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PREFACE

The California Energy Commission Energy Research and Development Division supports
public interest energy research and development that will help improve the quality of life in
California by bringing environmentally safe, affordable, and reliable energy services and
products to the marketplace.

The Energy Research and Development Division conducts public interest research,
development, and demonstration (RD&D) projects to benefit California.

The Energy Research and Development Division strives to conduct the most promising public
interest energy research by partnering with RD&D entities, including individuals, businesses,
utilities, and public or private research institutions.

Energy Research and Development Division funding efforts are focused on the following
RD&D program areas:

¢ Buildings End-Use Energy Efficiency

¢ Energy Innovations Small Grants

¢ Energy-Related Environmental Research

e Energy Systems Integration

¢ Environmentally Preferred Advanced Generation

e Industrial/Agricultural/Water End-Use Energy Efficiency
¢ Renewable Energy Technologies

e Transportation

This is the final report on the subject of Advanced Energy Delivery for Food Processing: Direct
Steam Generation in Parabolic Trough Solar Collectors under grant award number PIR-09-003
conducted by Abengoa Solar LLC. The information from this project contributes to the Energy
Research and Development Divisions’s Industrial/Agricultural/Water End-Use Energy
Efficiency

For more information about the Energy Research and Development Division, please visit the
Energy Commission’s website at www.energy.ca.gov/research/ or contact the Energy
Commission at 916-327-1551.
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ABSTRACT

Food processing is the third largest industrial energy user in California consuming 600 million
therms of natural gas and 3,700 million kWh per year. This industry is a major user of low
temperature heat and a prime target for using solar technology. Steam is a common mode of
energy delivery in the industry and technologies to reduce solar steam costs will improve
competitiveness in the market place.

Direct steam generation (DSG) in the absorber tube of a parabolic trough collector could reduce
steam costs by increasing thermal output and reducing capital costs compared to existing
technology. This report addresses the technical challenges of commercializing industrial DSG
technology.

Abengoa Solar built a pilot plant for operational experience in DSG and to generate data to
develop models that would be used in the design of commercial installations. Experiments
under varying conditions of steam flow, pressure and solar radiation confirmed the
performance advantages of DSG, demonstrated the stability of this process and discovered no
mechanical issues that would preclude the industrial use of the technique.

Future work is required to develop theoretical correlations of the experimental data. These
correlations would be used to design the pipe network of a commercial DSG plant and to test
the stability of the network against flow excursions. The cost and performance of the
commercial design would be compared against the parameters of conventional technology to
determine the economic benefits of DSG technology.

A first commercial demonstration DSG plant would be necessary to accelerate the technology in
the marketplace.

Keywords: California Energy Commission, solar collectors, solar concentrators, parabolic
troughs, solar thermal, solar heat generation, solar steam generation, two phase flow, direct
steam generation, computational fluid dynamics, food processing industry, renewable energy,
industrial process heat, San Joaquin Valley
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EXECUTIVE SUMMARY

Introduction

The food processing industry in California is a major consumer of energy. More than 600
million therms (60 trillion Btu) per year of natural gas are used to fuel thermal food processing
operations that require relatively low temperature heat. This industry is an important target of
the renewable energy industry to provide an economic alternative to fossil fuels that will also
reduce green house gases and other pollutants. There are, however, numerous barriers to
widespread installations of solar thermal technologies. These include lack of financial incentives
that promote solar thermal technologies compared to other renewable energy technologies, the
absence of credits to reduce air pollution and an industry unfamiliar with this technology,
especially generating steam from solar.

Steam is a common form of delivering thermal energy to applications in the food processing
industry. Typically low pressure steam, in the range of 50 — 150 pounds per square inch gage
(psig) is needed, but sometimes medium pressure steam up to 300 psig is used. Using parabolic
trough solar concentrators to generate steam at these temperatures is a good application.

In 2008, to introduce solar steam technology to the food processing industry and to demonstrate
its potential to reduce fossil fuel use and air pollutants, the California Energy Commission
provided funding to help install a ground breaking parabolic trough solar steam system at the
Frito Lay plant in Modesto, California. This large system of more than 54,000 square feet of solar
collectors is designed to produce all the required 300 psig steam used at the plant to heat the oil
that is used to cook “Sun Chips”, a snack food. Although the Frito Lay solar system successfully
generated the 300 psig steam steam, it was also expected to use existing conventional plant
equipment to deliver that steam which increased its cost. This equipment included the unfired
steam generator, the expansion tank and affected the cost of pumps, piping and fittings because
of the increased temperature-pressure rating.

Project Purpose

For this project, researchers investigated the concept of using direct steam generation (DSG) for
food processing. DSG was first promoted in the early 1980’s in the United States as a way to
reduce the cost of solar heat in industry. In the 1990’s, the research and development focus
shifted to Europe where DSG was promoted as a method to decrease the cost of electricty
generatated using parabolic trough collectors.

With DSG technology, steam is generated directly in the absorber tubes of a parabolic trough
solar collector. The temperature and pressure of operations in the solar field would be close to
the conditions required, and a steam separator tank would replace the unfired steam generator
and expansion tank. DSG has the potential to reduce the cost of the equipment necessary for
solar steam generation and increase thermal output. Both of these actions reduce the cost of
solar generated steam and improve the competitive postion of the technology compared to
burning natural gas.



Results

This report addresses the technical challenges of commercializing DSG technology to produce
industrial steam. The researchers surveyed the literature and found that correlations of two
phase flow were the most relevant to use for this project. Even though these correlations were
validated only for pressures greater than what is required for the parabolic trough solar
collector, this research was the starting point for the analysis of low pressure DSG. To test these
analyses, a pilot solar flow loop was built at Abengoa Solar’s offices in Lakewood, Colorado to
generate DSG data and gather operational experience (Figure ES-1).

Figure ES-1 Direct Steam Generation Pilot Plant: Solar Collector Loop Generating Steam

e
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At the same time as this project, researchers at the University of Colorado, Boulder applied
Computational Fluid Dynamic techniques to DSG. Computational Fluid Dynamics uses
fundamental equations to analyze and solve problems in fluid mechanics. The University of
Colorado work produced a computer visualization of two-phase fluid flow within a short
section of the receiver tube and also predictions of tube dryout.

The experimental program initially characterized the system under liquid flow so that actual
temperatures and pressures in the collector loop and solar measurements could be correlated
with theoretical models. Numerous experiments were then conducted under different initial

conditions of flow and steam pressure settings.



