wind speed, inlet sCO2 temperature and desired sCO2 outlet
temperature. Expressions are developed for each thermal resistance shown in Figure 4. The radiative
resistance was calculated assuming a constant surface emissivity, and uniform unit-cell surface temperature.
The external convective heat transfer coefficient was determined as a composite of natural and forced
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convective heat transfer coefficients according to the criteria from Bergman et al. (2011). The unit-cell was
treated as a vertical flat plate for natural convection (Churchill and Chu, 1975), with the unit cell vertical
dimension as the characteristic length. The module horizontal dimension was used as the characteristic
length for determining the forced convective heat transfer coefficient. The internal convective heat transfer
coefficient was approximated as a flow over a bank of tubes using the correlation of Zukauskas (1972).
With all resistances defined, a system of coupled equations are iteratively solved using the Engineering
Equation Solver (Klein, 2015) platform to calculate sCO2 mass flux, heat transferred to sCO2 and the unit
cell efficiency (Eq. (1)). This efficiency includes both radiation and optical losses. In the present study, the
emissivity is 0.88 and the absorptivity is 0.94, consistent with expected values for state-of-the art coatings.

=
ηT

(

m isCO2 ,out − isCO2 ,in
Q sCO2
=
Gsolar A
Gsolar A

)

(1)

In the present study, the original model of Zada et al. (2016) was modified to include the effects of nonuniform receiver surface temperature and axial conduction through the flux plate by considering multiple
segments in the flow direction. Finally, the convective heat transfer coefficient of the sCO2 in the pin fins

Figure 4: Resistance network used in thermal analysis (only two segments shown)
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was calculated using the improved correlation of Rasouli et al. (2018) for turbulent flow in micropins, rather
than the Zukauskas (1972) model for flow over bank of tubes. The predictive capability of the model was
validated with data from L’Estrange et al. (2015). Over a range of incident flux, the model predicted within
the uncertainty of the experimental data. At an incident flux of 120 W cm-2 the percent difference between
the efficiency from the model and experimental data is 0.12%. The model is not segmented in the
longitudinal direction, thus, at any point along the flow direction the unit cell surface temperature is
assumed uniform in the vertical direction. For uniform incident flux and approximately uniform fluid flow,
this assumption provides reasonable results, as evidenced by agreement with data.
2.2 Hydraulic Model
The goal of the hydraulic model is to quantify pressure loss and flow distribution within a solar module,
consisting of multiple unit cells. The total pressure drop for a module is simply the summation of all the
individual pressure drops within a flow path. Percent maldistribution (Eq. (2)) is the second important

Figure 5: Schematic of sCO2 flow paths for a representative module of two unit cells
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metric used to define the performance of a module. The maximum (ṁmax) and minimum (ṁmin) flow rates
in Eq. (2) are defined as the maximum and minimum flow within the microchannel pin array anywhere in
the module.


 min
m
% MD =
1 −
 max
m



 ⋅100


(2)

These outputs can be used to specify header dimensions that maintain model outputs below a threshold
value. Figure 5 shows the flow paths considered for a module consisting of two unit cells. The module inlet
headers are indicated in green, the unit cell headers with blue dashed lines, the unit cell outlet headers with
red dashed lines, and the module outlet headers in yellow. The two unit cell module is conceptualized as a
hydraulic resistance network, shown in Figure 6. Here, major frictional loss resistances are indicated in red,
while minor losses for bends, contractions/expansions, etc., are indicated in black. The equation number
used to calculate the major frictional losses are indicated in the figure.
Flow through the unit cells is split into N parallel flow paths with no longitudinal communication. The
assumption of no longitudinal communication is physically consistent with flow expected in parallel
microchannels, which represents a worst-case scenario from a flow distribution perspective. If flow is
sufficiently mal-distributed at the inlet of a parallel microchannel array, there is no opportunity for flow to
redistribute once in the channels. In practice, there is the potential for longitudinal flow within the micropin array, which can reduce flow maldistribution within the pin-array due to poor inlet header design. Thus,
it is expected that the model will predict higher rates of flow mal distribution at low flow rates than what
might be observed in practice. This is expected to provide a more conservative design for the header system.
Conservation of mass and equality of pressure drop from inlet/outlet for any flow path within the resistance
network provide closure to the model. Like the thermal model, expressions for each hydraulic resistance
can be developed and the system of equations solved iteratively.
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Figure 6: Schematic of hydraulic resistance network for a representative module consisting of two unit
cells
2.2.1 Hydraulic Major Losses
The module inlet/outlet headers (shown in green/yellow in Figures 2, 4, and 5) were circular. The Darcy
friction factor in these channels was modeled using the correlation (Eqs. (3), (4) and (5)) developed by
Churchill (1977).
16


