


AN ABSTRACT OF THE THESIS OF

Charles Rymal for the degree of Master of Science in

Mechanical Engineering presented on November 7, 2014.

Title: Numerical Design of a High-Flux Microchannel Solar Receiver.

Abstract approved:

Sourabh V. Apte

This thesis discusses the design of several microchannel solar receiver de-
vices for use in CSP (concentrated solar power) using CFD (computational fluid
dynamics) simulations. The goal is to demonstrate that, by taking advantage of
the higher heat transfer coefficienct of microchannels, solar receivers can achieve
higher efficiency than current receiver technology, reducing the cost of solar ther-
mal power. Design using CFD simulations is necessary in order to estimate the
performance of different designs and identify potential issues before investing in
a real device. The lack of previous research into such devices is most likely due
to challenges concerning (a) the manufacturing of microchannels in materials that
are suited to the high temperature and stress of the application and (b) the de-
sign of a headering system for a large scale implementation. Both supercritical
carbon-dioxide and molten salt are used as heat-transfer fluids. The required in-
let and outlet temperatures of the fluid are 773 K and 923 K for carbon-dioxide
and 573 K and 873 K for molten salt. These values are determined by the CSP
application and the properties of the fluids. Designs presented range in size from

1 cm? to 4 cm? and in heat transfer rates from 200 W to 400 W. These values are



determined by the capacity of the solar simulator, which will be used for testing.
For carbon-dioxide, three designs are developed with varying manufacturability.
The high risk design features a circular micro-pin-fin array created using chemical
etching and is constructed using diffusion bonding. The low risk design features
machined and welded parts and parallel circular channels. The medium risk design
features machined and diffusion bonded parts and parallel rectangular channels.
For molten salt, two designs are developed: one using parallel rectangular channels
and one using a circular pin-fin array. Conjugate CFD simulations of each design
are used to evaluate pressure drop, receiver efficiency, and flow distribution. T'wo-
and three-dimensional structural analyses are used to ensure that the devices will
withstand the mechanical and thermal stress. An efficiency of 89.7%, pressure
drop of 0.2 bar, and structural safety factor of 1.3 was achieved for carbon-dioxide.
An efficiency of 92.1%, pressure drop of 0.5 bar, and structural safety factor of 2.5
was achieved for molten salt. The results demonstrate that microchannel devices
can withstand the high flux, temperature, and stress of a CSP appliction and have
high efficiency. However, additional work is needed before these designs can be

implemented on a large scale.
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NUMERICAL DESIGN OF A HIGH-FLUX
MICROCHANNEL SOLAR RECEIVER



CHAPTER 1. INTRODUCTION

The following sections explain the purpose of the currnet work and explain
the origin and significance of the goals and requirements for the receivers being

developed.

1.1 Purpose

There are two categories of solar power technology: photovoltaic and thermal.
Photovoltaic (PV) solar panels convert solar radiation directly to electric current
using the photoelectric effect. In solar thermal power, solar radiation is converted
to thermal enegry that is then converted to mechanical energy and finally electric-
ity. Commercial PV solar panels have efficiencies around 12-20% [1]. Solar thermal
power plants have efficiencies around 16-23% [2]. A major issue for both forms of
solar power is that peak production and peak demand occur at different times of
day. Though methods exist for the storage of electrical power, they are expensive
and inefficient. An advantage of solar thermal power is the ability to use thermal
storage. With thermal storage, thermal energy is stored underground during times
of excess production and then extracted when solar radiation decreases.

Solar thermal power is generally in the form of concentrated solar power
(CSP). In CSP, reflectors concentrate solar insolation in order to achieve higher
fluid temperature. Higher fluid temperature yields higher efficiency in the conver-
sion from thermal to mechanical energy. The downside of higher fluid temperature

is greater radiative losses from the receiver. This creates a trade-off between power



cycle efficiency and receiver efficiency as will be seen later in this section. Increas-
ing the overall efficiency of CSP plants reduces the levelized cost of electricity
(LCOE) of solar thermal power. Reducing the LCOE promotes increased invest-
ment and eventually a larger share in global power generation. The efficiency of a
solar thermal plant can be defined as the ratio of electrical power produced to the
available solar power. The receiver, where the concentrated solar radiation heats
the working fluid, is one contributor to this efficiency. Figure 1.1 is an illustra-
tion of a solar power tower plant. Water is the working fluid in this illustration,
but the principles are the same for any working fluid. The heliostats are mirrors
that focus the sun’s rays on the receiver. The fluid is heated in the receiver then
flows through the turbine, which turns the generator. The fluid is then cooled and

pumped back to the receiver.

Receiver Solar radiation

Generator Turbine Condenser

-

A

Heliostats

Figure 1.1: Hlustration of a solar power tower plant.

The goal of this work is to demonstrate that microchannels, which generally



have a higher heat transfer coefficient than the technology currently used in CSP,
can be used to increase the efficiency of the receiver. This is done using com-
putational fluid dynamics (CFD) simulations and finite element analysis (FEA)
for various designs. Current receiver technologies are macro-scale tube arrays and
volumetric receviers, which pump fluid through a solid porous material. Tube re-
ceivers have efficiencies around 83% to 86% [3]. Volumetric receiver efficiency is
typically between 60% and 80% [4].

Though the operating temperature considered in the following work is fixed,
as will be described in section 1.3, it is helpful to examine the relationship between
the temperature of the receiver, the receiver efficiency, the cycle efficiency, and the
overall efficiency. We will use the Carnot efficiency as the cycle efficiency, though
the real cycle efficiency will be much lower. For recevier efficiency, we consider

losses due to re-radiation and reflection. The Carnot efficiency is

TlCarnot = 1 —— (11)

where T is the cold sink temperature and 7T is the temperature of the receiver,
which we will assume is close to the peak temperature of the working fluid. The

receiver efficiency is

Ty \* T4
Nrec = € <1 - K ((T_I;) — 1>> ,K = Z(/C (12)

where € is the emissivity of the receiver surface, o is the Stefan-Boltzmann con-

stant, and ¢/ . is the incident solar radiation. A detailed derivation of this equation
can be found in appendix A.3.4. The combined efficiency is simply the multiplica-

tion of the cycle efficiency and the receiver efficiency. Figure 1.1 is a plot of recevier



temperature versus Carnot, receiver, and overall efficiency. For this plot, the emis-
sivity is one and K is 4 x 10~%, which corresponds to a cold sink temperature of 293
K and an incident flux of approximately 1 MW /m?. The Carnot efficiency is zero
at Ty = Ty and increases assymtotically towards one as Ty increases. The receiver
efficiency is one at Ty = T and decreases as T increases. The receiver efficiency
goes negative at a temperature of about 2100 Kelvin (we will denote this as T4 ).
At this point, more heat is emitted by the receiver surface than is incident. The
maximum overall efficiency occurs at a recevier temperature between T and T o
(we will denote this as Tx1). Analysis of the effects of emissivity and K on the

maximum efficiency and 7T, can be found in appendix A.3.4.
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Figure 1.2: Receiver temperature versus Carnot, receiver, and overall efficiency.
K =4x10"4.



1.2 Goals

Receivers will be developed for two different working fluids: supercritical
carbon-dioxide and molten salt. The following sections state the performance

goals for each of these fluids as well as the general concept for recevier design.

1.2.1  Supercritical Carbon-Dioxide as the Working Fluid

Use CFD (Ansys FLUENT) simulations to develop a receiver using SCO2
(supercritical carbon-dioxide) as the working fluid. SCO2 is used because the
supercritical Brayton cycle has shown potentially higher overall system efficiency
than other power cycles [5]. The receiver efficiency (see appendix A.3.1) should be
at least 90%. This value is the result of hand calculations and comparison with
current technology. Ultimately, the goal of this work is to achieve as high a receiver
efficiency as possible. Pressure drop through the device should be less than 0.35
bar. This value is also the result of hand calculations. It is necessary to have this
goal in order to avoid excessive pressure drop when designing the recevier. Higher
pressure drop in the receiver requires greater pumping power, leading to higher
equipment cost and lower overall efficiency of the plant. The calculations used
to determine the efficiency and pressure drop goals are discussed in section 1.3.4.

Current CSP recevier technology is discussed in section 2.1.



1.2.2  Molten Salt as the Working Fluid

A receiver using MS (molten salt) as the working fluid will also be devel-
oped. Molten salt is used because it has high thermal conductivity, leading to high
heat transfer coefficient [6]. It also allows for efficient thermal storage, a major
advantage for solar thermal power over PV, as stated earlier. The receiver effi-
ciency should be at least 95%. This value is the result of hand calculations and
comparison with current technology. Pressure drop through the device should be
less than 1.0 bar. This value is also the result of hand calculations. It is necessary
to have this goal in order to avoid excessive pressure drop when designing the
recevier. As stated in the previous section, these calculations and current CSP

recevier technology are discussed in later sections.

1.2.3  Recevier Concept

Figure 1.3 shows a solid model of the general concept for a receiver. The
device is rectangular with tubes extending from the bottom carrying inlet and

outlet fluid. Solar flux is incident on the top surface of the receiver.

1.3 Requirements

1.3.1  Requirements for Supercritical Carbon-Dioxide

One of the working fluids been used is SCO2. The inlet and outlet tempera-
tures for SCO2 are 500 and 650 C (773 and 923 K). This requirement is based on

the power cycle in the target application, as determined by the project sponsors.



solar flux

nlet fluid | L outlet fluid

Figure 1.3: Solid model illustrating general concept for the receiver.

The temperature of the fluid must also remain well above the critical temperature
of 304 K. The average incident solar flux is 100 W/cm?. This value is the result
of hand calculations and comparison with current receiver technology. The fluid
operating pressure is 120 bar. As with the fluid temperature, this is determined
by the power cycle. The pressure must also remain well above the critical pressure

of 73.8 bar.



1.3.2  Requirements for Molten Salt

The second working fluid is MS, specifically Dynalene MS-1. The inlet and
outlet temperatures of the MS are 300 and 600 C (573 and 873 K). This is chosen
to cover the full working range of the fluid. Note that the molten salt chosen has
a maximum temperature around 550 C [6]. By using a higher outlet temperature,
we are anticipating the development of higher temperature salts in the future.
The average incident solar flux is 400 W/cm?. This value is the result of hand
calculations and comparison with current receiver technology. The fluid operating
pressure is 10 bar. This value is based on the pressure in the molten salt loop, as
determined by the project sponsors. This pressure depends on the details of the

power tower implementation, therefore the value is an estimate.

1.3.3  General Requirements

Flow through the microchannel array must be adequately distributed. This
avoids hot-spots caused by regions with significantly reduced flow rate. The device
must withstand the mechanical stress caused by the operating pressure of the fluid
and thermal stress from temperature gradients in the solid material. Mechanical
stress is more of an issue in the SCO2 devices because of the higher operating
pressure of the fluid. Thermal stress is more of an issue in the MS devices because
of the higher solar flux and therefore higher temperature gradients.

Manufactured devices are tested using a solar simulator built at MBI (Mi-
croproducts Breakthrough Institute). The simulator consists of a lamp focused by

an aluminum reflector. The size of the microchannel array depends on the output
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capability of solar simulator. Details of these experiments are beyond the scope of
this work. However, these experiments are discussed in the section on validation
of simulation results (section 6). At the time of writing, experimental work has
not yet been completed for all of the designs presented in this thesis.

To ensure that the designs can be applied to larger scale implementations in
future work, at least one design for each fluid must be scalable. Also, a concept

must be developed for a 1 m? receiver panel (see section 7).

1.3.4 Calculations

Hand calculations are used to calculate some of the goals and requirements for
the two working fluids. These calculations estimate the heat transfer and pressure
drop in hypothetical microchannels.

The goal of heat transfer equations is to estimate the exterior temperature
of a receiver. This exterior temperature is used to estimate the receiver efficiency,
see appendix A.3. Two processes determine this temperature: convection in the
microchannel and conduction through the solid material. Convection in internal
flow (channels) and conduction are discussed in appendicies A.2.4 and A.2.4. The

temperature difference from the bulk fluid to the exterior of the device is

q qAzx
T — Touk fluid = 1.
bulk fluid hAchan sur * ks ( 3>

Fully-developed pressure drop for flow in a duct is

2

Ap = fD_hT (1.4)
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where f is Darcy friction factor, L is channel length, D, is hydraulic diameter, p is
density and v is average velocity Methods for determining fricition factor depend
on the shape of the channel and the nature of the flow (laminar or turbulent). This
is discussed in more detail in appendix A.2.3.