This experimental data confirmed that a DSG system:

e Operates at a lower pressure and lower temperature than a conventional solar steam-
generating system.

e DSG has the potential to reduce system capital costs while at the same time delivering
increased thermal energy output.

e The potential gains increase as the steam delivery pressure increases.

e The direct generation of steam is stable over a wide range of operating conditions and
imposed perturbations brought about by changes in solar radiation and flow rate.

e There is no evidence of mechanical damage caused by DSG to solar system components.

The researchers concluded that further testing of these theoretical models is necessary and/or
develop new ones to correlate actual data to theoretical models. These models would be used to
design the pipe network of a commercial DSG plant and to test the response of the network to
perturbations likely to be encountered in the field. The model will also be used as tool to test
strategies to avoid tube dryout. The proposed commercial plant design would be used as the
basis for economic and performance comparisons with conventional solar steam plants.

Benefits

Food processing is the third largest industrial energy user in the state and highly sensitive to
energy price “shocks” which makes it a major target for energy strategies aimed at reducing
green house gas and air pollution emissions. Renewable energy technologies have the potential
to address both these issues.

As the DSG system is more accepted in the industry, coupling this technology with the
parabolic trough solar collector can significantly reduce the capital costs of installed of solar
systems, increase thermal performance and lower natural gas and electricity use.






CHAPTER 1
Introduction

1.1 Market Driven Potential of Solar Steam Generation

On Earth Day in April 2008, California Governor Arnold Schwarzenegger inaugurated a
ground-breaking solar thermal system at the Frito Lay plant in Modesto, California. With a net
collector area of 5,069 meters square (54,528 square feet), this was one of the largest process heat
systems in the world and the first solar steam system to be installed in the US since the
Department of Energy-funded demonstration projects in the early 1980’s. The 300 psig, 422°F
(20.7 bar, 217° C) steam solar generated heat is exchanged with the hot oil used to fry snack
foods, such as “Sun Chips”. The Modesto project was partially funded with an Energy
Commission grant with the majority of financing from Frito Lay. The collector hardware was
supplied by Abengoa Solar.

The Frito Lay project was driven by the desire to promote using alternative energy sources
within the food processing industry. In addition, the San Joaquin Valley, where most of
California’s food growing and processing is concentrated, is a air pollution “non-attainment”
area. Cleaner renewable energy instead of fossil fuels can contribute to improved air quality
and protect human health.

The food processing industry in California is a major sector of the economy. In 2010, there were
3,412 establishments generating a food processing output (total costs for materials, labor,
transportation, etc.) of $66.5 billion.! Value added was $26.7 billion for a total economic impact
of $93.2 billion. Direct employment totalled 157,585 people or about 866,000 people employed
directly or indirectly servicing the California food processing industry.2 The food
manufacturing sector is expected to continue steady growth in employment by more than one
percent per year.?

Food processing is the third largest industrial energy user in the state consuming 600 million
therms of natural gas and 3,700 million kWh per year. This dependence on energy resources
makes the industry highly sensitive to energy price “shocks” and a major target for energy
strategies aimed at reducing green house gas and air pollution emissions. Renewable energy
technologies have the potential to address both these issues.

1 California Food Processing: A Powerhouse of Value: 2010, The McLean Group.

2 The US Bureau of Economic Analysis uses a final-demand employment multiplier of 5.5 for Food
Manufacturing products.

3 Northerm California Center of Excellence and Office of Economic Development, Cerritos College, Food
Manufacturing in California 2010.

4 California Energy Commission, Staff Report, California’s Food Processing Industry Energy Efficiency
Initiative: Adoption of Industrial Best Practices, January 2008.



Unlike many energy consuming sectors in California, such as oil extraction or petroleum
refining, the food processing industry consumes heat at relatively low temperatures, typically
between 140° — 450°F (60°— 230°C). Heat at these lower temperatures can be supplied by a
number of solar thermal collector technologies, such as flat plates (heat delivery up to 160°F),
evacuated tubes (up to 200°F) and parabolic trough solar concentrators (up to 500°F). Low
pressure steam, between 50— 150 pounds per square inch gage (psig) and sometimes up to 300
psig is a common means of heat generation and distribution to drive food processing opeations,
such as cooking, frying, baking, drying, sterilization, pasteurization and washing. Generating
steam for these conditions is suitable use of parabolic trough solar concentrators.

1.2 Lessons Learned from Industrial Solar Steam Generating Project

Operating the solar system at the Frito Lay, Modesto plant has been routine during the last five
years. Much has been learned from the plant construction and operation, and from follow-up
work promoting renewable energy systems in California’s food processing industry, mainly in
the San Joaquin Valley. Such lessons include:

e Using steam as a heat transfer medium in the food processing industry is important.

¢ Understanding the disadvantages of the conventional approach to solar steam
generation with system operating temperatures and pressures, and cost. The elevated
temperatures and pressures of conventional solar steam generation reduce the efficiency
of solar thermal systems and require using costly plant equipment. Equipment that
reduces the thermal output and increases the cost of a solar system degrades the solar
system competitiveness with conventional steam generation using fossil-fuel (usually
natural gas) fired boilers

e Identifying the institutional barriers to commercialize solar heat technologies. Electric-
generating technologies, such as PV (photovoltaics) in California are promoted by
generating a certain amount of electricity from renewable sources usually coupled with
considerable financial incentives. There are no directives to generate a certain amount of
process heat from renewable sources and incentives to reduce the cost of solar thermal
systems are limited.

e Solar thermal technologies receive no credit for reducing air pollution. A food processor
cannot install a solar system to reduce NOX emissions as an alternative to installing low-
NOX boilers that would provide the same amount of emission reduction.

e There are no federal programs promote solar thermal technologies in industry or
provide funds for solar thermal R&D. (Food industry consumes about one-third of the
natural gas consumed in the US. Natural gas makes up about one-quarter of the total
energy consumed in the US and about one-third of US fossil fuel consumption.> Funding
by the Energy Commission of this project was a California state initiative aimed at
reducing the cost of solar thermal technology to increase its competitive position in the
energy field, and, specifically, in the food processing industry.

5 US Energy Information Administration, Annual Energy Review, September 2012.
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1.3 DSG Technology and Project Goals

This R&D project addressed the technological and economic barriers that hinder using solar
thermal technologies in California’s food processing industry. The researchers investigated
commercializing Direct Steam Generation (DSG) technology to deliver saturated steam to
industrial processes.