  ε / D   7 0.9  
θ1 =
 −2 log  
+
  
  3.7   Re   
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(3)
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(4)
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1
=
f MH 8  
+

3/2
  Re 
(θ1 + θ 2 ) 


(5)

This correlation is applicable over the entire range of Reynolds number from laminar to turbulent. For
the main module inlet headers the fluid properties are evaluated at the inlet temperature and pressure while
the main module outlet headers are evaluated at the outlet temperature and pressure. The surface roughness
used for Haynes 230 was taken from measurements performed by L’Estrange (2015).
The second friction factor correlation used to solve pressure drop is for the semi-circular cross sectional
unit cell inlet and outlet headers. The friction factor within the unit cell inlet and outlet headers changes as
a function length since flow is continuously diverted into the micropin array. The flow within these
components is expected to be turbulent for all practical conditions of interest. Here, the Arslan (2014)
correlation (Eq. (6)) for turbulent flow in semi-circular horizontal ducts of small diameter was used. To
develop the correlation, Arslan (2014) conducted a three-dimensional CFD analysis using multiple
turbulent models to correlate friction factor and Nusselt number for Reynolds number ranging from 11,000
to 55,000.

fUCH = 0.3764 Re−0.26

(6)

The third pressure drop correlation needed for the hydraulic model is that of the micro pin-fins, which
is expected to be the largest component of overall pressure drop. Friction factor correlations in literature
for micro pin-fin arrays have been primarily focused on laminar, single phase flows in the subcritical regime
(Peles et al., 2005; Qu and Siu-Ho, 2008). The flow in the pin-fins is expected to have very high Reynolds
numbers that are far greater than the applicability range of current pin-fin correlations. In a separate
investigation related to the overall technology development, CFD simulations have been performed for 14
different micropin unit cell designs/operating conditions (C. Ghodke, personal communication, June 6,
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2016) using STAR-CCM+ (CD-ADAPCO, 2016). These simulations were conducted at varying pin height,
span, pitch and Reynolds numbers corresponding to values expected in the actual unit-cell design. To more
readily predict the pressure drop across the pins, a friction factor correlation was developed based on the
data from these CFD studies. The data was correlated using a form of the friction factor (Eq. (7)) presented
by Prasher et al (2007). This correlation is a function of the relevant pin dimensions and the Reynolds
number of the flow (Eq. (9)). Values for x, a, b, c and d were obtained by a regression fit of Eq. (7) with
the data from the CFD studies. The R-squared of this regression fit is 0.998, with a comparison of correlation
predictions and CFD results shown in Figure 7. The correlation is not expected to be generally applicable,
but limited to geometric parameters shown in Table 1.
b

c

d

H  S −P  S −P 
f PF = A  pin   T D   L D  ReeAMin − P
 PD   PD   PD 
where
0.0846 ; b =
1.5 ; e =
0.219
A=
−0.138 ; c =
−0.947 ; d =

(7)

The Reynolds number (ReAMin-p, Eq. (9)) is a function of the maximum mass flux within the pin diameter
(Eq. (8)), hydraulic diameter and viscosity. The mass flux for this Reynolds number calculation differs from
that used in the thermal model. Since the unit cell is broken up into segments, the mass flux must be
multiplied by the number of segments (Ns) to obtain the correct pressure drop.