Using these equations and the requirements set by the project sponsors, the
authors of the initial proposal for this work determined appropriate values of goals
and requirements such as pressure drop and incident solar flux. These values are
unique to this work because of the combination of the use of microchannels in
CSP and the working fluids being used. This unique combination of parameters
has not yet been researched, likely due to the fact that CSP is a relatively young
technology and the technical challenges associated with using microchannels in a
CSP application. These challenges are discussed in later sections.

The difference in the requirements for the two working fluids comes from the
difference in fluid properties. Most significant are thermal conductivity and density.
Thermal conductivity affects the heat transfer coefficient in the convection heat
transfer equation. Density affects the pressure drop equation directly and through

the velocity term.

1.3.5  Summary

Table 1.1 presents the various goals and requirements for the receivers.



Fluid
supercritical carbon-dioxide | molten salt
Inlet temperature (K) 773 573
Outlet temperature (K) | 923 873
Incident flux (W/cm?) 100 400
Receiver efficiency (%) | 90 95
Pressure drop (bar) 0.35 1.0
Operating pressure (bar) | 120 10
flow distribution
Additional requirements structural integrity
scalability

Table 1.1: Summary of goals and requirements for the receivers.



CHAPTER 2. LITERATURE REVIEW

2.1 Review of Power Tower Technology

In current power tower technology, incident flux on the receiver ranges from
300 to 1000 kW /m? [2, 3]. On average, insolation on a surface perpendicular to the
sun’s rays is approximately 1000 W/m?. At difference locations on the earth, this
value decreases based on distance from the equator and weather. Therefore the
above values for receiver flux correspond to concentration factors of 300 to 1000.
Common types of receivers are tube receivers and volumetric receivers [3, 4].

Tubes receivers consist of arrays of parallel macro-scale circular tubes. Heat
is absorbed by the exterior walls of the tubes, conducted through the tube walls,
then absorbed by fluid flowing through the tubes. These receivers are the simplest
in construction of the receiver types presented here. Tube receivers have efficiencies
around 83% to 86%. Figure 2.1 shows an simple illustration of a tube array.

Volumetric receivers use a porous material contained in a structure to absorb
the solar radiation. The heat is then transferred to a fluid that flows through the
porous material. Figure 2.1 shows an illustration of a volumetric recevier. In
some volumetric receivers, including the type shown in the figure, one face of the
the porous material is open to the environment and the working fluid is air. Air
from outside the receiver is pulled through the porous material, absorbing heat.
Volumetric receiver efficiency is typically between 60% and 80%.

Still in development are falling particle receivers [7]. In these receivers, a
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Figure 2.1: Hlustration of a tube array used in a tube receiver.

continuous sheet of solid particles, fed by a bucket elevator and a hopper, falling
inside the tower absorbs the solar radiation. The heat is then extracted from
the particles. The solid particles can be heated to temperatures higher than the
stability limit of molten salts. And, like molten salt, the solid particles would
enable efficient thermal storage. Figure 2.1 shows a schematic of a solid particle
recevier.

Probably the most notable historical example of power tower plants are the
Solar One and Solar Two plants. Solar Two was actually a retrofit of Solar One.
These experimental plants operated during the 1980’s and 90’s [3]. The receiver
for these plants was a tube array composed of 20 to 80 mm diameter thin-walled
tubes. Solar One used water/steam as the working fluid and Solar Two used molten

salt. Since then, many commercial power tower plants have become operational.
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Figure 2.2: Ilustration of a volumetric receiver.

Examples include Spain’s first commercial plants: PS10, PS20, and Gemasolar [4].
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Figure 2.3: Schematic of a solid particle receiver.
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2.2 Review of Working Fluids

2.2.1  Super-critical Carbon-Dioxide

A supercritical fluid is a substance at a temperature and pressure above the
critical point. The substance exhibits properties of both gas and liquid. Fig-

ure 2.2.1 is a phase diagram for carbon-dioxide showing the supercritical phase.
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Figure 2.4: “Carbon dioxide pressure-temperature phase diagram” by Ben Finney,
Mark Jacobs. Licensed under CCO.

Supercritical carbon-dioxide has been used extensively as an industrial sol-
vent. Only relatively recently has it been used as the working fluid for a Brayton
power cycle [8]. The motivation is potentially higher cycle efficiency resulting from

the unique properties of a supercritical fluid.
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2.2.2 Molten Salt

Molten salts have been used in power tower plants in the past; for example
in the Solar Two plant in California [3]. These fluids have high density and high
thermal conductivity, making them effective heat transfer fluids. They are also non-
toxic, relatively inert and have relatively low cost and good commercial availability.
These properties also make molten salt attractive for plants using thermal storage.
The capacity for thermal storage is a major advantage of solar thermal power over
PV solar power. However, since molten salt solidifies at room temperature, special

procedures and equipment are needed for start-up and shut-down.

2.3 Review of Microchannel Technology

Since Tuckerman and Pease introduced microchannels for use in electronic
cooling [9], the technology has been used in many other heat dissipation applica-
tions. The primary advantage of microchannels is higher heat transfer coefficient
that leads to lower temperature difference between the channel walls and the fluid.
The increased heat transfer coefficient is due to decreased diffusion length com-
pared to macro-scale channels. The lower temperature difference leads to lower
surface temperature for solar receivers. This decreases losses to the environment
and increases efficiency. It can also allow for increased heat flux on a solar re-
ceiver, which allows for reduced receiver size and cost. Finally, from a structural
standpoint, smaller channels allows for thinner walls. Thinner walls results in
lower conduction resistance and lower receiver surface temperature, which further

increases efficiency.
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The primary disadvantage is higher pressure drop and pumping power than
macro-scale channels. The power required to pump the working fluid subtracts
from the net power generated, decreasing efficiency. Also, using microchannels
results in a much greater number of channels for a given receiver area. This
increases the complexity of the receiver.

Equations for heat transfer and pressure drop are needed in order to predict
appropriate channel dimensions for our application. Correlations and analytical
solutions from literature are used. Both rectangular channel and various pin-fin
configurations are considered. Shah and London [10] give relationships between
Fanning friction factor and Nusselt number in rectangular channels of any aspect
ratio for laminar flow. In turbulent flow, an estimate for friction factor and Nusselt
number can be found by using the hydraulic diameter with correlations for circular
tubes.

The use of pin-fins in microchannel heat exchanger configurations has been
studied and reported extensively in literature [11, 12, 13, 14, 15, 16, 17, 18, 19].
Pin-fin arrays have been shown to have substantially better combined heat transfer
and pressure drop characteristics than straight channels, owing to increased surface
area and disruption of boundary layers.

Many possible configurations exist for micro pin-fins. Sahiti et. al. stud-
ied various pin-fin shapes including circular, square and ellipse [17]. Moores et.
al. studied the effect of varying pin-fin tip clearance [13]. Chiang et al. investi-
gated using a jet impinging on the top of an open pin-fin array [20]. Most simple
configurations can be divided into aligned or staggered arrays. More complicated
configurations can include non-uniform or random arrangements and/or configu-
rations in which pin size and shape vary along the length or width.

This work focuses on using an array of circular pin-fins in a uniform, staggered
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arrangement. This is a simple and effective configuration seen often in literature.
Correlations from literature are needed for the friction factor and Nusselt number
for this pin-fin configuration. Unfortunately, there is considerable disagreement on
the friction factor and heat transfer coefficient correlations between the numerical
and experimental results from various authors [11]. Also, for the SCO2 designs,
literature pertaining to micro-pin-fin arrays involves significantly lower Reynolds

numbers than are involved in the current research.



CHAPTER 3. SUPERCRITICAL CARBON-DIOXIDE
DESIGNS

Design of SCO2 receivers is discussed in the following sections. The first five
sections discuss aspects of the design that must be dealt with before designing a
complete receiver. The next three sections present three complete receiver designs.

The conclusion summarizes the key characteristics of these designs.

3.1 Limitations of Manufacturing Processes

The limitations of two manufacturing methods are discussed in the following

sections.

3.1.1  Chemical Etching

At the beginning of this project, it was decided that chemical etching should
be used to manufacture the microchannels. In chemical etching, you start with a
(usually thin) sheet of material. A mask is applied to one side of the sheet. The
mask covers the areas of the sheet which should not be etched. Acid is applied
to the masked side of the sheet, dissolving material to form channels. The length
of time for which the material is exposed to the acid determines the depth of the
etch. The mask is removed and the process is complete.

The first step in the design process is to consider the limitations associated

with this manufacturing method. The type of etching to be used is isotropic
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etching, in which the material is submerged in a tank of acid. This means that the
material is etched equally in all directions. Consequently, the maximum depth of
any etched feature is twice the width. It was decided that microchannels could be
etched in two halves in separate plates then bonded together, effectively doubling
the depth of the microchannels.

An isotropic etch also means that etched features will have rounded, instead
of sharp, corners and edges. For example, if one were to etch a straight slot of
greatest possible depth, the slot would have a semi-circular cross-section. Fig-
ure 3.1 is a simple diagram of a cross-section of a sheet of material at three stages

in the isotropic etching processes.

(a) Mask applied (b) Channel etched (c) Mask removed

Figure 3.1: Cross-section of a sheet of material at three stages in the isotropic
etching process. Gray is the solid material and red is the mask.

3.1.2  Diffusion Bonding

Another decision was to use diffusion bonding to join the sheets of metal
that form the device. Diffusion bonding is a solid-state welding process in which
two parts (at least one of which is metallic) are joined by heating and applying
external pressure. Elevated temperature allows the metal to deform at a molecular
scale and fill in the microscopic gaps between the materials. When using the same
metal for both parts, the bond can be indistinguishable from the parent material.

Diffusion bonding is ideal for microchannel devices because the process works at
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practically all scales.

There are two concerns when using diffusion bonding to bond sheets of metal
to form microchannel devices. The first is the uniformity of the thickness of the
sheets. If a sheet has a region that is sufficiently thinner than average, this region
may not come in contact with the adjacent sheet and not bond. In a microchannel
device, this could cause structural failure and leakage.

The second concern is transfer of the external pressure applied during the
boding process. If this pressure is not distributed evenly across the entire bonding
interface, regions with lower pressure may not fully bond. An example of how this
could happen is if the microchannel device is composed of multiple layers with
channels in each layer. The external pressure will not be transferred through the
open region which forms the channel. Figure 3.2 illustrates the issue. In this figure,
there are three plates being bonded. The bottom and middle plates have channels
etched in them. The bottom plate has one wide channel and the middle plate has
four smaller channels. The external pressure is not transferred through the large
channel in the bottom plate. Therefore, the pressure at the bonding interface near
the smaller channels may be too small.

This issue could be investigated using FEA. However, for this work, the
devices are designed to avoid this issue. This is done by not overlapping large

channels and regions where bond strength is critical.
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Figure 3.2: Cross-section of a microchannel device composed of three sheets. The
white open regions are the channels. The arrows represent the external pressure
used in diffusion bonding.
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3.2 Single-Channel Simulations

The following sections discuss CFD simulations used to determine the optimal
channel configuration and dimensions before begining the design of a complete

recevier.

3.2.1 Introduction

The second step in the design process is to determine whether to use a con-
stant cross-section rectangular channel or a pin-fin array. Figures 3.3 and 3.4
illustrate the concept for these two types of channel. To do this, CFD simulations

are used to compare pressure drop and temperature profile.

101010
DT.T. l
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) 91918

) Parallel Channels (b) Circular Pin-Fin Array

Figure 3.3: Topview of two sample channel concepts: parallel channels and a
circular pin-fin array. Gray represents the solid material, white is the channel, and
the arrows represent the direction of fluid flow.

Multiple pin-fin array configurations are considered. These include circular

and square pins and staggered and aligned arrays.
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(a) Parallel Channels (b) Circular Pin-Fin Array

Figure 3.4: Solid models illustrating two sample channel concepts: parallel chan-
nels and a circular pin-fin array.