The conventional means of generating steam from solar technology uses a heat transfer fluid
(oil or high-temperature, pressurized water) circulated through the solar field into an unfired
steam generator (Figure 1-1). Inside this heat exchanger, boiler feed water changes phase and
steam is delivered to the process plant.

Figure 1-1: Conventional Solar Steam Generation
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Since the solar field operates as a closed loop, an expansion tank is required to absorb thermal
expansion while providing sufficient pressure to prevent boiling in the solar field. Because a
differential temperature is required to drive the heat exchange process, the inlet temperature to
the solar field is higher than the steam delivery temperature. The outlet temperature in the solar
field is at a considerably higher temperature because of the solar energy input. Pressure in the
solar field must be regulated to ensure there is no boiling in the collectors. This requires that the
solar field pressure be much higher than the pressure of the steam generated. For the Frito Lay



system, the solar field design pressure at 600 psig (41.4 bar) is double the steam delivery
pressure of 300 psig (20.7 bar). These elevated temperatures and pressures significantly impact
the cost to balance the other plant equipment, such as the unfired steam generator, the
expansion tank, the circulating pump and fittings, such as valves and pump strainers that
require a high temperature/pressure rating. It also means for systems operating above 300 psig
that flanged and welded connections will be used rather than less expensive threaded fittings
that are made for less than 300 psig operations.

In a solar DSG system, water is allowed to boil in the receiver tubes (Figure 1-2). The two-phase
mixture of steam and water is transported from the solar field to a steam separator. The steam
flows into the steam header and the water is recirculated back through the solar field.

Figure 1-2: DSG Solar Steam System
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Makeup boiler feed water from the process plant is injected into the steam separator to maintain
a constant level.

For a DSG system, the expensive unfired steam generator is eliminated. The steam separator
provides expansion capability to the open loop DSG system, but operates at the steam pressure,
not at the higher pressure required to suppress boiling in the solar field. Pressures and
temperatures in the solar field are closer to the steam conditions than the conventional
approach. Pumps and fittings, therefore, come with a lower temperature-pressure rating, and

o]



using threaded fittings is possible. Because the solar field operates at a lower temperature,
system performance is greater compared to using the conventional approach.

Overall, it is estimated with increased performance and reduced equipment needs, the cost of
steam produced by the solar field using DSG would be 25 percent less than using conventional
technology, Murphy and May [55]. Continuing toward installing DGS systems would advance
using solar thermal steam technology to displace the large amount of the fossil fuels consumed
in the food processing industry and decrease air emissions.



CHAPTER 2
Direct Steam Generation Technology

2.1 Commercial Status

This project uses Direct Steam Generation technology to deliver saturated steam to industrial
processes as a means of increasing performance and reducing the cost of solar-generated steam.
DSG was first proposed in the early 1980’s in the US as an industrial technology [55,
56].However, changed political priorities at the time reduced US funding for renewables R&D
and the technology did not progress.

In 1995, DSG became the focus of a major research effort in Europe aimed not for industrial
applications, but at the utility electric market. Here the goal was to deliver high pressure steam
(in excess of 100 bar), superheated to temperatures in excess of 400°C from parabolic trough
solar collectors directly to a steam turbine for electricity generation. The attraction of this
approach is that many of the limitations of the conventional organic heat transfer oils are
eliminated and higher steam turbine efficiencies are possible since the steam is delivered at a
higher temperature than through the use of an oil.

R&D into DSG technology for parabolic trough electric applications continues today involving
companies based in Spain and in Germany. The first commercial solar electric DSG plant came
on line in January 2012 located in Thailand. Steam is generated at 340°C to drive a 5 MW turbine
delivering electricity to the grid. The prospect is that more and larger such plants will come on
line. However, it has taken almost 20 years of research effort to bring such a small plant on line
indicates the complexity of the problem.

2.2 Technical Challenges to Commercialization

Parabolic trough solar fields comprise a network of multiple parallel flow paths that are used to
convey solar energy from the collector to the point of energy delivery. A broad goal in
designing the piping network is to equalize mass flows through each loop. In a solar field
employing a liquid medium, it is relatively easy to achieve uniform flow throughout the solar
field, because the characteristics of single-phase, liquid flow are well known and pressure drop
can be accurately calculated. Typically, collector flow loops are very long and the pressure drop
through a loop is large compared to the pressure drop in the supply and return headers. In
addition, for loops near the fluid source, valves can be used to introduce additional pressure
drop to reduce flow in loops near the supply and hence force more flow into loops further from
the point of supply. Fluid mechanics assists the balancing process since pressure drop increases
with about the square of the flow rate.

However, for two phase flow, the effects of phase change on flow distribution are more
complicated as it is dependent on many factors, and the maintenance of equal flows in two-
phase flow piping net works is the major challenge in commercializing the technology. The
challenge would appear to be more severe at the low steam pressures under investigation for
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industrial applications compared to DSG for utility conditions. This is because at low pressures
the density difference between water and steam is much greater than at high pressures and it is
the fraction of vapor in the two-phase flow stream that drives pressure drop.

For instance the ratio of liquid to steam densities at 50 psig is 372:1 and at 150 psig is 144:1. This
means that even at low steam qualities (mass of steam/mass of steam plus mass of water) there
is a large increase in volume compared to flowing in the liquid phase at the same rate. This is
illustrated in Table 2-1 for two different steam pressures and different steam qualities. It can be
seen that the increase in volume is almost proportional to quality for a given steam pressure.
Volumetric flow and mixture velocity increases greatly as steam pressure is reduced. The
mixture specific volume ratio to that of water is the same as the ratio of all liquid to mixture
velocity, assuming that the liquid and gas travel at the same velocity. In practical terms, if the
liquid flow through the loop were around 16 gpm, the all liquid velocity would be about 2.5 ft/s.
The mixture velocity at 5 Percent quality would increase 19.5 times to about 50 ft/s. The amount
of liquid in the mixture declines to a small fraction at low pressure and even modest qualities.