Gmax − P =

( m ) ( N )
pin

(8)

s

Amin

Table 1: Range of parameters used in correlation development

SL
DH

Re AMin-P

DH

ST
DH

0.167 to 2.0

1.33 to 2.33

1.16 to 2.02

5,595 to 23,552

H pin
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Figure 7: Correlation predictions compared to original CFD analysis for all cases used in correlation
development

Re AMin − P =

( Gmax −P )( DH )
µ

(9)

2.2.2 Minor Hydraulic Losses
Minor loss correlations (Km) used in this model were obtained from White (2010), Sharp et al. (2010),
and Crane (1977). As can be seen from the resistance network in Figure 6, many of the resistances within
this network are for minor losses (shown in black). There are seven different minor loss correlations of
interest for the hydraulic model. The first minor loss considered is for a cross junction in the piping, which
occurs in the module inlet/outlet headers. This minor loss was calculated using graphical representation of
minor losses in different cross configurations from Sharp and Rahmeyer (2010).
The next two minor losses to consider are for the multiple 90 degree bends that occur throughout the
system and the tee at the inlet. These minor losses were evaluated according to the procedure in Crane
(Crane, 1977). The 90 degree bend minor loss correlation is calculated from Eq. (10) where the friction
factor is calculated form Eq. (5). This correlation was chosen because the flow in the system will be
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turbulent and it is well suited for turbulent flow. The minor loss for the tee at the inlet was calculated with
Eq. (11) where the friction factor is also calculated with Eq. (5).

K90 = 30 f

(10)

K tee = 20 f

(11)

The remaining four minor loss coefficients were obtained from White (2010), these include sudden
contraction, sudden expansion, sharp inlet and sharp outlet. The sharp inlet and outlet minor losses are 0.5
and 1 respectively while the sudden contractions and expansions are a function of the different diameters
in the contraction or expansion itself, as seen in Eqs. (12) and (13) respectively. The sharp inlet and outlet
minor losses are used to model the flow from/to the unit cell inlet/outlet headers through the distribution
plate.

 d2 
=
K SC 0.42 1 − 12 
 d2 
 d2 
K SE= 1 − 12 
 d2 

(12)

(13)

With hydraulic resistances defined, the model is complete. Solving the mass balance, pressure drop
summation for each section simultaneously yields the desired criterion for designing a module. For all of
the correlations above, the fluid properties are evaluated at the temperature and pressure of the resistance
location. Thus, at the baseline condition, properties at the inlet legs are evaluated at 550°C and local
pressure, outlet legs at 720°C and local pressure, and pin-array properties are at the average of the
inlet/outlet temperature. Within the pin-array, the model is not capable of predicting local gradients in
density and viscosity due to local hotspots, which could potentially cause a positive feedback where
pressure drop increases in hot regions. For the operating conditions of interest, density and dynamic
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Table 2: Hydraulic model inputs
Fluid inlet temperature
Desired fluid outlet
Temperature
System pressure
Wind speed
Ambient temperature
Surface absorptivity
Surface emissivity
Unit cell width
Unit cell length
Number of Unit Cells per
Module