3.2.2 Channel Parameters

For the channel dimensions, a starting point is needed in order to begin CFD
analysis. These initial parameters are determined using hand calculations similar
to those described in 1.3.4. The length of the microchannels is determined based
on the capabilities of the solar simulator which is used to test the manufactured
devices. The width and height of the channels, number of channels, and other
parameters are determined based on hand calculations.

At first, rectangular channels with high aspect ratio (depth to width ratio)
were considered. High aspect ratio channels have the advantage of lowering pres-
sure drop and increasing surface area for heat transfer, while maintaining a small
diffusion length. In order to estimate heat transfer in these channels, fin analysis
was used. Fins, in this case, refer to heat-transfer enhancement features in external
flow, such as fins on a heat sink. The analysis takes into account the decrease in
temperature from the base to the tip of the fin. This can be applied to a high
aspect ratio channel. The fins, in this case, are the walls between the channels. As

you move away from the heated surface of the receiver, the channel wall temper-
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ature decreases and the heat transfer rate to the fluid also decreases. The result
is diminishing returns from making the channel deeper. If all other parameters
are held constant, then increasing the channel depth decreases the average fluid
velocity which then decreases heat transfer coefficient. There is, in this case, an
optimal channel depth.

A range of values is chosen for the initial channel dimensions. For rectangular
channels, initial channel dimensions based on these calculations have widths from
50 to 1000 micron, heights from 50 to 250 micron, and lengths from 0.7 to 2.3 cm.
The Reynolds number for these channels ranges from 700 to 2500. For the pin-fin
designs, the pin diameter ranges from 100 to 500 micron, and the transverse and
longitudinal pitches are 1.5 or 2.0.

Later, it was learned that high aspect ratio channels could not be pursued
due to manufacturing limitations which will be described in section 3.1.1. Channel
designs were limited to low aspect ratio designs for both rectangular and pin-fin

configurations.

3.2.3  Setup

For constant cross-section channels, the simulation geometry consists of a
single channel and the surrounding solid material. For a pin-fin array, it consists
of a section of the array one transverse spacing wide. All simulations features a
small portion of header (hypothesized design of the header near the channels) to
accurately model developing flow and the 90-degree turn from header to channel
layer. Some simulations model the fluid only and others model both the fluid and
solid domain. Simulations in which both solid and fluid are modeled are referred

to as conjugate. In these cases, the CFD software automatically calculates heat
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transfer across the interface between solid and fluid.

It is necessary to determine the flow regime for these simulations (laminar
or turbulent). Determining the flow regime requires calculation of the Reynolds
number. The Reynolds number requires information about the geometry of the
channel as well as the mass flow rate. Mass flow rate depends on the fixed require-
ments of heat flux and fluid temperature as well as the overall size of the device.
Section A.2.2 discusses in detail how the Reynolds number is calculated. The key
unknowns in calculating the Reynolds number are the geometric variables. For the
range of channel dimensions considered, the flow regime ranges from laminar to
turbulent.

For those cases in which the flow is turbulent, a turbulence model to use in
the CFD software needs to be chosen. In the Ansys software, several turbulent
models are available. Two commonly used models for this type of application are
K-epsilon and K-omega. These are Reynolds-averaged models and have a good
balance of accuracy and computational cost. The K-epsilon model has better
performance in external flow and the K-omega model has demonstrated better
performance in near-wall regions with adverse pressure gradients [21]. Therefore,
the K-omega model may be better suited to our application and is used in all SCO2
CFD simulations in which the flow is turbulent.

These and future simulations are modeled as steady-state. It is possible
that osciallations in the velocity field could exist in certain regions of the device,
especially in a pin-fin design. However, it is expected that the effect of these
oscillations on the time-averaged quantities of pressure drop and heat transfer are
small.

The fluid is assumed incompressible but temperature dependent. Though the

properties of SCO2 are pressure dependent, the pressure drop through the device is
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small enough that the effects are negligable. More information on fluid properties
can be found in appendix B.

Initially, grid size is chosen based experience with CFD analysis. In the mi-
crochannels, the grid size is chosen in order to have a sufficient number of cells
across the channel in order to resolve the velocity profile. The grid is also refined
near the walls in order to resolve the velocity gradient near the wall. Later in the
course of this work, grid convergence studies are conducted in order to estimate
the error from insufficient grid resolution (see section 5). In rectangular channel
designs, a structured grid can be used. This grid consists entirely of rectangular
parallelepiped cells. Structured grids are less computationally expensive than un-
structured grids both for grid generation and the CFD solver. For pin-fin desings,
due to the complex shape of the array, unstructured grids must be used. Unstruc-
tured grids are generally composed of four, five, and six-sided irregularly shaped
cells. Low quality cells are often created, which can lead to inaccuracy in the CFD
solution. Two computer programs are used for grid generation: the grid gener-
ation software packaged with Ansys Workbench and Pointwise. Pointwise, with
its scripting capabilities, was found to be useful for generating grids for simple
geometries. The Ansys grid generation software was found to be more useful for
complex geometries in which unstructured grids were used.

The exterior walls of the recevier (those not heated by solar radiation) are
modeled as insulated, meaning no heat enters or exits the recevier through them.
In experiments, these walls will be insulated and heat transfer through them should
be small. It is impossible at this stage to accurately estimate how much heat will
exit the recevier through these walls. A constant, uniform heat flux is applied to
the heated surface of the device. Therefore, heat loss to the environment from the

heated surface is not modeled in the simulation, but estimated as a post-processing
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step. One advantage of using a constant heat flux input is direct control of the fluid
inlet and outlet temperature. The inlet boundary condition is a constant velocity
profile calculated using analytical solutions or empirical correlations depending on
the flow regime. The turbulence values at the inlet are left at their default values
in the CFD software. The inlet temperature is set to 773.15 K. The outlet is a
constant pressure outlet of 0 Pa. Symmetry boundary conditions are used in both
the rectangular channel and pin-fin configurations. For rectangular channels, the
single channel is cut in half by a symmetry plane at the center of the channel. For
the pin-fin array, two symmetry planes were used on either side of the geometry.
The symmetry planes are aligned with the centers of the pins, cutting them in
half. As a result of the chosen geometry, the recirculation regions behind the pins
are also cut in half. The resulting recirculation patterns may be different than in
reality.

Figure 3.5 shows a schematic of the boundary conditions for a single channel
simulation. In this schematic, only the fluid volume is present. In some simualtions,
a region of solid material would also be modeled, making a conjugate simulation.
A key difference between a fluid-only and conjugate simulation is that the solar

flux would be incident on the solid material instead of the channel wall.

3.2.4 Results

The range of receiver efficiency for the configurations considered was fairly
small: 88% to 91% . However, the results showed that the circular staggered pin-
fin array had a slightly higher receiver efficiency for any given pressure drop. Since
receiver efficiency generally increases with pressure drop, the channels should be

designed to match the pressure drop goal for the desired channel length. Pressure
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Figure 3.5: Schematic of single channel boundary conditions. Geometry shown is
fluid volume; no solid material is shown.

drop was higher than predicted by hand calculations. The pin diameter was in-
creased until a 1 cm long array met the pressure drop goal. A pin diameter of 700
micron matched the pressure drop goal for a 1 cm long array. This length is based

on the capacity of the solar simulator (discussed further in section 3.6).



32

3.3 Structural Analysis of Pin-Fin Array

Before continuing with the design of a complete device, structural analysis of
the pin-fin array is performed. Two-dimensional axis-symmetric FEA of a single
pin is used. The purpose of this analysis is to determine the relationship betweem
pin-fin dimensions (such as pin diameter and pitch) and stress in a single pin.
Pressure equal to the operating pressure of the fluid is applied to the fluid-solid
interface. Constant temperature and heat flux conditions are used to generate tem-
perature gradients matching those observed in the CFD simulations in section 3.2.
These temperature gradients create thermal stress.

The FEA shows that the dimension that determines the stress in the pin
is the pitch (ratio of pin-fin spacing to diameter). Pitch determines the ratio of
bonded area to unbonded area which is directly proportional to average stress in
the pin. A pitch of 1.5 was found to result in a structural safety factor of 1.5.
Figure 3.6 shows an example of a plot of von Mises stress from the FEA. The
model is two-dimensionsal and axisymmetric. The left edge of the model is the
centerline of the pin. The color scale is arbitrary; stress increases from blue to red.
The highest stress occurs in the curved section.

Some simple equations can be used to support the result that the stress in

the pins depends only on pitch. Average stress in a pin is given by

(Atotal — Apin) P
= 1
o i (3.1)

where Aioa is the planform area assocaited with a single pin, Ay, is the cross-

sectional area of that single pin, and P is the fluid pressure. The areas are given
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Figure 3.6: Contour plot of von Mises stress from FEA of a single pin. The model
is two-dimensionsal and axisymmetric. The left edge of the model is the centerline
of the pin. The color scale is arbitrary; stress increases from blue to red.
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Atotal - STSL - PTPLD2 (32)

and

(3.3)

where S7, Sy, Pr and Pp are the transverse and longitudinal spacing and pitch

and D is the pin diameter. Substituting these into (3.1) gives

(PrpuD? — =22) P

=D?

4
PpP, — 1) P
_ Prh— ) (3.5)

g =

(3.4)

INE

To get the maximum stress, we must consider the concentration factor caused by

the transition between pin and channel wall. The maximum stress is given by

Omax = Co = f(=)o (3.6)

a
D

where C' is the concentration factor and a is the radius of curvature of the transi-

tion. f represents an unknown function. The ratio can be simplified as

D 2D 2D 2D 2 '

We can see that the maximum stress depends only on pitch. This makes sense
because, with the pitches fixed, all dimensions scale with diameter, resulting in no

affect on the maximum stress.
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3.4 Material Selection

One of the prerequisites to finalizing a design is selecting a solid material.
The properties of the solid material must be known in order to perform conjugate
CFD simulations and to calculate the structural safety factor.

Material selection is based on strength at temperature, ability to be chem-
ically etched and diffusion bonded, cost, and availability. The factor of safety is
used to determine if a material has sufficient strength. Factor of safety is calculated

as

failurestress

FOS = (3.8)

appliedstress

The failure stress is the stress at which failure will occur. The applied stress is
the maximum stress in the device. In high temperature applications, such as a
solar receiver, creep strength is used as the failure stress. Creep strength will be
used in the present work. Creep strength deals with the plastic deformation (and
eventually failure) over long periods of time. This deformation is accelarated by
high temperautre. A typical creep stength value would be the stress required for
a given percentage of deformation (or failure) at a given temperature in a given
amount of time. For example, the stress required to produce 2% elongation in
100 hours at 700 C. In the present work, the failure stress is the stress to produce
failure in 1000 hours at a temperature equal to the maximum temperature in the
solid material.

SS (Stainless steel) was considered because it can be etched and bonded
and has been used in similar microchannel applications. However, SS does not
have sufficient strength at high temperature. Instead, refractory metals produced

by Special Metals and Haynes were considered. The first criteria for selection was
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creep strength at temperature. The second criteria was the ability to etch and bond
the material. The first choice was Haynes 214. A manufacturer was found who has
some experience chemically etching this alloy. Unfortunately, we were unable to
purchase this alloy in small enough quantities. We settled on Haynes 230. Haynes
230 has similar high temperature strength to Haynes 214 and can be purchased
in the small quantities needed for this project. However, there was uncertainty as
to whether or not it could be chemically etched. As a result, additional receiver
designs were developed which did not rely on chemical etching. These designs are
discussed in a later section.

The relevant properties for these materials are presented in appendices B.3,

B.4, and B.5.

3.5 Header Design

The header channels carry fluid from the global inlet and outlet of the device
to the microchannel layer. The following sections discuss the approach to the

design of the header channels and the final design.

3.5.1 Introduction

The design of the header channels is largely independent of the details of the
microchannel design. The key pieces of information for designing header channels
is the size of the microchannel array and the shape and location of the inlet(s)
and outlet(s) to the microchannel layer. In all of the designs developed, the mi-

crochannel array is rectangular.
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Depending on the desired length of the channels, two configurations of inlets
and outlets to the microchannel array are considered. In the first, fluid enters and
exits along opposite edges of the array. In the second, fluid enters through two
regions at opposite edges of the array and exits through a common outlet between
the two inlets.