Table 2-1: Effect of Steam Pressure and Quality on Volumetric Flow

Steam Steam liquid Gas sp Liquid Gas Volume  Mixture  Volumetric
pressure, quality sp volume, density, density, of1llb sp vol fraction of
psig volume,  ft3/lb Ib/ft3 Ib/ft3 of mix, compared liquid in

ft3/1b ft3 to liquid mixture
50 0.01 0.01735 6.449 57.64 0.155 0.082 4.7 0.210
50 0.05 0.01735 6.449 57.64 0.155 0.339 19.5 0.049
50 0.1 0.01735 6.449 57.64 0.155 0.661 38.1 0.024
150 0.01 0.01823  2.625 54.85 0.381 0.044 24 0.407
150 0.05 0.01823 2.625 54.85 0.381 0.149 8.1 0.117
150 0.1 0.01823 2.625 54.85 0.381 0.279 15.3 0.059

The large increase in flow velocity is responsible for the large increase in pressure drop in two-
phase flow compared to liquid flow. For liquid phase flow, pressure drop is proportional
roughly to the square of velocity. For two phase flow the situation is more complicated. First,
the vapor is compressible causing differences in behavior compared to a liquid, second is the
impact of “flashing” as hot, two-phase mixture decreases in pressure. Flashing increases the
amount of vapor without energy input. Finally, as steam is formed in the absorber the flow goes
through a number of different flow regimes, all with their associated, but different pressure
drop characteristics. Pressure drop increases for a given mass flow as the steam pressure is
decreased. This suggests that the flow instabilities in a multi-loop solar field will be harder to
manage the lower the operating steam pressure.

As the above discussion would suggest, and as will be confirmed in data presented later in this
report, within a loop in a large solar field generating steam, the greater amount of steam
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generated in the loop the more the pressure drop through the loop increases. Total mass flow
through that loop, if not regulated in some manner, will decrease.

In a large solar field with many flow loops, there is constant interaction between the different
loops that affects flow distribution through the loops and the centrifugal pump, with its own
pressure drop/flow characteristics that is driving the flow. Consider the impact of a cloud on
some of the loops in the solar field. Those loops shaded from the sun would run colder. For a
liquid phase system, the only impact would be on system properties. This might slightly
increase the pressure drop on the colder shaded loops and cause a slight reduction in flow
through those loops. More flow would go through other loops in the system, but any increase is
restrained by the fact that pressure drop in these loops increases with the square of the increase
in mass flow.

For a steam-generating system, steam production in shaded loops would decrease. This would
decrease the pressure drop through these loops and increase mass flow. Less flow would go
through the un-shaded loops so steam quality in these loops would increase. Increased steam
quality increases pressure drop in these loops, further reducing mass flow in the illuminated
loops and pushing more flow through the shaded loops. This sequence feeds upon itself. From
an operational point of view, the concern is that flow is reduced in some collector loops to such
an extent, that there is very little water and so much steam in the absorber tubes that tube
“dryout” results. It is even more complicated since dryout of a tube is not just a function of
mass flow, but is also a function of the two-phase flow regime present inside the tube. Ideally,
the annular flow regime should exist whereby the flow of vapor forces a film of liquid around
the entire circumference of the tube. The least favorable regime is stratified flow whereby all the
liquid is at the bottom of the tube with most of the tube wall devoid of liquid. Solar radiation on
a dried out tube wall will limit heat transfer and could cause a significant increase in localized
tube wall temperatures.

For solar electric applications that are operating at very high temperatures and pressures, tube
wall dry out could cause immediate localized overheating. We have noted at high pressures
that vapor generation has less impact on pressure drop than at lower pressures, but
nevertheless active measures are taken in such plants to control flow distribution within the
solar field. Typically, this is in the form of flow control valves at the entrance to each flow loop.
Such valves and flow meters are expensive, but are amortized over a large collector area, since
utility scale troughs are on a much larger scale than troughs designed for smaller industrial
applications.

For industrial DSG applications, such active flow balancing techniques are probably not
affordable. Hence, the challenge of this project is to devise system designs and operating
strategies so that solar DSG plants run in a stable manner, while achieving the cost reductions
needed to make the technology more competitive in the marketplace.
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2.3 Technical Approach to the Challenges
2.3.1 Literature Survey

A comprehensive list of references on DSG related to the problem under investigation was
compiled as part of this project and is presented in Appendix A. Much of the literature is
derived from the nuclear industry and the use of boiling water reactors. The use of line-focus
solar concentrators adds additional complications because of the impact of gravity on
horizontal receivers, because solar heating is not uniform around the tubes and because the
intensity of solar heating is far from uniform due to variations in the level of solar radiation and
the impact of solar angles that are continually changing throughout the day. Furthermore, a
solar plant has to startup and shutdown every day compared to conventional electric power
plants that can run for years between shutdowns.

The report by Desjardins [Appendix B] includes a summary of the literature relating to CFD.

The simplest correlation of two-phase flow pressure drop uses the homogeneous model. This
assumes that the liquid and gas phases move at the same velocity through the pipe and that the
two phases are fully mixed. Therefore, the mixture is treated as if there is only one phase. The
properties of the mixture are calculated based on the average properties of the individual
phases. This model has been shown to work best near the critical point where the densities of
the two phases are similar or when the mass velocity of the two-phase flow is very high so that
the flow regime is either bubbly or misty flow —again essentially a homogeneous mixture.

The work most relevant to this R&D project is the paper published by Eck in 2005 [1]. This is
strictly an empirical approach used to correlate experimental data. It is based on the correlations
of Friedel and involves the use of a factor, derived by Friedel, applied to the single phase
pressure drop so as to calculate pressure drop in two-phase flow.

The literature shows good agreement between Eck’s model and the simplified homogeneous
model at high pressures of around 100 bar. However, divergence between the two models
increases at lower pressures with Eck’s model predicting higher pressure drop than the
homogenous model. The comparison to actual data is limited to a minimum of 30 bar due to the
lack of published data at lower pressures.

2.3.2 Theoretical Approaches

Eck’s paper is the basis against which the experimental data generated during this project was
compared. However, it was understood that the Eck correlations had never been compared
against experimental data derived at less than 30 bar and that the range of steam pressures of
interest for this research was in the range of 3 — 20 bar pressure.

ASI’s modeling of DSG began with the coding of the Eck equations. This code was applied to
the potential design of a commercial DSG installation. A single flow loop in a commercial
system is shown in Figure 2-1. The loop is made up of 4, PT-1 collectors. Each collector consists
of eight PT-1 modules and is 50 meters long.

The analysis provided important insights into the practical limits of DSG technology in terms of
exit low-pressure steam qualities. In contrast to the generation of 100 bar steam where the goal
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is exit qualities of 80 — 90 percent, the practical limit for the exit quality of low pressure steam
appears to be in the range of 5 -10 percent. This limit arises because the pressure drop through
the proposed collector loop is very great at low steam pressures. The modeling was also applied
to the design of the pilot plant to specify the flow rate and head of the circulating pump, and the
size of the loop return line. Finally, the analysis was used to give the Colorado University
researchers a range of operational parameters over which to conduct their CFD research.