550°C
720°C
250 bar
2 m s-1
20°C
94%
88%
16 cm
96 cm
6

viscosity of sCO2 change by -18% and 11%, respectively, from 550°C to 720°C at 250 bar. For highly nonuniform flux on a unit-cell, or cases of expected high mal-distribution, a more detailed modeling strategy
would provide more accurate results.
2.3 Hydraulic Model Assessment
The hydraulic network model described above is only as accurate as the underlying correlations used
to predict friction factor and minor losses. Unlike the thermal model, there are no experimental results
available to validate the model. Thus, to explore the uncertainty due to the model assumptions, an analysis
has been conducted that applies relative uncertainties to the key correlations used within the model. The
three friction factor correlations defined in the previous section all were assigned a relative uncertainty of
25%, this value was chosen based on the maximum percent difference that was observed between the
developed correlation for the pins and the CFD study. Each minor loss correlation discussed in the previous
section was assigned a conservative uncertainty of ±50%. Conventional minor loss correlations have been
primarily developed for flow inside macroscale devices. Research on using these correlations within
microscale devices is limited, therefore a high uncertainty was assigned to better understand what type of
impact these correlations might have. The relative uncertainties can be directly applied and then propagate
them to the absolute uncertainty in calculate pressure drop and percent flow maldistribution using the Kline
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McClintock (1953) method. The uncertainty analysis was performed for the model inputs in Table 2 and
different applied incident fluxes. At each flux, the thermal model is used to estimate the required sCO2 mass
flow rate to achieve the desired sCO2 temperature change. The uncertainty for the pressure drop as a
function of varying incident flux can be seen in Figure 8a and for maldistribution in Figure 8b.
Near a design condition of 140 W cm-2 the resulting absolute uncertainty in pressure drop ±0.898 bar
which corresponds to a relative uncertainty of 22.80%. The average relative uncertainty for the entire range
of flux tested is 23.10%. It is not only important to understand the overall uncertainty, but also the role that
each of the correlations play in the overall uncertainty. For the case of 140 W cm-2, the contribution of each
parameter to the overall uncertainty is as follows: module header friction factor ~0%, unit cell header
friction factor 0.26%, pin fin friction factor 45.05%, and minor loss correlations 54.69%. As expected, the
contribution of the friction factor in the unit-cell and module headers is relatively low as the pressure drop
in these components is small. These results suggest that the best way to reduce the uncertainty for pressure
drop would be to reduce the uncertainty in the minor loss and micropin friction factor correlations.
The maximum desired maldistribution was 5%. Thus, the first important thing to note from Figure 8b
is that near the design flux of 140 W cm-2 the percent flow maldistribution is well below the threshold of

Figure 8: (a) Pressure drop and (b) percent maldistribution as a function of incident flux with uncertainty
from major and minor loss hydraulic loss models
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5% even with the applied uncertainty to the underlying correlations. The absolute uncertainty at this point
is ±0.7123 percentage points, which results in a relative uncertainty of 32.50%. The trend for the uncertainty
in the percent flow maldistribution is opposite of that for the pressure drop, as the incident flux decreases
the uncertainty increases. The maximum absolute uncertainty of ±2.58 percentage points occurs at the
minimum flux of 10 W cm-2. The average relative uncertainty over the entire range of flux considered is
32.63%, which is significantly higher than the average relative uncertainty from the pressure drop. This
high relative uncertainty for the percent flow maldistribution is less of a concern since the value remains
below 5% with the added uncertainty for the majority of the flux range considered. For the design case of
140 W cm-2, the relative contribution to uncertainty is ~0%, 27.5%, 54.7% and 17.81 for the module header
friction factor, unit cell header friction factor, pin fin friction factor, and minor loss coefficients,
respectively. For the percent flow maldistribution the contribution of the minor loss correlations is
significantly reduced compared to the calculated pressure drop, while the contribution of the unit cell header
friction factor significantly increases. As expected, the pin friction factor still plays a significant role in the
uncertainty propagation.
For both of the uncertainty analyses performed on the hydraulic model, the pin friction factor and
minor loss correlations played substantial roles. Reducing the relative uncertainties of these two correlations
has the potential for significantly reducing the relative uncertainty of the pressure drop and percent flow
maldistribution. As discussed in the beginning of this section, the hydraulic model is only as accurate as
the underlying correlations being used. Although these uncertainty analyses do not represent a model
validation, they instill confidence that the model is correctly predicting the pressure drop and percent flow
maldistribution until actual experimental data is collected.