For both configurations, the most obvious header solution is a header channel
placed adjacent to each of the inlet(s) and outlet(s) of the microchannel array
(perpendicular to flow in the microchannels). Figure 3.7 shows a three-dimensional
wire-frame view of a complete device using the first configuration. The details of
the header and channels will be discussed later; this figure is meant to explain
the overall concept. Fluid enters through the large hole in the upper left, flows
through the inlet header, into the microchannel array, into the outlet header, along
the outlet header toward the large hole in the lower right, and finally exits the
device. Figure 3.8 shows a three-dimensional wire-frame view of a complete device
using the second configuration. The flow through the second configuration is very

similar to the first.

3.5.2  Original Header

The original concept was to use a tall narrow header channel adjacent to the
inlet and outlet of the array. The reason for the channel being narrow is that the
flux plate (the plate in which the microchannels are etched) is thin. A wide header
channel adjacent to this thin plate would cause failure in the flux plate. Since it is
narrow, the header channel must be tall in order to have sufficiently low pressure
drop.

Figure 3.9 shows a cross-section view of a microchannel device showing the
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Figure 3.7: Three-dimensional wire-frame view of a header concept with one inlet
and one outlet to the microchannel array.

original header concept. This cross-section is parallel to the microchannels and
perpenducular to the header channels. In this diagram, the microchannels are
horizontal and are indicated by the horizontal arrows. Solar flux is indicated by
the yellow arrows. The two vertical open areas are header channels. The vertical
area on the right is an inlet header and the area on the left is an outlet header.
In this particular concept, there are two separate microchannel arrays placed side-
by-side. There is an additional inlet header, to the left of the outlet header, which
is not shown. One can see the flow from the two microchannel arrays converging
on the outlet header. Flow in the header channels is not only vertical, as indicated
by the arrows, but also into the page. The header channels run along the width of

the microchannel array, connecting the inlet or outlet of each channel.
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Figure 3.8: Three-dimensional wire-frame view of a header concept with two inlets
and one outlet to the microchannel array.

Figure 3.10 shows a contour of von Mises stress from a two-dimensional FEA
of such a slice. Due to the height of the header channels, the area of the side walls
have substantial area. The resulting force pushes the walls of the header channel
apart, causing high stress in the thin flux plate.

While performing this stress analysis, we encountered the issue of stress con-
centration at sharp interior corners in the model. These sharp corners occur in
machined slots where the milling bit will presumably create sharp corners. In
theory and in the FEA software, perfectly sharp corners result in infinite stress
concentration [22]. In reality, a small curvature exists at these sharp corners which

distributes the stress. In FEA, the issue is often dealt with by modeling that small
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Figure 3.9: SCO2 Header Design: Original header concept: Slice of a microchannel
device showing an inlet and outlet header channel. Blue and red arrows indicate
the direction of flow of cold and hot fluid. Yellow arrows indicate the direction of
solar flux.

curvature. Determining an accurate value of this radius can be difficult given its
extremely small size. Instead, a reasonable approximation is often used.

The radius of curvature used in this and future FEA was 5 micron. This is
a reasonable approximation of the actual radius. Depending on which part of the
receiver you are looking at, this is around 0.5-1.5% of the size of the channel.

Another way this can be dealt with is by modeling a sharp corner and mod-
eling plastic deformation. The plastic deformation allows a realistic radius to
naturally form in the FEA model. This method or accurate measurement of the

actual radius may be used in future work.
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Figure 3.10: SCO2 Header Design: Original header concept: Contour plot of von
Mises stress with exaggerated deflection. The arrows point to the areas of highest
stress. Blue indicates minimum stress and red indicates maximum stress. The
exact values of stress in this plot are not of interest, only the locations at which
high stress occurs.
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3.5.3  Redesigned Header

Figure 3.11 shows a slice of a microchannel device showing the redesigned
header concept. The header channel is split into two sections. The first is a narrow
slot, but shorter than that in the original design. This slot is not continuous along
the length of the header channel (along the width of the microchannel array). It is
instead composed of several slots placed end-to-end along the width of the array
(imagine a perforated sheet of paper). The extra solid material prevents the type

of stress observed in the original design. Consequently, the first section of the

header channel does not contribute significantly to flow distribution.

Figure 3.11: SCO2 Header Design: Redesigned header concept: Slice of a mi-
crochannel device showing an inlet and outlet header channel. Blue and red ar-
rows indicate the direction of flow of cold and hot fluid. Yellow arrows indicate
the direction of solar flux.

The second section (the square area in the figure) is where the flow is dis-

tributed. This section is continuous along the width of the microchannel array. A
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square is the optimal shape for reducing both pressure drop and mechanical stress
(given the available manufacturing methods).

Three-dimensional FEA of one complete header channel was used to evaluate
the stress in the header. The geometry in the analysis consists of one half of the
device, but only one header channel is modeled; none of the microchannels are
modeled. Figure 3.12 shows a contour plot of von Mises stress from this analysis,
zoomed-in on the header channel. The highest stress occurs in the corners of the
square section of the header channel.

Initially, stress in the square section was still too high, though less than that
in the origin header design. The width of the square section was reduced until an
acceptable stress was reached. A width of 1.2 mm resulted in a safety factor of
1.3. Though a higher safety factor is desirable, a smaller header channel results in

flow maldistribution.
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Figure 3.12: SCO2 Header Design: Redesigned header concept: Contour plot of
Von-mises stress. The arrows point to the areas of highest stress. Blue indicates
minimum stress and red indicates maximum stress. The exact values of stress in
this plot are not of interest, only the locations at which high stress occurs.
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3.6 Pin-Fin Array

The following sections describe the SCO2 pin-fin design.

3.6.1 Introduction

This section describes the pin-fin design to be manufactured and tested. This
design is considered to have the highest manufacturing difficulty and complexity.
This is due to the uncertainty of the success of both chemical etching and diffusion
bonding.

Figure 3.13 shows a CAD model of the SCO2 pin-fin receiver. The design
consists of three plates of increasing thickness. Plate 1 or the “flux plate” is
the plate that absorbs the incident solar flux. This is also where the channels are
machined. This plate should be as thin as possible to reduce conduction resistance.
However, the plate must be think enough to avoid structural failure. Plate 2 moves
fluid away from plate 1 and into plate 3. It features two or three tall, narrow slots
positioned over the inlet(s) and outlet of the channel layer. Each slot is separated
into several shorter slots. The extra metal provides necessary structural support.
This layer makes little to no contribution to distributing the flow. Plate 3 contains
the second part of the header and the global inlet and outlet holes. It features
a square cross-section slot adjacent to the slots in plate 2. This slot moves fluid
perpendicular to the channel flow direction. These slots extend outside the heated
area and connect to the global inlet /outlet holes. Some designs feature two inlet
slots on opposite sides of the device and a single outlet slot at the center of the

device. Other designs have one inlet and one outlet slot on opposite edges of the
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array. In two-inlet designs, extending the header channel outside the heated area
allows the two inlets to merge. If one wanted to keep the header channels within the
footprint of the heated area, an additional header layer would be needed in order
to merge the two inlet headers. Another benefit of extending the header channels
outside the heated area is avoiding the issue of transferring pressure during diffusion

bonding as described in section 3.1.2.

Figure 3.13: SCO2 Pin-Fin Design: Diagram of pin-fin design. Blue arrows show
the path of the cold fluid and red arrows show the path of the hot fluid.

Figure 3.14 shows a photograph of a plate with the pin-fin array which has
been manufactured. This plate will be bonded to the other two plates to form the

receiver.
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Figure 3.14: SCO2 Pin-Fin Design: Photograph of a manufactured plate featuring
the pin-fin array.

3.6.2  Design Parameters

Based on analysis described in section 3.2, a circular, staggered, uniformly-
spaced configuration is chosen. Based on that and other analyses, the following

design parameters are chosen for the final SCO2 pin-fin design. This is the design
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that is to be manufactured and tested using the solar simulator.

The pitch of the pin-fin array is 1.5. This value is based on structural analysis
described in section 3.3. The pitch is directly proportional to the ratio of bonded
and unbonded area and average mechanical stress in the pins. The pin diameter is
700 micron. This is designed, using single-channel simulations, to meet the pressure
drop goal. Note that this is the only design parameter left after manufacturing and
structural considerations. The etch depth is 175 micron and the height of the pins
is 350 micron. The etch depth is equal to half the edge-to-edge distance between
pins as described in section 3.1.1. The dimensions of the heated area are 2 by 2
cm. This is the maximum square area over which the solar simulator can generate
an average flux of 100 W/cm?. The length of the fluid path through the pin-fin
array was chosen to be 1 cm. This allows the pins to be significantly smaller than
if the fluid path was 2 cm long, due to the pressure drop goal. Therefore, the array
is divided into two 1 by 2 c¢m sections. Fluid enters the array through two separate
inlets at opposite edges of the device. Fluid flows toward the center of the array
and exits through a single outlet.

The design of the headers is described in section 3.5. The solid material is

Haynes 230 (see section 3.4).

3.6.3  Analysis

Setup

CFD simulation of the complete design is used to evaluate flow distribution
and receiver efficiency. The geometry is three-dimensional and includes the fluid
and solid domains. A complete 2 by 2 cm pin-fin array is modeled. The device

is truncated where the square header in plate 3 extends beyond the heated area.
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This is done to reduce computational cost. The pressure drop in this unmodeled
section is insignificant compared to pressure drop in the channels. Since exterior
faces of the device are treated as insulated, the only unmodeled heat transfer is
that between the fluid and the unmodeled header sections. This heat transfer
is very small due to the distance from the header surface and low heat transfer
coefficient compared to the channels.

The inlet, outlet, and heated area boundary conditions are treated the same
as in the single channel simulations. A constant heat flux is applied to the heated
area and losses to the environment area not modeled. All other exterior surfaces
of the device are insulated. Figure 3.15 shows an illustration of the device and
these four boundary conditions. This illustration is the complete device with no
symmetry plane, but most simulations also have a symmetry boundary condition

where the device is cut in half.
Results

Table 3.1 shows some of the design paramenters for the final pin-fin design
and the CFD simulation results. The resulting receiver efficiency is 88.9% (at 95%
emissivity). Appendix A.3.1 discusses how this efficiency is calculated for this and
all other analyses. Figure 3.16 shows a plot of mass flow rate for each pin-fin gap.
A gap is the flow area between two adjacent pins. This flow area is perpendicular
to the net flow in the array. The flow distribution is acceptable. However, the flow
rate is low near the edge of the array. This is likely due to increased resistance
where flow interacts with the wall. The high data point near the right side of the
array could be due to inadequately resolved velocity near the exit of the pin-fin
array. The flow rate increases slightly from left to right since the right side of the

array is closer to the global exit of the model.
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insulated walls

heated area

inlet \ outlet

Figure 3.15: Schematic of full-design simulation boundary conditions.

Figure 3.17 shows a contour plot of temperature for a cross-section of the
device. The plot is only for the solid region. The circular unfilled areas are the
fluid region between the pins. The bottom edge of the plot is the heated surface;
the yellow arrows represent the solar flux. There is a slight increase in temperature

from left to right. This is because the global outlet of the device is on the right.
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pin diameter 700 micron
transverse pitch 1.5
Reynolds number 1.12 x 104
pressure drop 0.1 bar
heated surface temperature 1021 Kelvin
receiver efficiency (at 95% emissivity) | 88.9%

Table 3.1: Parameters and results of full-design CFD simulation of the SCO2
pin-fin design.

3.6.4  Manufacturing Issues

After completing this design, manufacturing began. As was feared, Haynes
230 cannot be chemically etched. The following sections discuss two alternative
designs that do not depend on chemical etching.

Eventually, it was learned that sinker EDM (electric discharge machining)
could be used to manufacture the pin-fin design. In sinker EDM, a high voltage
is created between a very thin wire electrode and the metal sheet to be machined.
When the electrode is brought close to the sheet, an electric arc forms and a small
amount of metal in the sheet is vaporized. This is done repeatedly until the sheet

is machined. Devices have since been manufactured but have not yet been tested.
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Figure 3.16: SCO2 Pin-Fin Design: Plot of mass flow rate for each pin gap at the
inlet and outlet of the pin-fin array.
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Figure 3.17: SCO2 Pin-Fin Design: Contour plot of temperature of the solid
material at a cross-section of the device midway along the length of the pin-fin

array.
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3.7 Circular Channels

The following sections describe the SCO2 circular channel design.