Figure 2-1: Flow Loop in a Potential Design of a Commercial DSG System
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The preliminary modeling effort applying Eck’s equations to low pressure steam generation
was used to plot the flow regime transitions through the flow loop. Superimposed on the flow
regime map of Taitel and Dukler [24] in Figure 2-2 are the conditions in the solar loop from the
beginning to the end of steam generation. Conditions are shown for a single pressure of 10 bar
but at three mass flow rates, basically from the lowest to the highest practical flow rate through
the loop.

Except at the lowest flow rate, the progression of flow regimes (shown by the dotted lines)
appears to be from the intermittent flow regime into annual flow. This avoids the stratified flow
regime where dryout is most likely. The transition into the annular flow regime is desirable
since it means that the tube wall is fully wetted and the potential for tube dryout reduced.
However, this analysis was done only at 10 bar. At lower pressures with lower vapor densities,
the results could be different.
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Figure 2-2: Flow Regime Map of Steam Generation at 10 Bar Pressure
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The theoretical approach was also applied to the pilot plant design where the number of

collectors in the loop was half that proposed for a commercial installation. The results are
shown in Figures 2-3 and Figures 2-4 and 2-5, again for the generation of 10 bar steam.
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Figure 2-3: Loop Mass Flow Rate (kg/sec) and Total System Pressure Drop (bar) for Different
Steam Qualities
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The data were calculated up to a steam quality of 23 percent. This is probably beyond practical
qualities for a commercial system, especially since the goal would be to use loops; at least twice
as long as that employed in the pilot plant.

The results of further analysis of the pilot plant loop are shown in Table 2-1, and Figures 2-4 and
2-5 for exit steam qualities of 10 percent, 5 percent, and 1.8 percent at 10 bar gauge pressure
(180C saturation temperature). Included in the pressure drop is 10 m each of supply and return
piping at each end of the 100 meters of absorber tube. The contributions of the cross over piping
and flexible hoses are not modeled.

Table 2-2: Thermodynamic Conditions vs. Flow Rate at 10 Barg Steam Delivery

Target quality 10% Steam Quality | 5% Steam Quality | 1.8% Steam Quality
Loop Water Inlet

Temperature, C 180 180 180
Inlet Pressure, barg 14.23 13.38 12.25
Mass Flow Rate,

kg/sec 0.54 0.92 1.73
Total Loop + Piping

Pressure Drop, bar 4.23 3.38 2.25
Steam Quality at

Separator Tank, % 13.32 7.82 4.18
Average Loop

Temperature, C 192 189 185
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Target quality 10% Steam Quality | 5% Steam Quality | 1.8% Steam Quality
Peak Loop

Temperature, C 196 193 188

Loop Differential 16 13 8

Temperature, C

The following observations are derived from the analysis.

Exit steam quality is proportional to the inlet flow rate. Higher exit quality increases the
overall pressure drop. Hence, higher quality increases pump head and loop inlet
pressure, but reduces pump flow.

The higher the steam quality and the lower the flow rate, the earlier steam generation
begins in the loop. Conversely, at high flow rates, the capacity of the liquid phase to
absorb energy is large so boiling occurs further along the loop.

Pressure drop is low in the single phase flow regime. Single phase pressure drop is more
significant for lower quality steam production (higher flow rates).

The product: flow x differential pressure is an indication of pumping power. It
decreases with increased quality. The largest decrease results from the first incremental
decrease in flow rate. Hence, there is an incentive to reduce flow rates to reduce power
consumption, the diameter on inlet lines to the solar field and potentially to reduce the
cost of the pump. At the same time reduced flow will increase pressure drop and
potentially require larger return lines from the solar field to the steam separator.
Flashing due to the decline in absolute pressure along the tube contributes to steam
generation and thus leads to increased pressure drop.

The highest temperature in the loop occurs at the onset of boiling.

Higher quality increases the maximum system temperature, although the difference
between the extremes is not large: 196 to 188 C.

In all cases, the average fluid temperature varies little from the steam delivery
temperature; for these three cases a variation of 5 — 12 C above the delivered steam
temperature.
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Figure 2-4: Thermodynamic Conditions vs. Flow Rate at 10 Barg Steam Delivery
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Figure 2-5: Temperatures vs. Flow Rate at 10 Barg Steam Delivery
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2.3.3 Pilot Plant Design

There is essentially no published data on DSG at pressures less than 30 bar. This pressure is
much higher than the pressure range of interest from about 50 to 300 psig (3.4 to 20.7 bar). Thus,
as part of their cost share, Abengoa Solar designed and built a DSG pilot plant at their facility in
Lakewood, CO. The goal of building and operating this pilot plant was to obtain data on steam
generation at the low pressures of interest. This data would then be compared against existing
models to test their validity. Should the models fail to conform to the experimental data, the
goal would be to modify these existing correlations or to develop new correlations that are more
accurate. An accurate means of calculating two-phase flow pressure drop is an essential element
in being able to design commercial DSG plants.

The pilot plant design is shown in Appendix C. The system consists of two ASI, PT-1 parabolic
trough collectors. Each collector consists of 8, PT-1 modules for a total net aperture area of 211
m?2. The collectors are arranged one in front of the other in two parallel rows. Piping is arranged
so that the two collectors form a single flow loop with flow at one end down one collector,
crossing over to the next collector and returning to supply end.

The system is highly instrumented with pressure transducers and temperature probes at the
inlet, center and outlet of each collector. Additional pressure, temperature and flow

measurements are taken around the circulating pump and steam separator tank. The tank is
large enough to hold sufficient water for a full day of steam generation while still providing
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sufficient disengaging space to delivery dry steam out of the top of the tank. The system can be
run in a mode to generate and discharge steam to the atmosphere or in a single-phase mode
where the solar heat is rejected through a fan coil heat exchanger to the air. A third mode allows
a measured flow of water to be bypassed from the outlet of the pump back to the tank while the
rest of the pump discharge flow passes through the solar loop.

A Campbell Scientific CR1000 data acquisition system was used to control the solar steam
generating process, while collecting and processing the collected data. Such data was collected
at intervals of each scan (about 6 seconds), and averaged over periods of one minute and one
hour. In addition, critical variables were viewed and graphed in real time to ensure that
everything was normal and that all instrumentation was recording correctly.

The solar field is arranged in an east-west orientation and hence can achieve normal incidence
every day. Under peak conditions, the solar field will deliver about 430,000 Btu/h (127 kW) of
thermal energy equivalent to about 500 lIb/h (225 kg/h) of steam production. It was built with
the capability of generating steam up to a pressure of 125 psig (8.8 bar). The goal was to conduct
the experiments mainly at the peak part of the day within an hour or two of normal incidence
under clear day conditions.