3. Model Analysis and Results
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Figure 9: Representative pin geometry with dimensions
In this section, the thermal and hydraulic model described in Section 2 is be used to generate a design
of a module that can heat sCO2 from 550°C to 720°C at an incident flux of 140 W cm-2, with less than 4
bar of pressure drop and a maximum allowable flow maldistribution of ±5%. The pin geometry with
dimensions for this conceptual design is shown in Figure 9. The pin height is 600 μm. As previously
discussed in Section 1, the full scale receiver will consist of 250 modules that are approximately 1 m2 in
heat transfer area. Using the pin dimensions from Figure 9, the 1 m module will consist of six parallel unit
cells that are each 16 cm in flow length and 1 m in width resulting in a module that is 0.96 m2 in heat
transfer area. The design flow rate calculated from the thermal model for the design flux of 140 W cm-2
incident flux is 5.1 kg s-1 for the module, and the corresponding receiver efficiency is 90.2%. Using the
hydraulic model the header system of the module is designed to achieve the pressure drop targets of 4 bar.
This results in a hydraulic diameter of 57.15 mm for the module inlet/outlet headers, and 11.75 – 13.75 mm
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for the unit cell inlet/outlet headers. These values yield a module pressure drop of 3.94 bar with a percent
flow maldistribution of 2.19%.
The design for the 1 m module achieves all of the goals set within this project for a certain design
condition, but it is important to understand how the key performance metrics might be impacted by offdesign conditions. In order to understand these impacts, parametric evaluations were conducted to study
the performance at varying conditions.
3.2 Off-Design Thermal Performance
Using the thermal model, parametric studies were conducted varying the incident flux, wind speed, and
supplied mass flow rate to observe the effect on receiver efficiency. In an ideal situation, the incident flux
would remain at the design condition of 140 W cm-2 but in reality flux will vary spatially over the receiver
surface and temporally with time of day and year. It is also possible that with intermittent cloud cover the
incident flux could drop as low as 40-60 W cm-2, or that aiming errors could cause excursions of incident
flux significantly greater than the design point. The 1 m module was designed assuming that forced
convection does not play a role but it is important to understand how the receiver efficiency might change
if there is significant wind speeds. The third parameter varied in both the thermal and hydraulic models is
the mass flow rate at the design condition of 140 W cm-2. Ideally the mass flow rate would be fixed for a
given design condition to yield a temperature rise of sCO2 from 550 to 720°C, but certain issues with the
flow controllers or valves may cause a module to experience varying mass flow rate for a fixed incident
flux.
The results of the first parametric study shown in Figure 10 shows the receiver efficiency of the module
design specified in Section 3.1 for varying incident flux and a wind speed of 2 m/s (4.5 MPH). For each
point, the mass flow rate is changed to maintain the temperature change from 550°C to 720°C. The design
condition of 140 W cm-2 is indicated on Figure 10, which corresponds to the efficiency of 90.2%. As
expected, decreasing the incident solar flux below 80 W cm-2 shows a significant decrease in the receiver
efficiency. Increasing the flux on the other hand has almost no impact on the reciever efficiency. Between
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Figure 10: Receiver efficiency versus incident solar flux with a fixed temperature increase of sCO2 from
550°C to 720°C and wind speed of 2 m/s (4 MPH) with ε = 0.88 and α = 0.94
140 W cm-2 (the design condition) and 220 W cm-2 there is less than 2 percentage point increase in receiver
efficiency with the trend reaching a steady state value. This can be explained by the increasing surface
temperature and radiative loss scaling with T4. The receiver efficiency is as low as 82% for 40 W cm-2
which is an ~8 percentage point decrease from the design condition. To maintain the desired sCO2
temperature lift at these conditions, the mass flow must be reduced which decreases the convective heat
transfer, increasing the surface temperature and corresponding radiation losses. However, the steep drop in
efficiency occurs at relatively low fluxes (<100 W cm-2). Figure 10 shows that the multi-unit cell module
provide relatively constant performance at fluxes ±25% of design condition.
The second parametric study using the thermal model was varying the wind speed as a function of
incident flux, shown in Figure 11. The wind speed was varied from 0 m s-1 to 20 m s-1 (0 to 44.7 MPH),
with an additional speed at 38 m s-1 (85 MPH). Heliostat field are designed to survive at a ground wind
speed of 38 m s-1 (85 MPH) (Mehos et al., 2016). Applying a 1/7 profile power law to account for wind
gradient for height, this is corresponds to a wind speed of 55 m/s (123 MPH) at a tower height of 140 m.
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Figure 11: Receiver efficiency versus incident solar flux with a fixed temperature increase of sCO2 from
550°C to 720°C at different wind speeds with ε = 0.88 and α = 0.94
Near the design condition (140 W cm-2), the difference between a wind speed of 0 m s-1 and 20 m s-1 results
in 0.5 percentage point change in the receiver efficiency, which is relatively insignificant. When the wind
speed is increased to 55 m s-1, a decrease of almost 4 percentage points is seen as convective losses begin
to increase in importance. However, significant operation at such high wind speed is unlikely. Thus, the
receiver design is relatively insensitive to ambient wind speed.
The final parametric study conducted with the thermal model was varying mass flow rate at a fixed
incident flux of 140 W cm-2. While it is desired to control mass flow to maintain fluid temperature, a
malfunctioning control valve or rapid change in flux could cause a non-optimal mass flow rate. The results
are shown in Figure 12. Changing the mass flow rate for a fixed incident flux not only has an effect on the
receiver efficiency, but also changes the outlet temperature of the sCO2, which is plotted on the secondary
axis. Here the mass flow rate is varied ±75% of the design flow rate. It is important to understand the effect
on receiver efficiency but the varying outlet temperature is also important for multiple different reasons.
The yield strength of Haynes 230 (Haynes International, 2017) decreases significantly at temperatures
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Figure 12: Receiver efficiency and fluid outlet temperature versus mass flow rate at a constant incident
solar flux of 140 W cm-2 and wind speed of 2 m/s (4 MPH) with ε = 0.88 and α = 0.94
greater than ~825°C. Furthermore, brazing of flow distribution headers occurs at ~1100°C. As fluid
temperature approaches these limits, the integrity of the device is expected to decrease, with the potential
for a catastrophic failure of the device. The outlet temperatures plotted are steady state temperatures at the
given mass flow rate.
The thermal model shows that the maximum surface temperature of a module is normally between 5080°C higher than the fluid exit temperature, as shown in Figure 13 for an incident flux of 140 W cm-2. With
decreasing flow rate a steep increase in fluid exit temperature and the threshold of 1000°C is reached very