3.7.1 Introduction

The first alternative design has drilled circular channels and parts that are
welded together. The device involves no chemical etching or diffusion bonding. It,
therefore, has the lowest manufacturing difficulty and complexity of any design.

The design consists of three parts: two header parts and one channel part.
The channel part slides into the machined cavity in each of the header parts and is
welded. Tubes are welded to large holes in the header parts to serve as the global
inlet and outlet. Figure 3.22 shows an exploded view of the design. Note that this
design is not scalable and therefore cannot meet all of the goals of the project.
Figure 3.19 shows a top wire-frame view of the device. This figure more clearly
illustrates how the fluid moves through the device and gives a better view of the
channels.

Figure 3.20 is a photograph of the manufactured and assembled recevier

before being welded.

3.7.2  Design Parameters

Many of the parameters for the circular channel design are limited by man-
ufacturing capabilities. The channel diameter is 500 micron. This is the smallest

available drill size. The length of the microchannels is 1.8 cm (only 1 cm of which
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Figure 3.18: SCO2 Circular Channel Design: Exploded view of the design. Blue
arrows show the path of the cold fluid and red arrows show the path of the hot
fluid. Yellow arrows show the direction of the solar flux.

is heated). This is maximum possible drill depth at the chosen diameter. The
width of the microchannel array is 2 cm. As stated earlier, this is based on the
capability of the solar simulator. The flux plate thickness is 450 micron. This is
based on structural analysis of the microchannels. The width of the wall separat-
ing adjacent channels is 500 micron. This value is also based on structural analysis
of the microchannels.

The header length is 6 mm (direction parallel to channel flow). This value
was determined by trial and error using CFD simulations. It is designed to give

adequate flow distribution in the channels. The solid material is Haynes 230.
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Figure 3.19: SCO2 Circular Channel Design: Top wire-frame view. Blue arrows
show the path of the cold fluid and red arrows show the path of the hot fluid.

3.7.3  Analysis

Full-design, Conjugate, CFD Simulations

Full-design, conjugate, CFD simulations are used to assess pressure drop,
receiver efficiency, and flow distribution. Both the solid and fluid domains are

modeled. The simulation geometry includes the entire device except for the inlet
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Figure 3.20: SCO2 Circular Channel Design: Photograph of assembled device prior
to welding of the three parts and inlet and outlet tubes.

and outlet tubes. Symmetry is used to cut the model in half. Though the geometry
is different, the boundary conditions are identical to those used in the SCO2 pin-fin
full-design simulations.

Table 3.2 shows the design parameters and CFD simulation results. The
dimensions of the channels are restricted by manufacturing capabilities and other-
wise would have been designed with higher pressure drop and efficiency. Flow is

adequately distributed as seen in figure 3.21.
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channel diameter 500 micron
wall width 500 micron
Reynolds number 3.91 x 10?
pressure drop 0.07 bar
heated surface temperature | 1082 Kelvin
receiver efficiency 87.5%

Table 3.2: Parameters and results of full-design CFD simulation of the SCO2
circular channel design.

FEA

Three-dimensional FEA was performed on one of the header parts. The
geometry included one header part, a truncated channel part, and an idealized weld
bead. The weld bead provides necessary structural support and eliminates stress
concentrations at some of the sharp corners on the exterior of the device. Only
mechanical stress is considered since thermal gradients are small in the header.

Two-dimensional FEA is performed for a cross-section of the channel part.
The temperature results from the CFD simulation are applied in order to model the
thermal stress. The minimum structural safety factor from both of these analyses
is 1.3. The highest stress occurs in one of the channel walls, primarily due to
thermal stress. Thermal stress is higher in the circular channel design than other
designs because of the relatively large channels. Larger channels have less total

surface area and higher average flux at the channel walls.
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Figure 3.21: SCO2 Circular Channel Design: Plot of mass flow rate for each
individual channel.
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3.8 Rectangular Channels

The following sections describe the SCO2 rectangular channel design.

3.8.1 Introduction

The second alternate design is similar to the pin-fin design. Instead of a
pin-fin array, it features parallel rectangular channels which are machined instead
of chemically etched. This design is higher risk than the circular channel design
because it features diffusion bonding, the strength of which is uncertain for Haynes
230.

Figure 3.22 shows a CAD model of the SCO2 rectangular channel receiver.
The blue and red arrows represent the path of the cold and hot fluid. The solar
flux is incident on the underside of the bottom-most plate. The large holes on the
top-most plate are the global inlet and outlet of the device. Fluid is distributed
in header channels on the underside of this plate before flowing down through the
middle plate and into the microchannels.

Some designs have channels machined in two halves in the bottom and middle
plates. This moves the diffusion bond seam to the middle of the channel, away
from the corners where high stress occurs. Other designs have channels machined
entirely in the bottom plate.

Figure 3.23 shows a top wire-frame view of the receiver. This plot better
illustrates flow through the receiver. The three horizontal channels are the header
channels; two inlet and one outlet.

Figure 3.24 is a photograph of a plate with the machined microchannels.
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Figure 3.22: SCO2 Rectangular Channel Design: Exploded diagram of the three
plates. Blue arrows show the path of the cold fluid and red arrows show the path
of the hot fluid. Yellow arrows show the direction of the solar flux.
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Figure 3.23: SCO2 Rectangular Channel Design: Top wireframe view. Blue arrows
show the path of the cold fluid and red arrows show the path of the hot fluid.

This plate will be bonded to the other two plates to form the receiver.

3.8.2  Design Parameters

Some of the design parameters cover a range of values or have multiple con-
figurations. These variants will be manufactured in order to test the effects of
various parameters.

The solid material is Haynes 230. Channel height ranges from 110 to 260
micron. Channel width ranges from 300 to 500 micron. For each design variant,

the flow area is designed to meet the pressure drop goal. The number of channels
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Figure 3.24: SCO2 Rectangular Channel Design: Photograph of a manufactured
microchannel plate.

ranges from 9 to 32. The number of channels changes with channel width and is
used in conjunction with channel height to control the pressure drop.

The dimensions of the microchannel array are 2 by 2 cm. As described
earlier, this is determined by the capacity of the solar simulator. The length of the
channels is either 1 or 2 cm. If the length is 1 cm, fluid enters the microchannels at
opposite edges of the array and converges at the center (two inlet and one outlet).
If the length is 2 c¢m, fluid enters at one edge and exits at the opposite edge. The
thickness of the flux plate ranges from 300 to 500 micron. This is determined by

structural analysis.
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channel width 300 micron
channel height 180 micron
wall width 931 micron
Reynolds number 7.15 x 103
pressure drop 0.02 bar
heated surface temperature | 980.3 Kelvin
receiver efficiency 89.7%

Table 3.3: Parameters and results of full-design CFD simulation of the SCO2
rectangular channel design.

3.8.3  Analysis

Full-Design, Conjugate CFD Simulation

Three-dimensional CFD simulations are used to evaluate receiver efficiency
and flow distribution for one of the design variants. The setup for this simulation
is nearly identical to the CFD simulation for the pin-fin design. The geometry
includes the fluid and solid domain up to where the square header in plate 3
extends beyond the heated area. The length of the channels is 1 c¢m, resulting in
two 1 by 2 cm arrays placed side-by-side. Table 3.3 shows the design parameters
and CFD simulation results. Figure 3.25 shows a contour plot of temperature of
the solid region for a cross-section of the device. The flow distribution is adequate

as seen in figure 3.26.
FEA

Two-dimensional FEA is performed for a cross-section of the microchannel
array. Both thermal and mechanical stresses are considered. The resulting stress

is much lower than that in the header channels as described in section 3.5.



65

PP

Figure 3.25: SCO2 Rectangular Channel Design: Contour plot of temperature of
the solid at a cross-section midway along the channels. Flow is into the page and
solar flux is indicated by the yellow arrows.

3.9 Conclusion

Based on CFD simulations, receiver efficiencies are 88.9% for the pin-fin de-
sign, 87.6% for the circular channel design, and 89.7% for the rectangular channel
design. These are very close to the goal of 90%. The other goals and require-
ments, such as flow distribution and structural integrity, are also met. Table 3.4

summarizes the three SCO2 designs with some key characteristics.
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Figure 3.26: SCO2 Rectangular Channel Design: Plot of mass flow rate for each
individual channel.
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CHAPTER 4. MOLTEN SALT DESIGNS

4.1 Rectangular Channels

4.1.1 Introduction

The first molten salt design is a rectangular channel design similar to the
SCO2 rectangular channel design. The design features rectangular channels ma-
chined in a thin plate and additional plates for header channels. The plates are
then diffusion bonded. There are three plates in the design. Plate 1, or the “flux
plate”, is where the channels are machined and the solar flux is incident. Plates 2
and 3 are essentially identical to plates 2 and 3 in the SCO2 rectangular channel
and pin-fin designs. Figure 4.1 shows an exploded view of the design. Figure 4.2
shows a top wire-frame view of the design. This figure clearly shows the path of
the fluid through the device: from the cold inlet on the left, to the hot outlet on

the right.

4.1.2  Design Parameters

The lower average fluid temperature and operating pressure than SCO2
makes it possible to use SS for the solid material. Using SS lowers cost and
fabrication time of the device and allows for the use chemical etching. However,

for the first MS devices manufactured, Haynes 230 is still used and the channels
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Figure 4.1: MS Rectangular Channel Design: Exploded view showing the design
without the middle header plate. Blue arrows show the path of the cold fluid and
red arrows show the path of the hot fluid. Yellow arrows show the direction of the
solar flux.

are machined as stated early. The heated area is 1 by 1 cm. This is the maximum

square area over which the solar simulator can provide an average incident flux of
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Figure 4.2: MS Rectangular Channel Design: Top wire-frame view. Blue arrows
show the path of the cold fluid and red arrows show the path of the hot fluid.

400 W/cm?. The channel length is 1 cm. The length is limited by the solar simu-
lator as described above. The channels could be longer and still meet the pressure
drop goal and will be made longer in scaled-up design. The channel cross-sectional
dimensions are 100 by 100 micron. These dimensions are limited by manufacturing
capabilities. The channels can be smaller and still meet the pressure drop goal,
given the channel length of 1 cm. The flux plate is 100 micron thick. This is based
on structural analysis performed to ensure structural integrity near the flux plate.

When designing the SCO2 header for the pin-fin and rectangular channel de-
signs, the high operating pressure was an obstacle. The middle plate was necessary
on order to separate the large header channel from the thin flux plate. If the same

design is used with MS, even with SS as solid material, structural integrity in the
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headers will not be as severe of an issue due to the reduced operating pressure. It
may even be possible to eliminate the middle plate and still have adequate struc-
tural integrity. Additional structural analysis is needed to determine if the flux
plate will fail if the large header channel is adjacent to it. Figure 4.1 shows an

exploded view of the design with the middle plate removed.

4.1.3  Analysis

FEA

In the absence of high operating pressure, thermal stresses are higher than
mechanical stresses. As a result, three-dimensional FEA of mechanical stress
in header (as was performed for SCO2) is not necessary. Instead, only two-
dimensional FEA of a cross-section of the microchannels is performed. The primary
concern is thermal stress in the channel walls due to the high incident flux in the

MS designs. The resulting safety factor was 2.5.
CFD

Similar to the SCO2 rectangular channel and pin-fin designs, a three-dimensional
CFD simulation of the complete design is performed. The geometry includes the
fluid and solid domain up to where the header channels extend beyond the heated
area. The primary purpose of this simulation is to estimate efficiency and flow
distribution.

Table 4.1 shows the parameters and CFD simulation results. Figure 4.3 shows
a contour plot of temperature of the solid at a cross section of the microchannels.
Figure 4.4 shows a plot of mass flow rate. The flow rate increases toward the global

outlet of the device but is not severely maldistributed.
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channel width 100 micron
channel height 100 micron
wall width 100 micron
Reynolds number 93
pressure drop 0.5 bar
heated surface temperature 800 K
receiver efficiency (95% emissivity) | 94.3%

Table 4.1: Parameters and results of full-design CFD simulation of the MS rect-
angular channel design.