2.3.4 Pilot Plant Experimental Test Plan

An experimental test plan was created to guide the experimental program. It consisted of three
parts:

e System characterization

e Single loop DSG steam production

e Simulated multi-loop steam production.

2.3.4.1 System Characterization

Characterization of the solar system was accomplished by operating the solar field as a
pressurized water system in a close loop recirculation mode under various conditions of flow
and temperature. The fan coil unit was operated to reject the heat generated while maintaining
conditions in the solar loop as uniform as possible. The steam separator with a nitrogen blanket
acted simply as an expansion tank.

Using liquid water that has very well defined thermodynamic properties, pressure drop as a
function of flow rate was measured as well as system thermal performance and efficiency.
Thermal energy delivery was calculated by measuring flow rate and differential temperature
across the solar loop. Efficiency of the system was calculated using measurements of solar direct
normal radiation recorded by the Abengoa Solar rotating shadow band pyranometer located at
the site.

During DSG experiments, because of the phase change involved, it is not possible to measure
thermal input by measuring differential pressure across the solar loop. However, for a given
solar radiation input and assuming a reflectance factor for the cleanliness of the solar collectors,
thermal energy input can be determined from the efficiency of the collector loop as determined
in the characterization experiments. In addition, during the pre-heat portion of a steam test

20



before boiling is initiated, the data generated provide a check of the collector performance
characteristics.

2.3.5 Single Loop DSG Experiments

Prior to the beginning of an experiment, the tank was filled to the appropriate level with de-
ionized water. Single loop direct steam generation involved setting the pump flow rate by
establishing the VFD frequency and setting the pressure setpoint on the separator tank.

The pump was turned on and the collectors set to track the sun. Water recirculated from the
separation tank through the solar loop and back to the tank. The fan coil unit was bypassed.

Temperatures in the solar loop increased until the saturation temperature of the water in the
collectors reached saturation point when the water started to boil. The steam/water mixture was
transported from the solar field to the separator tank. Steam was ejected to the atmosphere
through the pressure control valve and the liquid water was recirculated back through the solar
collectors.

Single-loop steam runs were carried out at various steam pressures and flow rates. For a given
set of conditions, increasing the flow rate through the loop has no impact on the amount of
steam generated, since that is simply a function of the solar thermal input. However, increasing
flow did decrease steam quality since for the same amount of steam, the fraction of steam was
lower at a larger total flow rate. Steam qualities during the experiments were from zero up to
about 10 percent.

The goal of the single loop experiments in the first instance was to demonstrate that DSG at low
pressures was actually feasible and that DSG can be carried out without material damage to the
collector equipment and in a reasonably stable fashion. Second, the data gathered was to
validate existing correlations or the basis for the derivation of new ones, if there was no
agreement.

2.3.5.1 Simulated Multi-Low Steam Production

The multiple loop testing was to deliver experimental data to further understand the potential
hydrodynamic interactions and the corresponding effects that can be expected from DSG loops
connected in parallel. Understanding these hydrodynamic interactions between loops is
essential as a means of designing the plant with specific hardware or control strategies that will
passively and/or actively mitigate flow instabilities. Such instabilities can lead to a continuous
increase in the production of saturated steam in some loops leading to potential dry out of the
absorber tubes.

The bypass loop around the solar loop was installed to simulate the addition of loops in parallel
to the single solar loop. A valve in this loop was used to impose mass flow rate and pressure
perturbations to the DSG loop inlet conditions. The impacts were measured using the installed
instrumentation as well as through direct observation.
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CHAPTER 3
Results

3.1 Computational Fluid Dynamics (CFD)
3.1.1 Introduction

Computational fluid dynamics, usually abbreviated as CFD, is a branch of fluid mechanics that
uses numerical methods and algorithms to solve and analyze problems that involve fluid flows
(Wikipedia). The development of super-computers has allowed CFD to evolve into a powerful
tool to understand the performance of fluid flows over aerofoils, the hulls of ships and wind
turbine blades.

The fundamental basis of almost all CFD problems is the Navier-Stokes equations, which define
any single-phase fluid flow. Because of the complexity of these equations, various techniques
are employed to simplify the equations so that the run time on super computers is realistic in
time scale and affordable in price.

For CFD solution techniques, the same basic procedure is followed.

e During preprocessing
o The geometry (physical bounds) of the problem is defined.
o The volume occupied by the fluid is divided into discrete cells (the mesh). The
mesh may be uniform or non uniform.
o The physical modeling is defined — for example, the equations of motion
+ enthalpy + radiation + species conservation
o Boundary conditions are defined. This involves specifying the fluid behavior and
properties at the boundaries of the problem. For transient problems, the initial
conditions are also defined.
e The simulation is started and the equations are solved iteratively for steady-state or
transient conditions.
e Finally a postprocessor is used for the analysis and visualization of the resulting
solution.

DSG is a problem that never before has been investigated using CFD. DSG involves highly
turbulent flow in two phases, the diameter of flow is relatively small so the wall effects are
major, the flow is horizontal so gravitational forces are important and there is non-uniform
heating of the perimeter wall. In addition, particularly at low steam pressures, the quality of
steam changes significantly down the tube because of the flashing caused by pressure drop.

Given the complexity of the problem, various empirical approaches have been used to attempt
to understand DSG pressure drop and fluid distribution through multiple flow loops especially
as it influences tube dryout. Since tube dryout can cause structural failure of the absorber tube,
a greater understanding of the conditions needed to avoid such failures is important. One
aspect of this project was to employ CFD to enhance that understanding.
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Dr. Olivier Desjardins of the University of Colorado, Boulder (CU) (now at Cornell University)
gained his PhD from Stanford University, a noted center of CFD research. Professor Desjardin
carried on his CFD research at CU and became an acknowledged expert in the field. With a
clear understanding of the complexities involved, Dr. Desjardins, working with PhD graduate
student Jeremy McCaslin, was confident that some progress could be made to enhance the
understanding of DSG phenomena.

3.1.2 Colorado University Approach

After some investigation of the problem, the researchers at Colorado University (CU) decided to
employ a modeling technique known as Large-Eddy Simulation (LES). This is a technique
(Wikipedia) in which the smallest scales of the flow are removed through a filtering operation.
This allows the largest and most important scales of the turbulence to be resolved, while greatly
reducing the computational cost incurred by the smallest scales. This method requires greater
computational resources than RANS (Reynolds-averaged Navier-Stokes methods), but is far
cheaper than DNS (Direct Numerical Simulation). DNS resolves every scale of the solution, but
is prohibitively expensive for nearly all systems with complex geometry or flow configurations.