quickly. This temperature can cause catastrophic failure of the module. The receiver efficiency curve for
this parametric study is not as intuitive as the fluid outlet temperature. The receiver efficiency is a ratio of
the total heat absorbed into the sCO2 and the total heat incident on the module surface. Since the incident
flux remains constant so too does the denominator in the receiver efficiency, which means as the fluid outlet
temperature is decreasing the total heat absorbed into the sCO2 is also increasing. Intuitively one might
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Figure 13: Surface temperature and fluid temperature distribution along half of a unit cell for an incident
flux of G = 140 W cm-2
think that as the fluid outlet temperature decreases so does the total heat absorbed into the sCO2. This is not
the case since decreasing the fluid outlet temperature decreases the surface temperature, which means there
will also be a decrease in the radiation losses from the system. Since radiation is a function of temperature
to the fourth power, the reduction in temperature actually results in an increase in receiver efficiency, which
means an increase in heat absorbed into the sCO2. This can also be seen as the mass flow rate decreases
below the design flow rate where the temperature gradient in the sCO2 is increasing but so too is the surface
temperature resulting in higher radiation losses and therefore lower thermal efficiencies. One might think
that it would be beneficial to increase the mass flow rate since the total heat absorbed into the sCO2 actually
increases but since this also results in a lower outlet temperature, decreasing the Carnot efficiency of the
cycle coupled with the receiver.
3.3 Off-Design Hydraulic Performance
The first parametric study performed with the hydraulic model was to investigate the effect of varying
incident flux (and varying mass flow to maintain 550  720°C) on pressure drop and percent flow
maldistribution, shown in Figure 14. For fluxes lower than the design condition, this corresponds to
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Figure 14: Pressure drop and percent maldistribution versus incident solar flux with a fixed temperature
increase of sCO2 from 550°C to 720°C
turndown conditions where it is desired to maintain high system efficiency. In practice, fluxes and mass
flow rates significantly higher (>60%) than the design condition could not be accommodated by the power
cycle or the thermal storage solution. The results for these cases are shown to illustrate model trends only.
As the incident solar flux increases, it is intuitive that the pressure drop will increase since the mass
flow rate increases with incident flux and pressure drop is a function of the mass flow rate. The mass flow
rate has to increase with increasing incident flux in order to maintain a constant temperature difference
across a unit cell. This trend shows that for the higher incident fluxes the pressure drop is very sensitive to
change in flux. For example, there is a 2 bar difference in pressure drop between 100 W cm-2 and
140 W cm-2. It is important to keep the pressure drop below the 4 bar threshold in order to limit pumping
costs and negative effects on the thermal power cycle. This could become an issue if the flux is varying
slightly over the design flux since the pressure drop is so sensitive.
The percent flow maldistribution is not near as sensitive to the incident flux as the pressure drop is.
Essentially any incident flux over 100 W cm-2 keeps the percent flow maldistribution well below the
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threshold of 5%. The percent flow maldistribution follow an opposite trend to that for pressure drop. As the
incident flux decreases below 25 W cm-2 the percent flow maldistribution starts to increase rapidly with a
maximum value of 7.73% occurring at 10 W cm-2. This trend is slightly different from what is expected.
The percent flow maldistribution is analogous to the ratio of pressure drop in the headering system to the
pressure drop in the pins. If the pressure drop in the pins is very high compared to the pressure drop in the
headering system then the percent flow maldistribution will be very low and vice versa if the pressure drop
in the headering system is higher. It was expected that at low incident flux the pressure drop in the headering
system would begin to play a more significant role driving the percent flow maldistribution well over the
5% threshold. As previously discussed, high flow maldistribution will cause efficiency issues from unit cell
to unit cell in a module and will also create hot spots which could cause issues resulting in failure of the
module. The result seen in Figure 14 for the percent flow maldistribution is very encouraging because it
shows that even for a wide range of incident flux, this design will still distribute flow evenly and minimize
the development of hot spots which could adversely affect receiver reliability.
The final parametric study uses the hydraulic model to observe the effect of changing the mass flow
rate for fixed incident flux on the pressure drop and percent flow maldistribution, shown in Figure 15.
Similar to the parametric study performed with the thermal model for varying mass flow rate, this
parametric study also varies the mass flow rate ±75% of the design flow rate.
The trends seen here are very similar to the last parametric study performed where the incident flux
was varied. The difference here is that now the incident flux is fixed so the varying mass flow rate results
in a change of fluid outlet temperatures which will affect the properties used within the hydraulic model
and therefore affect the pressure drop and percent flow maldistribution. The pressure drop for varying the
mass flow rate behaves vary similarly to the changing incident flux where small changes in mass flow rate
show large increases in pressure drop. This also indicates that the changing properties due to temperature
changes have very little effect. A 20% increase from the design flow rate results in a pressure drop that is
almost 1.5 bar higher. At a mass flow rate that is 75% higher than the design flow rate the pressure drop is
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Figure 15: Pressure drop and percent maldistribution versus mass flow rate at a constant incident solar
flux of 140 W cm-2
12.4 bar, which is three times that of the pressure drop at the design conditions. This is very substantial and
previously mentioned could cause significant decrease in overall system efficiency. The percent flow
maldistribution for the changing mass flow rate also behaves similarly to that of the changing incident flux,
but in this case, it never increases above the threshold of 5%. This suggests that the changing flow properties
have a positive effect on the percent flow maldistribution. The trend does show that decreasing the mass
flow rate even further below the lower bound investigated may result in a percent flow maldistribution that
is greater than 5%.
An uncertainty analysis was performed on the hydraulic model development in Section 2.2. This
uncertainty analysis only considered the uncertainty of the correlations used in the model. It is also
important when analyzing the performance of a module to understand how geometric uncertainties may
affect the module. A second uncertainty analysis was performed where the relative uncertainties of the
correlations were considered as well as the relative uncertainties in the geometry of the module. For this
analysis, conservative relative uncertainties of the friction factor correlations were set to 25%, the minor
Page 28 of 32