In the mass flow rate plot, there is a small difference between the total mass
flow rate between the inlet and outlet. This error is due to the post-processing used
to calculate the mass flow rate. In this particular simulation, mass flow rate could
not be directly extracted from the CFD software. Instead, velocities at individual
cells were extracted. The cross-sectional area of the channel associated with each
of these cells also could not be extracted. Therefore, that area had to be estimated,
a difficult task due to nonuniform distribution of cells (due to refinement near the
walls). The error in the assumed area resulted in the error in the mass flow rate.
However, the comparison between the flow rate in individual channels at the either
the inlet or exit is still accurate, and an assessment of flow distribution can still
be made. This issue is avoided in other CFD simulations by creating the initial

geometry in such a way that the mass flow rate can be directly extracted.
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Figure 4.3: MS Rectangular Channel Design: Contour plot of temperature of the
solid at a cross-section midway along the channels. Flow is into the page and solar
flux is indicated by the yellow arrows.

4.2 Pin-Fin Array

4.2.1 Introduction

Development recently began on a pin-fin design for MS which will be similar
to the SCO2 pin-fin design. The design features a chemically etched pin-fin array.
Chemical etching is possible due to the use of SS as the solid material (see previous

section).

4.2.2  Single Channel Simulations

Single channel simulations, similar to those discussed in 3.2, are used to

characterize pressure drop. These simulations consists of the fluid region for a one-



74

-5

x 10

mass flow (kg/s)
o

O
o

m exit

® entrance
o) 10 15
position (m) , 447

Figure 4.4: MS Rectangular Channel Design: Plot of mass flow rate for each indi-
vidual channel (difference between inlet and outlet due to error in post-processing,
description in text).

transverse-spacing-wide section of the pin-fin array. Figure 4.5 shows an example
of the simulation geometry used.
The independent variables are pin diameter and pitch and the dependent

variable is friction factor. Pressure drop is extracted directly from the simulations
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Figure 4.5: MS Pin-Fin Design: Diagram showing one end of the single channel
geometry. This is the fluid volume.

and used to calculate friction factor. Table 4.2.2 shows the values of each variable.
There are four data points, one for each combination of the two values of pin
diameter and pitch. Based on these data, the friction factor is fit to a curve of the

form

f=ADPpC (4.1)

where f is friction factor, D is diameter, P is pitch, and A, B, and C' are coefficients
determined by a least squares regression. With this equation for friction factor,
one can estimate the values of pitch and diameter that will give a desired pressure

drop over a given length.
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diameter (micron) | pitch | friction factor
188 1.5 17.8

188 2.0 46.5

250 1.5 9.3

250 2.0 271.7

Table 4.2: Results of MS pin-fin single channel simulations

4.2.3 Header Simulations

Unlike with the previous designs, the project sponsors decided that, for the
MS pin-fin design, the designed pressure drop in the channels should be based
on achieving adequate flow distribution. In other words, the pressure drop in the
channels should be at least ten times that in the headers. This method gives a
minimum pressure drop in the channels. A maximum pressure drop goal should
still be met in order to avoid excessively high pumping power.

Pressure drop in the headers is estimated by simulating one side of the header
system. The header design from the rectangular channel MS design is used. In
order to provide a factor of safety for flow distribution, the mass flow rate is
increased by a factor of four. The resulting pressure drop in the header is 0.05 bar.

Therefore, the channels are designed to have a pressure drop of 0.5 bar.

4.2.4  Design Parameters

The lower average fluid temperature and operating pressure, compared with
SCO2, make SS an appropriate choice for the solid material (see section 4.1). A
pitch of 1.5 is chosen as it shows higher heat transfer coefficient than a pitch of

2.0 in the singe channel simulations. Note that the pitch was not limited by the
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structural requirement as with the SCO2 pin-fin design. The pin diameter is 314
micron. This is the minimum diameter required to meet the pressure drop goal
according to the results of single channel simulations (see section 4.2.2). The etch
depth is 150 micron. This results in a pin height of 300 micron. These dimensions
are based on the limits of isotropic etching as discussed in section 3.1.1. The
dimensions of the pin-fin array are 1 by 1 cm, based on the capacity of the solar

simulator.

4.2.5  Analysis

A CFD simulation is performed for the fluid region of the complete design.
The solid region has not yet been modeled. Table 4.3 shows the key results of
this simulations as well as some of the key design parameters. The pressure drop
is lower than predicted by the single channel simulations. This could be due to
inaccuracy in the full-design simulation due to lower grid resolution compared to
the single-channel simulations. Future work should include investigation of the
error in this simulation associated with grid resolution. Grid convergence studies
performed for single channel geometries are discussed in section 5. The average
channel wall temperature is used to predict the average temperature of the header
surface using 1-D conduction. The temperature of the heated surface is then used
to calculate efficiency. The resulting receiver and thermal efficiencies were 94.1%
and 99.1%.

Figure 4.6 shows a plot of mass flow rate at individual pin-fin gaps at three
locations in the pin-fin array. A gap is the flow area between two adjacent pin-fins.
This flow area is perpendicular to the net flow direction in the array. There are a

discrete number of gaps through which fluid can enter and exit the microchannel
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pin diameter 314 micron
transverse pitch 1.5
Reynolds number 378
pressure drop 0.4 bar
heated surface temperature 838 K
receiver efficiency (95% emissivity) | 94.1%
thermal efficiency 99.1%

Table 4.3: Parameters and results of the full-design CFD simulation of the MS
pin-fin design.

array. Extracting the mass flow rate through each gap gives a measure of flow

distribution. The distribution in mass flow rate at each location is fairly uniform.
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Figure 4.6: MS Pin-Fin Design: Plot of mass flow rate through individual pin-
fin gaps at three locations along the microchannel array. A gap is the flow area
between two adjacent pin-fins. Data is from a full-design CFD simulation.



CHAPTER 5. ERROR ANALYSIS

5.1 Introduction

The following section discusses error analysis performed for the CFD simula-
tions used in designing the receivers. One factor in determining the error of CFD
simulations is grid resolution. A grid convergence study calculates error associated
with grid resolution by comparing results at different resolutions. Because the
SCO2 circular channel and rectangular channel designs were the first (and so far
only) designs to be tested in the solar simulator, they were the first designs for
which error analysis was performed. Error analysis for the SCO2 pin-fin and MS
designs will follow in future work.

For both the SCO2 circular and rectangular channel designs, the geometry
consisted of a single slice of the device containing one channel. The geometry
contained both fluid and solid domains. The geometry also contained part of the
header in order to capture the transition between channel and header flow. This
geometry was identical to the single-channel simulation geometry used in designing
the receiver. Uniform heat flux was applied to the incident surface.

Three simulations with identical geometries were performed. Each consecu-
tive simulation had approximately 1.5 times higher grid resolution than the pre-
vious. The grid was refined uniformly in all directions and at all locations in the
model. Figure 5.1 illustrates this by showing a cross-section of the geometry for

each of the three grid resolutions.
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(a) Coarse (b) Medium (¢) Fine

Figure 5.1: Cross-section of channel and surrounding solid showing the three grid
resolutions.

In order to quantify error, a metric is measured in each of the three simula-
tions. For this study, the metric was a point measurement of fluid-side heat-flux
at the channel wall. Several locations along the length of the channel are used to
get multiple error estimates. The solid-side heat flux was also measured to verify
that it is equal to the fluid-side heat-flux. These heat-flux values were provided
directly by the FLUENT software.

The heat-flux distribution on the channel walls is directly related to the
temperature distribution in the device. Therefore, the error in the heat flux at the
channel wall is directly related to that of the average temperature on the incident
surface and, therefore, the efficiency. Also, the wall heat-flux is related to the
velocity profile and turbulence level in the channel. Using the metric and average
grid size for each of the three resolutions, the GCI (grid convergence index) is

calculated and, from that, the error in the metric is calculated.

5.2 Results

Figure 5.2 shows a three-dimensional contour plot of heat flux at the fluid-

solid interface for the rectangular channel design. In figure 5.2, the wall of the
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channel closest to the incident surface can be seen. Fluid enters on the left and
exits on the right. The region of high heat flux near the inlet of the channel is
caused by the transition from the header to channel. The constriction and direction

change going into the channel causes mixing and high velocity gradients.

heat-flux
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Figure 5.2: Three-dimensional contour plot of heat flux at the fluid-solid interface
for the SCO2 rectangular channel design.

There is another region of relatively high heat flux at about halfway along the
length of the channel. This is a consequence of heat conducting through the solid
toward the inlet and outlet headers; some heat is transferred from solid to fluid in

the headers. Heat from the irradiated surface conducts through the solid not only
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toward the channel but also upstream and downstream parallel to the fluid flow in
the channel. Upstream of this high flux region, heat flows upstream through the
solid toward the inlet header; downstream of this region, heat flows downstream
toward the outlet header. In this high heat flux region, heat flows direct toward
the channel, with no upstream or downstream component. The circular channel
design exhibited the same patterns of heat flux distribution.

In figureb.3, the heat flux at a single point on the channel wall for the rectan-
gular design is plotted against average grid size. The three data points correspond
to the three grid resolutions. The coarsest grid corresponds to the right-most point

and the finest grid corresponds to the left-most point.
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Figure 5.3: Plot of heat flux versus grid size at a single point on the channel wall
for the SCO2 rectangular channel design.
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For the rectangular channel design, the resulting error ranged from 0.8% to
0.9%. For the circular channel design, the resulting error was approximately 0.7%.

The error was slightly different for each point on the channel wall.



CHAPTER 6. EXPERIMENTAL VALIDATION

The following sections introduce experiments and experimental validation
simulations. Experimental validation has been performed for one experimental
case and will be performed for additional cases as experimental data becomes

available.

6.1 Introduction

Experimental validation thus far has focused on the designs currently manu-
factured and tested. So far, only the SCO2 rectangular design has sufficient exper-
imental data. First, the experimental setup should be briefly explained. Figure 6.1
shows a side-view cross-section of a circular channel device and the experimental
setup. Solar flux is incident on the top of the device, indicated by the yellow lines.
These lines are angled, converging on the receiver, due to the shape of the reflector
in the solar simulator. Some of the solar flux is incident directly on the insulation,
indicated by the yellow lines on the far left and right. This caused problems in
early experiments because heat was being absorbed by the device than was in-
tended. A water-cooled metal plate was placed above the recevier surface (not in
direct physical contact with the insulation) to block this extra radiation.

There are several experimental measurements relevant to validation. First
is the fluid temperature and pressure at the inlet and outlet of the device. These
values are measured in the inlet and outlet tubes outside of the recevier, but as

close as possible to it. The inlet and outlet tubes are insulated, though figure 6.1
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solar flux / insulation

/

fluid metal

Figure 6.1: Diagram of experimental setup

does not show this insulation. Second is the map of incident solar flux. This map
is a set of heat flux measurements on a two-dimensional grid that covers the heated
area. The map is generated by moving a small heat flux meter around the heated
area using an xy traverse. Third is surface temperature measurements at several
locations on the exterior of the device, placed at the interface between metal and
insulation. Quantities from simulation which need to be validated are pressure

drop, receiver efficiency, and heat loss through the insulated surfaces.

6.2 Experiments

Experiments performed so far can be put into two categories: “unheated”

and “heated”. The following sections explain these two types of experiment and
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their purpose.

6.2.1  Experiments with the Device Unheated

In “unheated” experiments, the lamp in the solar simulator is off. The region
of the exterior of the device which is intended to absorb solar flux (the heated area)
is insulated. Hot fluid enters the device and cold fluid exits. Thermocouples are
attached to the exterior walls underneath the insulation at various points. The

global heat transfer for the device in this experiment is

mAh = (loss,ins (61)

where m is mass flow rate, measured by a flow-meter; Ah is enthalpy change
of the fluid, calculated using the inlet and outlet temperature of the fluid; and
Qloss,ins 15 the heat loss through the insulated exterior walls of the device. Using
several such experiments with different inlet temperatures, a “heat loss curve”
was created. This is a correlation for heat loss through the insulated walls versus
average body temperature (average of the thermocouple readings). Figure 6.2 plots
thermocouple measurements versus average body temperature. The plot shows an
approximately linear relationship between each of the individual thermocouple

measurements and the average body temperature.