The first step in CU’s research effort on modeling two-phase flow was to verify the
computational code starting with the least complex and more fundamental two-phase
Pouseuille flow. Pouseuille flow considers laminar flow and does not take into account
frictional effects of the wall. There is a non-slip condition between the inner pipe wall and the
liquid flowing in the pipe.

The next step was to impose turbulent conditions on the flow to simulate and predict flow
parameters at the proposed operating conditions of the DSG experimental solar loop. Velocity
profiles in a 2D field of the liquid and gaseous phases (stratified flow) were correctly simulated
by the code and validated against the analytical solutions to Pouseuille flow equations.
Furthermore, when turbulent fluctuations were introduced into the flow, CU was able to define
different flow regimes in the two-phase flow moving through the horizontal pipe. The expected
stratified flow to stratified-wavy flow regime transitions were correctly calculated in the
outputs from the simulations. By imposing higher fluid flow velocities, the code was able to
move into regimes beyond the stratified-wavy flow pattern.

3.1.3 Colorado University Results

The results of the CU CFD research work is shown in the technical report attached in Appendix
2. To keep the work grounded in developments aimed at commercializing DSG technology, the
focus is mainly on the predictions of the dry-out conditions. Two ranges of steam pressures
were investigated. First, was the low pressure steam case peaking at about 10 bar that is the
range of pressure used in much of industry. Second, was the high pressure case of 100 bar that
is of interest for utility power generating applications.

The CU reports points out the limitations of such a short research effort, but nevertheless some
important findings emerged. Most important was that a calculated Froude number dictates the
thickness of the liquid film surrounding the top and sides of absorber tube. Furthermore, the
thickness of this liquid film seems to be the predominant factor in determining the two-phase
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flow regime and the potential for tube dry-out. A Froude number >1 is required to maintain
annular flow and a liquid film on the complete circumference of the tube. The use of the Froude
number is a complete new way of looking at two-phase flow regime transitions.

For the high pressure steam condition, the simulations indicated that mechanisms exist for
sustaining a contiguous film around the wall. Three such mechanisms were identified:

1. droplet entrainment from the thicker layer of liquid at the bottom of the pipe and
deposition near the top,

2. secondary gas flow in the circumferential direction generated by protrusions in the
liquid surface and,

3. wave-pumping action that pushes liquid up the pipe walls.

At the lower pressure steam conditions, the simulations showed that a sustaining mechanism to
keep the pipe wall wetted with liquid was absent. Any liquid pushed up the wall could not be
maintained in place because the momentum of the steam passing through the tube was not
sufficient to overcome the gravitational force on the liquid film draining it back to the bottom of
the pipe.

A pictorial representation of the results of the CFD simulations is shown in Figures 3-1 and 3-2
for the high (85 bar) and low (11 bar) pressure steam conditions. Figure 3-1, shows that at high
steam pressure, the vapor space is awash with the flow of liquid particles that maintains the
liquid film on the wall against the force of gravity. In addition, at high steam pressure, vapor
velocities in the two counter-current vortices are greater and serve to push fluid further up the
wall even when the level of liquid at the bottom of the pipe is less.

Figure 3-2, shows a prediction of film thickness from the bottom of the pipe (0 on x-axis) to the
top of the pipe (1 on x-axis). Corresponding with these values of film thickness is the probability
of dryout conditions existing at points around the circumference of the pipe. It shows that the
probability of dryout at low steam pressures is high, but much less likely at higher steam
pressures even though the vapor fraction is much greater.

In a very short time, the CU researchers tackled a problem that had not been previously
investigated using CFD and made a major contribution to the basic understanding of two-phase
flow in horizontal pipes that could not be determined through any other means. The limitations
of the study and the need for future work are readily acknowledged. For instance, it was
assumed that as long as flow was turbulent that using Reynolds numbers much lower than
actual values was acceptable; the length of the simulation was only about three pipe diameters;
and, the impacts of thermal energy addition to the mixture or changes in steam quality were not
considered. In addition, some of the results appear to contradict conventional correlations. For
instance, the simulations show the potential for dry out at low steam pressures, whereas author
plots of the progression of two-phase flow on the conventional flow regime map of Taitel and
Dukler show a transition to annular flow. It is hoped that the funding of this initial work
provides the impetus for future study.
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Figure 3-1: Two-Phase Flow Velocity Profiles in Pipe at High (85 bar) and Low (11 bar) Pressures
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Figure 3-2: Two-Phase Flow in Pipe at High (85 bar) and Low (11 bar) Pressures Showing Film
Thickness and Potential for Tube Dryout
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3.2 Experimental DSG Program
3.2.1 Characterization of Test Loop with Liquid Flow

The test loop was first characterized for pressure drop. This testing was completed in the winter
using a water/antifreeze mixture with the collectors in the face-down stow position. The
conditions under which the tests were conducted are shown in Table 3-1. Pressure was
measured using the 6 pressure transducers located around the loop in the locations shown in
Figure 3-3. Between PT-003 and PT-005 for the inlet collector, and PT-006 and PT-008 for the
outlet collector is a straight run of pipe each 50 m long. Between PT-005 and PT-006 are two
flexible hoses and 18 ft of cross over pipe with fittings.

Flow was established by setting the variable frequency drive (VFD) on the circulating pump
motor at a percentage of the line (60 Hz) frequency. At 60 Hz, the motor turned at 3600 rpm.
Pump suction was from the tank open to the atmosphere so a few feet of head. Pump discharge
pressure was measured with a pressure gauge.
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Figure 3-3: Location of Pressure Transducers in DSG Flow Loop
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Table 3-1: Pump Discharge Pressure vs. Flow Rate

Motor Flow Pump
frequency, | Rate, Discharge,

% gpm psig
10 10 6
20 14 10
30 18 14
40 22 20
50 26 24
60 29 32
70 33 40
80 36 48
90 40 56

Pressure measurements for different operating conditions are shown in Figure 3-4. The largest
pressure drop within the loop was through the cross over piping.
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Figure 3-4: Pressure in Flow Loop vs. Flow Rate
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Figure 3-5, compares the measured pressure drop between PT003 and PT008 across the entire
flow loop to the theoretical model, in which there is good agreement. This was expected
because predictions of single-phase pressure drop are well validated. However, this result was
an important first step in the theoretical analysis since the prediction of two-phase pressure
drop is a modification of single-phase pressure drop.
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Figure 3-5: Measured vs. Predicted Pressure in Flow Loop

Next the solar loop was characterized in terms of thermal performance and efficiency. First
measurements were carried out in the winter using the anti-freeze mixture. However, in the
spring, this heat transfer fluid was replaced with water that has better know thermodynamic
properties. The measured data compared to theoretical models is presented below.