loss coefficients were set to 50%, and the unit cell header and pin dimensions were set to 5%, based on
worst case manufacturing tolerances. The absolute uncertainty at the design point of 140 W cm-2 is 0.923
bar. The uncertainty without considering the geometric uncertainty was 0.898 bar. The maximum
uncertainty seen is at the maximum flux of 220 W cm-2 and is 2.48 bar. Adding these geometric
uncertainties resulted in less than 0.05 bar increase, which is rather insignificant compared to the correlation
uncertainty. The breakdown of uncertainty contribution is as follows: pin dimensions 5.11%, unit cell
header dimensions 0.26%, module header friction factor 0%, unit cell header friction factor 0.25%, pin
friction factor 42.63% and minor loss correlations 51.75%.
For maldistribution, the absolute uncertainty near the design condition of 140 W cm-2 is 0.88 percentage
points. The corresponding uncertainty without considering the geometry is 0.71 percentage points.
However, even with this additional uncertainty, the percent flow maldistribution would remain below the
threshold of 5% for almost the entire range of flux considered in this analysis. The breakdown of uncertainty
contribution is as follows: pin dimensions 2.12%, unit cell header dimensions 32.28%, module header
friction factor 0.01%, unit cell header friction factor 35.89%, pin friction factor 18.02% and minor loss
correlations 11.68%. It can be seen from the above breakdown that the uncertainty due to the pin dimensions
is insignificant compared to the uncertainty due to the header dimensions and that the unit cell header
uncertainty plays a significant role overall in the percent flow maldistribution.