6.2.2  Experiments with the Device Heated

In “heated” experiments, the lamp is on. Cold fluid enters the device and hot

fluid exits. The thermocouples mentioned in the previous section remain attached.
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Figure 6.2: Plot of thermocouple measurements for “unheated” experiments versus
average body temperature.

The measured flux map is used to estimate the incident flux.

The “heat loss curve” is used to estimate heat loss through the insulated
walls. Note that the temperature distribution in the solid material in the “heated”
and “unheated” experiments is very different; fluid is heated in one and cooled
in the other. This could mean that the relationship between the average body
temperature and heat loss through the insulation is also different. This could be
a source of error in the estimated heat loss through the insulated walls. Also, the
average body temperature in the “heated* experiments is much higher than in the
“unheated” experiments. Therefore, the “heat loss curve” has to be extrapolated
to the temperatures seen in the “heated” experiments. Since the “unheated” ex-
periments are currently the only method for the team to measure the heat loss

through the insulation, this error cannot yet be quantified.
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The global heat transfer equation for “heated” experiments is

(Jinc = mAh + Qloss,ins + Qoss,irr (62)

where ¢, is the heat input from the solar simulator and gessirr is heat loss from
the irradiated surface. Heat loss from the irradiated surface is calculated from this
equation and used to calculate efficiency. Thermal efficiency is
mAh
Neh = (6.3)

Ginc — Qloss,ins — loss,ref

where @oss ref 1s the heat loss from reflection.

6.3 Results

CFD simulations are performed which match the conditions in the “heated”
experiments. The mass flow rate and inlet temperature are set equal to experi-
mental measurement. In the simulation, no heat loss is modeled from the heated
surface or the insulated surfaces; all heat incident to the receiver surface is ab-
sorbed by the fluid. This incident heat is set as a constant heat flux boundary

condition on the heated surface. The global energy balance for the simulation is

m(hout - hzn) = (qin (64)

where m is mass flow rate, h,,; is the enthalpy at the outlet, h;, is the enthalpy
at the inlet, and ¢, is the heat input. The mass flow rate, inlet enthalpy, and the
heat input are all directly controlled using boundary conditions. Therefore, the

outlet enthalpy is also directly controlled, which determines outlet temperature.
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Receiver efficiency is calculated using the average temperature of the heated surface
and compared to the experimentally measured efficiency from (6.3).
Experimental data used for validation comes from a recent set of experiments
for a SCO2 rectangular design. Only one of the experimental cases has been
analyzed so far. Table 6.1 presents data from this experimental case and the
accompanying simulation. In the experimental data, mass flow rate and incident
flux are varied in order to vary the exit temperature. The experimental case
presented in the table had one of the highest thermal efficiencies due to its high

incident flux.

mass flow | heat in (W) | exit temperature | thermal

rate (g/s) (K) efficiency
experiment | 0.910 429 927 0.984
simulation | 0.910 276 927 0.931

Table 6.1: Experimental data and validation simulation results for SCO2 rectan-
gular design.

Using experimental results, the thermal efficiency is estimated to be 98.4%.
The CFD simulation, however, predicted a thermal efficiency of only 93.1%, a
difference of 5.4%. This difference is within the combined uncertainty of the two
values of efficiency. Sources of error include the experimental measurements; the
CFD simulation; the “heat loss curve” (curve fit error and experimental error as-
sociated with the “unheated” experiments); and estimates of constants (emissivity
of the irradiated surface, natural convection coefficient, etc.).

Pressure drop has not yet been measured in experiments. When it is, it will

be compared with simulation results.



CHAPTER 7. SCALED-UP DESIGN

A design concept is sought for a 1 m? receiver panel. The panel will consist
of unit cells based on previously discussed designs. The SCO2 rectangular channel
and pin-fin designs and the MS designs can be made scalable. The header chan-
nels which extended beyond the irradiated area can be rearranged to keep them
within that area. This does not require significant change to design, nor should
it significantly affect pressure drop or efficiency. Using, for example, a 2 by 2 cm
unit cell, the large panel would have 50 by 50 cells for a total of 2500 cells. The
individual unit cell inlets and outlets will be connected by additional header plates.
The challenge is to connect the 2500 inlets and 2500 outlets and have low pressure
drop in the header and, therefore, adequate flow distribution to each of the unit
cells. At the time of writing, there are two concepts.

The first is a multi-layer branching header. In this concept, a single header
channel repeatedly branches into smaller channels. Such a design could take many
different forms, depending on how many new branches are formed at each level.
The obvious choice for a square panel is for each header channel to branch into four
smaller header channels. This is depicted in the following figure. One disadvantage
of this concept is that it would require several additional header plates, increasing
the size and complexity of the receiver. For example, to have at least 50 unit cells
in each direction, the header channel would have to branch six times, requiring at
least six additional header plates. Figure 7.1 shows a fluid volume rending of a
branching channel design; the solid material is not shown. The model in the figure

contains only 4 by 4 unit cells in order to aid understanding of the concept.
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Figure 7.1: Fluid volume rendering of a branching channel header. The large
cylindrical sections at the top are the global inlet and outlet tubes. The small
parallel sections at the bottom are the microchannels. The inlet header channels
are blue and the outlet header channels are red.

The second is a single-layer pin-fin type header. In this concept, there are
two pin-fin arrays: one for the cold fluid and one for the hot. Each array would
cover the entire area of the 1 m? panel. All of the unit cell inlets and outlets would
connect to the pin-fin arrays, along with a large inlet and outlet hole near the
center of the arrays. Figure 7.2 shows the concept for a 10 by 10 unit cell panel.
The challenge for this concept is to have sufficient flow area to have low pressure
drop and also have sufficient bonding area to withstand operating pressure of fluid.

As with the receiver designs, this will be a greater issue for SCO2 than for MS.
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Figure 7.2: Cutaway view of the pin-fin header channel concept. Blue arrows
indicate cold fluid, red arrows indicate hot fluid, and yellow arrows indicate solar

flux.



CHAPTER 8. CONCLUSION

Based on CFD simulations, the highest receiver efficiencies were 89.7% for
SCO2 and 94.3% for MS (assuming 95% emissivity). These values are close to
the goal and the theoretical limits for the given fluid temperature. The receiver
efficiency is highly dependent on the emissivity of surface. Investigation of the
emissivity for different surface treatments is important to increasing receiver effi-
ciency but was beyond the scope of this work.

The pressure drop goal was satisfied in all cases. The SCO2 circular channel
and MS rectangular channel designs had pressure drop much lower than the target
value. This was due to manufacturing limitations which prevented channels of
smaller size. Because receiver efficiency generally increases with increased pressure
drop, further investigation into what is a maximum acceptable pressure drop should
be conducted.

The minimum structural safety factor for any design was 1.3 (SCO2 rect-
angular and pin-fin designs). And to date, there have been no structural failures
during testing. However, a higher safety factor will probably be necessary for a
large scale implementation and long-term operation.

Flow distribution was adequate in all designs. All designs showed noticable
variation in flow rate, but none showed regions of higher temperature as a result.
Flow distribution will likely be a most substantial issue when designing a larger-
scale receiver.

None of the manufactured devices are directly scalable. However, the SCO2

rectangular channel and pin-fin designs and the MS designs can be scalable with
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some modification to the header (see section 7). Design concepts for a scaled-up
design have been developed. However, the task of ensuring flow distribution using
CFD simulation has not begun.

Based on the simulation results, microchannels are a viable technology for
CSP receivers and can achieve high efficiency with reasonable pressure drop. This
work and the successful testing of the manufactured devices should lead to the

development of larger scale microchannel CSP receivers.

8.1 Recommendation for Future Work

There are several areas of research which could further increase the efficiency
of a microchannel solar recevier and make such a device more practical for large
scale application. For increasing efficiency, one appraoch would be to eliminate
some of the manufacturing limitations. This would allow for higher aspect ratio
channels. Increasing aspect ratio increases the surface area of the channels while
maintaining a small diffusion length. As discussed in section 3.2.2; there is an
optimal aspect ratio that yeilds maximum heat transfer coefficient. Allowing for
higher pressure drop would also increase efficiency by allowing smaller overall chan-
nel dimensions and higher flow rates. The tradeoff between increased efficiency and
increased pumping power should be studied. Other channel layouts could also be
tested, such as branchng channels. Though unrelated to the microchannels them-
selves, the absorptivity of the recevier surface is a major contributor to recevier
efficiency. Research into coatings or surface treatments should be pursued in or-
der to maximize absorption of incoming radiation. Finally, research into the solid
materials and manufacturing processes used in creating the microchannels could

make the recevier more cost effective and practical.



APPENDIX A. EQUATIONS

Al Pin-Fin Geometry

Figure A.1 shows a top-view diagram of a circular, staggered pin-fin array
geometry and key dimensions. There are three spacing dimensions: St is transverse
spacing, Sy, is longitudinal spacing, and Sp is diagonal spacing. In a uniformly

spaced array, St and Sp are equal and

V3

S =551 (A.1)

Each spacing dimension has an accompanying pitch, defined as the ratio of
the spacing to the pin diameter, and denoted Pr, P, and Pp. Similar to spacing,
there are three edge-to-edge distance dimensions: G, G, and Gp. These are the
distances between the outer edges of adjacent pins. Again, in a uniformly spaced
array, the transverse and diagonal distances are equal. We are only concerned with

the transverse distance, which we will call G.

G=Gr=Gp (A.2)
—D— Sy (A.3)
—=D-—PD (A.4)

— D(1 - Pr) (A.5)



96

In a pin-fin array, multiple cross-sectional areas of the fluid can be defined.
One cross-sectional area is of interest because it has the highest average velocity.
This area is between the two top-most pins (where the G dimension is marked).

The area is

A =G (A.6)

FLOW

Figure A.1: Top-view diagram of a for a circular staggered pin-fin array with key
dimensions.
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A.2 Fluid Dynamics and Heat Transfer

A2.1 Mass Flow Rate

Global heat transfer, ignoring all loss terms, is

mAh = ¢ A (A7)

where 7 is the mass flow rate, Ah is the change in enthalpy from inlet to outlet,

q" is the average heat flux, and A is the receiver area. Mass flow rate is given by

) ql/A
= A.
=T (A.8)
The enthalpy change is given by
Tout
Ah = / cpdT (A.9)
T’Ln

where T is temperature and ¢, is the temperature-dependent specific heat.

A.2.2  Reynolds Number

The Reynolds number is used to determine if the flow is laminar or turbulent
and in correlations for pressure drop and heat transfer. The equation for hydraulic

diameter Reynolds number is
_ puDy
Ju

Re

(A.10)
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where p is the density, v is the average velocity, and p is the dynamic viscosity.

Dy, is the hydraulic diameter given by

Dy = (A.11)

where A, is the cross-sectional area and P is the perimeter.
Circular, Staggered, Uniformly-Spaced Pin-Fin Array

In a circular, staggered, uniformly-spaced, pin-fin array, the velocity used is
the average velocity through the smallest cross-sectional area (described in sec-
tion A.1) given by

m 4 4

= = A.12
pA;  prnG%  pwD?(1 — Pr)? ( )

v =

The hydraulic diameter is equal to the pin diameter. So the Reynolds number is

Re = PP (A.13)
7
41
= DB (A.14)

A.2.3  Pressure Drop

Rectangular Channel

Pressure drop for fully-developed flow in a rectangular channel is given by

L pv?
Ap=f—— Al
r=Ip (A.15)
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where f is Darcy friction factor, L is channel length, D; is hydraulic diameter, p

is density and v is average velocity. Replacing velocity with mass flow rate gives

Lp({ m \° L1/ m\
_ Ly _p L1 A16
P=ID,2 (pACSN> T Du2p (ACSN> (A.16)

where Nr is the number of channels. Substituting (A.8) for mass flow rate gives

7 2
L1 [ %4 L1 o A
Ap=f—— -2 | =f—— | F— A7
Substituting additional geometric relations gives

L1 [ ¢WL\> I31 JgW 2
Ap— f— = ) == 4 Al
r=I5,3 (ACSNAh) I Bnap (ACSNAh (A.18)

where W is the width of the array (direction perpendicular to flow). For laminar
flow, Shah and London [10] give a relationship between Fanning friction factor,

Reynolds number, and aspect ratio
fRe = 24(1 — 1.3553 + 1.9467a* — 1.70120° + 0.9564a* — 0.25370°)  (A.19)

For turbulent flow, the hydraulic diameter Reynolds number and the Moody chart

can be used to get an estimate of friction factor.
Pin-Fin Array

The pressure drop for fully-developed flow in a uniform pin-fin array is

2
Ap = fNL% (A.20)
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where f is Darcy friction factor, Ny is the number of channels in the direction of
flow, p is the fluid density, and v is the maximum average velocity (average velocity
through the smallest cross-sectional area). Substituting the relationship between

mass flow rate and velocity gives

. 2 . 2
(N g, L (L
Ap = fNrg (pAlNT) = fNsz (AlNT) (A.21)

where A; is the cross-sectional area defined in appendix A.2.2. Substituting (A.8)

for mass flow rate gives

2
q//A

1 (Ah) 1 A\’
Ap=fN,— | ~—* | =fN,— | ——— A.22
P=INe AN, INes, (AlNTAh) (A.22)

Substituting additional geometric relations gives
2

L1 {( ¢WL 31 [ ¢"Sr\°
Ap— f— — =] = == A.23
r=1g5 9, <A1%Ah> Sz 2p (AlAh (A.23)

where W is the width of the array (direction perpendicular to flow).