4. Conclusions
In this investigation, thermal and hydraulic models were developed to help demonstrate the feasibility
of using multiple parallel a micropin array based module for a concentrated solar power receiver. Using
these models, a 1 m × 1 m meter commercial module was designed to achieve the performance metrics of
< 5% flow maldistribution and < 4 bar pressure drop. For this module, a number of parametric studies were
performed to see how it could handle off design conditions. A wide range of incident fluxes were
investigated to simulate an intermittent cloudy day and the effect it had on receiver efficiency, pressure
drop and percent flow maldistribution. It was seen that over the considered range that the receiver efficiency
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increased rapidly as flux increases, before approaching an asymptotic value of approximately 92% as
increasing radiation losses negated additional input flux. Near the design condition of 140 W cm-2 the
efficiency was 90.2% which meets the performance criteria set for the module. The pressure drop was 3.943
bar pressure drop and the percent flow maldistribution was 2.19% at the design point. The thermal model
was validated against previous experimental data from L’Estrange (2015).
In future work, the hydraulic model will be validated using experimental data from 15 cm × 15 cm and
45 × 45 cm articles. To assess the model absent experimental data, a detailed uncertainty analysis was
performed to understand how the underlying correlations influences the hydraulic model results. At the
design condition of 140 W cm-2, the pressure drop absolute uncertainty is ±0.898 bar and the percent flow
maldistribution absolute uncertainty is ±0.7123 percentage points. Even though the absolute uncertainty for
the percent flow maldistribution results in a high relative uncertainty, the maximum value of the percent
flow maldistribution remains below the threshold of 5%. The results show that a commercial scale module
that remains below the threshold for pressure drop (< 4 bar) and percent flow maldistribution (< 5%) can
be achieved and operate safely for reasonable variations in incident flux and mass flow rate from nominal
design conditions.
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