Many correlations for friction factor have been reported in literature. How-
ever, the results vary greatly between different authors. And most of this literature
concerns only laminar flow. Correlations for banks of tubes have been well estab-
lished for both laminar and turbulent flow. However, since micro-pin-fin height is
generally short compared to their diameter, the effect of the walls makes use of

such correlations invalid.
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A.24 Heat Transfer

Forced Convection

The general form for convection heat transfer is

q= hAchan surAT = hAchan sur (Twall - Tbulk ﬂuid) (A24)

where h is heat transfer coefficient, Acpan sur 1S the surface area of the channel, Ty
is the wall temperature, and Ty guia is the average temperature of the fluid. The

heat transfer coefficient can be determined from the Nusselt number

NuDh = — <A25)

where Dj is the hydraulic diameter and k¢ is the thermal conductivity of the
fluid. Correlations for Nusselt number based on Reynolds number and channel
dimensions can be found in literature. Solving for the temperature of the wall

gives
q

T, W= 7
e hAchan sur

+ Thulk fluid (A.26)

Conduction

The general form for one-dimensional conduction heat transfer is

AT

1= k5,

(A.27)

where kg is the thermal conductivity of the solid, AT is the temperature difference

across the solid, and Ax is the thickness of the solid. The temperature difference
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across a section of solid material is

AT = q?j (A.28)
A.3 Efficiency
A.3.1  Receiver Efficiency
Receiver efficiency is given by
- q;zd (A.29)

where gauq is the heat absorbed by the fluid and ¢, is the total incident solar

flux. The heat absorbed by the fluid can be substituted to get

p = Jme " Qoss _q Hloss (A.30)
(inc Qinc

where g 18 the total heat loss from the device. Alternatively, the denominator

can be expanded to get

n = Gfuid
Gfluid + Qrad + Gconv + Qref

(A.31)

where ¢paq is radiation 10ss, geony 1S convection loss, and g.f is reflection loss from
the heated surface of the receiver. This assumes no loss through the other exterior

surfaces of the device. The reflection loss can be written as

Qref = Pqinc — (1 - E)qmc <A32)
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This is then substituted into the equation for the total incident solar flux

Ginc = (qfuid + Grad + Gconv + (1 - 6)Qinc <A33)

(1 -1+ €>Qinc = €Qinc = Gfluid T Grad + Geonv (A34)
1

Jinc = Z(qﬂuid + Qrad + qCOI’lV) (A35)

This can be used to give a new form for the receiver efficiency

gfluid €41uid ( A3 6)

77 = =
%(QHuid + Grad + (:ZCOHV> dAuid + Qrad + Jconv

A.3.2  Thermal Efficiency

We define thermal efficiency as the efficiency ignoring reflection losses

= — Juid (A.37)
@inc — Qref

B Ginc + Grad + Gconv

A.3.3 Estimation of Constants

Several constants appear in the efficiency equations and must be determined.
The emissivity used in the presented results is 95%. This is based on the reported
properties of pyromark paint [23].

The coefficient for natural convection is estimated using correlations for nat-
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ural convection for a horizontal plate [24].

__ 0.54Ra)* (10" < Ra < 107)
Nu;, = (A.39)

0.15Ra}® (107 < Ra < 10'1)
where Ray, is the Rayleigh number

gﬁ(Ts - Too)L3

voa

Ray = GrpPr = (A.40)

where g is the acceleration due to gravity, § is the volumetric thermal expansion
coefficient of the fluid, T is the surface temperature, T, is the ambient tempera-
ture, L is the characteristic length, v is the kinematic viscosity of the fluid, and «
is the thermal diffusivity of the fluid.

The ambient temperature for both radiation and natural convection are, at
first, set equal to room temperature. Later, experimental measurements of the

surface of the reflector and the air near the heated surface are used.

A.3.4  Overall Efficiency

It is useful to examine the relationship between overall plant efficiency and
recevier temperature and other design parameters. We can derive an equation for
the overall efficiency of a CSP plant by combining cycle efficiency and recevier
efficiency. We will assume cycle efficiency equal to the Carnot efficiency. Carnot
efficiency is

NCarnot = 1 —— (A41)
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where Ty is the temperature of the recevier (assumed to be close to the peak
temperature of the working fluid) and T is the temperature of the surroundings
(we will use 293.15 K).

For receiver efficiency, convection losses are ignored; only reflection and ra-

diation losses are considered.

Three = @inc — Qrad — Qref (A42)
Ginc
_ @inc — Qrad — (1 - G)Qinc <A43)
Ginc
_ Einc — Grad (A.44)
Ginc
Grad
=€— A.45
(inc ( )
Ace(Th — T4
e UE(AZ” c) (A.46)
— ¢ (1 — (T - Té)) (A.47)
oTd (Th — T4
— (1 A ( 2 (449
Tu\'
=e|l—-K — ] =1 A .49
A dimentionless constant K is used to simplify the equation.
oT?
K = q.”c (A.50)

The numerator of K is the heat flux emitted by a black body at T and the
denominator is the solar flux incident on the receiver.

The overall plant efficiency is the product of the cycle and receiver efficiency

n—<1—%>e<1—f{<(%)4—1>) (A51)
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The derivative of efficiency with respect to Ty is

In

€
= _(TS(K +1)+3KT-T% — 4KT? A.52

Using the derivative, a contour plot of maximum efficiency versus K and emis-
sivity is created (see figure A.2). The overall efficiency increases with increasing
emissivity and decreasing K. K can be decreased by increasing the incident solar

flux.

0.5

—5.0 —4.5 —4.0 —3.5 —3.0 —2.5
log(K)

Figure A.2: Contour plot of maximum efficiency versus K and emissivity.

T, the temperature of the receiver corresponding to the maximum effi-

ciency, is a function of only K. Figure A.3 plots this relationship.
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Figure A.3: Plot of recevier temperature at maximum efficiency versus K.



APPENDIX B. MATERIALS

B.1 Carbon-Dioxide

Properties for carbon-dioxide are curve-fit to polynomial functions of tem-

perature from EES data. EES data comes from various sources [25, 26, 27]. The

temperature range is centered around the inlet and outlet temperature. Properties

are evaluated at a pressure of 120 bar.

Inlet (773 K)

Average (848 K)

Outlet (923 K)

Density (kg/m?)

Specific Heat (J/kg K)

Dynamic Viscosity (Pa s)
Thermal Conductivity (W/m K)

81.1

1.20E3
3.50E =5
0. 712F — 2

73.5

1.22E3
3.73E -5
6.23F — 2

67.3

1.24E3
3.96E — 5
6.73F — 2

Table B.1: Properties of carbon-dioxide at 120 bar and at the inlet, average, and

outlet temperature of the fluid.

B.2 Dynalene MS-1

Some properties for Dynalene MS-1 are curve fit to polynomial functions of

temperature [6]. Dynamic viscosity and thermal conductivity are not reported to

change significantly with temperature.



Inlet (573 K)

Average (723 K)
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Outlet (873 K)

Density (kg/m?) 1.78E3
Specific Heat (J/kg K) 1.54E3
Dynamic Viscosity (Pa s) 1.9E3

Thermal Conductivity (W/m K) | 0.48

1.72E3
1.42E3
1.9E3
0.48

1.66E3
1.29E3
1.9E73
0.48

Table B.2: Properties of Dynalene MS-1 at the inlet, average, and outlet temper-

ature of the fluid.

B.3 Stainless Steel

Table B.4 lists relevant properties of 316 Stainless Steel. This data comes

from Allegheny Ludlum Steel Corporation [28].

Density (kg/m?)

Specific Heat (J/kg K)
Thermal Conductivity (W/m K)

Coefficient of Thermal Expansion (0-871 C) (107°C~1) | 11.1

Stress to rupture in 100 hours (871 C) (MPa)
Stress to rupture in 1000 hours (871 C) (MPa)

7990
500
214

41.4
20.7

Table B.3: Properties 316 Stainless Steel.
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B.4 Haynes 214

Table B.4 lists relevant properties of Haynes 214. This data comes from
Haynes [29]. In CFD simulations, temperature dependence was modeled for specific

heat and thermal conductivity using a polynomial function.

Density (kg/m?) 8050
Specific Heat (700 C) (J/kg K) 668
Thermal Conductivity (700 C) (W/m K) 26.9
Coefficient of Thermal Expansion (0-700 C) (1075C~1) | 15.8
Stress to rupture in 100 hours (870 C) (MPa) 91
Stress to rupture in 1000 hours (870 C) (MPa) 54

Table B.4: Properties Haynes 214.

B.5 Haynes 230

Table B.5 lists relevant properties of Haynes 230. This data comes from
Haynes [30]. In CFD simulations, temperature dependence is modeled for specific

heat and thermal conductivity using a polynomial function.

Density (kg/m?) 8970
Specific Heat (700 C) (J/kg K) 574
Thermal Conductivity (700 C) (W/m K) 22.4
Coefficient of Thermal Expansion (0-700 C) (1075C~1') | 14.7
Stress to rupture in 100 hours (870 C) (MPa) 83
Stress to rupture in 1000 hours (870 C) (MPa) 57

Table B.5: Properties Haynes 230.



APPENDIX C. EXPERIMENTAL VALIDATION

The following section discusses numerical modeling of insulation heat loss.
This is not necessary for validation of key experimental variables and is therefore
presented as an appendix.

Numerical modeling of the heat loss through the insulated walls is sought.
To do this, a temperature profile for the exterior surface of the receiver is gener-
ated from thermocouple measurements using a simple two-dimensional conduction
model applied over the exterior surfaces of the device. This temperature profile
is then applied as a constant temperature boundary condition (Dirichlet) to CFD
simulations. The constant temperature condition leads to heat transfer through
the exterior walls.

Initially, a generated temperature profile was applied to CFD simulations
for different experimental cases. In each case, the heat transfer through the exte-
rior walls was very different than that predicted by the “heat loss curve”. In the
simulation for some cases, heat was actually coming into the device through the
insulated surfaces. The suspected issue was inaccuracy in the generated tempera-
ture profile. Varying the temperature profile shows that the simulated heat loss is
very sensitive to this profile.

Instead, three experimental cases are used to first calibrate a scaling factor.
The scaling factor is applied to the thermocouple measurement before generating
the profile. The scaling factor is adjusted until the heat loss in the simulation
matches that predicted by the “heat loss curve®.

Figure C.1 shows the results of the calibration as a plot of average body tem-
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perature versus the required scaling factor to match the heat loss predicted by the
“heat loss curve”. The scaling factor decreases slightly with body temperature. A
forth simulation is performed for a forth experimental case with a different aver-
age body temperature than the calibration cases. The scaling factor is calculated
based on the results of the calibration. The simulation heat loss is within 12% of

that predicted by the “heat loss curve”.

0.730
0.720
0.710

0.700 L

scaling factor

0.690 -
0.680

0.670
560 580 600 620 640 660 680 700

average body temperature (K)

Figure C.1: Plot of scaling factor required to match “heat loss curve” in simulation
versus average body temperature.
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