Figure 3-6, is an example of the initial test results using glycol. These test pointed out
deficiencies in collector tracking that were corrected for later tests. Direct normal radiation
measurements were made by Abengoa Solar’s rotating shadow band pyranometer that is
installed at the site. Efficiency was based on converting DNI to radiation in the collector
aperture plane by multiplying by the cosine of the solar incident angle. No corrections were
made for end losses and collector shading was zero at the time of the tests. The efficiency
included the inlet and outlet piping between the solar loop and the instrumentation shed, and
heat loss in the cross over piping.
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Figure 3-6: All Day Performance of the Collector Test Loop—Measured DNI (W/m2) and Thermal
Efficiency (%)
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Figure 3-7, is an example of the results of the performance characterization using water in the
collector loop. The measured results are compared against the theoretical predictions from the
collector performance model.
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Figure 3-7: Full Day Test Performance Test under Clear Sky Conditions—Solar Radiation,
Measured and Predicted Thermal Energy Delivery
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The correlation between the modeled thermal energy with the measured data is very good
within +/- 1.5 hours from solar noon (between hours 11:30 and 14:00). Deviations in thermal
output were due to imperfect collector tracking. Additional modifications to the tracking
software were made to correct this. The model seems to be more conservative than the real
system early in the morning and late in the afternoon. This deviation could probably be
corrected by adjusting the incident angle modifier. However, the difference was not of concern
for this study since the DSG experiments were conducted during the middle part of the day
when conditions are most stable
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Figure 3-8: Full Day Test Performance Test under Clear Sky Conditions—Solar Loop Inlet and
Outlet Temperatures
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Figure 3-8, illustrates loop inlet and outlet temperatures during the test. The maximum

temperature gain is approximately 15 degrees C corresponding to thermal energy delivery of
about 140 kW.

The characterization tests validated the performance model. During steam generation in the
absorber, the differential temperature across the loop is very small because most of the solar
thermal energy input is converted into latent heat. The performance model fills this gap in the
data by allowing the calculation of the energy content of the fluid at any point in the loop based
on the inlet temperature and flow, direct normal radiation, incident angle, ambient temperature
and the cleanliness of the concentrator reflector and receiver glass envelope.

3.2.2 Impacts of DSG on Equipment

As part of the experimental program, steam was generated at various steam pressures under a
wide range of operating conditions. These tests allowed the impact of the boiling and two-phase
fluid transport in the absorber tubes, and system piping and equipment to be evaluated.

Prior to this work, most research in DSG had been conducted at very high pressures to deliver
steam for electrical generation. At low pressures, the density difference between water and
water vapor is much greater than at higher pressures. Consequently, fluid velocities are much
greater. In addition, at low pressures, a small difference in pressure creates a much larger
difference in saturation temperature than at higher pressures. This causes liquid water to flash
to steam during its transport down the receiver tube. Flashing is somewhat like water hammer
that can be very violent.
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Finally is the question of tube dryout. The theoretical analysis shows that the likelihood of
dryout increases as pressure is reduced. Plotting of conditions at 10 bar steam generation on
flow regime maps shows that some circumstances are close to the least desirable stratified flow
regime. The CFD work suggests that at 10 bar, flow is indeed stratified since the Froude number
is less than 1; the momentum of the vapor flow is insufficient to maintain a film of liquid
around the tube circumference. Extending this analysis to low pressures would only increase
the probability of tube dryout.

During the heating of a liquid in the absorber tube without phase change, there is no visible
affect on the system piping. Only by detecting slight vibrations on exposed piping is it possible
to tell that liquid is flowing through the tubes. However, the impact of steam generation is
visible.

Closest to the loop outlet, where conditions are most severe, there is a slight vibration of the
absorber tube. This vibration is absorbed by the flexible receiver supports that move slightly
backwards and forwards by a small amount (less than 10 mm). The vibration works its way
back, with less severity, along the absorber tube to the point where steam generation first
begins. The wire rope connecting the two collectors in a drive string slightly vibrates also. Any
movement to the collectors themselves is very slight and there is no indication of an impact on
collector tracking. Since the tracking system employs a feedback mechanism from photosensors
located on the receiver, vibrations that moved the collector even a small amount out of focus
could cause the control system to react, mostly likely in an unstable fashion.

There is a flexhose at each end of an 8-module collector. These hoses absorb the movement
between the rotating collectors and fixed piping system. They are made of convoluted, thin-wall
bellows, and consequently are the weakest part of the piping system. They are of slightly
smaller diameter than the absorber tube, and hence fluid velocities will increase during passage
from the absorber tube. The hose at the loop outlet will suffer the most impact. It demonstrated
similar vibrations to the absorber tube but at this point there have been no negative impacts,
other than the significant effect on pressure drop. The long-term effect is unknown.

The heat transfer coefficient of flowing steam is much lower than flowing water. Hence, without
cooling provided by a film of water, localized overheating of the dried out receiver could occur.
Given our current state of knowledge, there is no means to understand exactly what is going on
inside the absorber tube in terms of dryout. However, if localized overheating of the absorber
tube were to occur, then this would show up as a discoloration of the selective surface, although
it would take a temperature of around 300 C or more to affect this change. There is no evidence
of a discoloration of the absorber tube in the test loop. A potential explanation follows.
However, this explanation is for a tube in which there is flow, even if at a relatively low rate.
Conditions of complete flow starvation in the loop, whereby the flow rate decreased to the point
where it is almost entirely filled with vapor did not occur during our experiments.
Theoretically, flow starvation is a potential result of multi-loop flow instabilities.

Generating steam at low pressures, even at low qualities, increases the possibility of tube
dryout. However, low pressures mean that the collectors are operating at low temperatures.
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For instance making 50 psig steam, the peak collector temperature will be some degrees C
above about 150 C; making 150 psig steam some degrees above 185 C. Yet, to cause actual
damage to the absorber tube, it would have to be heated to a temperature in excess of 600 F (316
C). In the pilot plant loop during experiments, it is possible that there were locations of
stratified flow where the bottom of the tube had most of the liquid and the top of the tube was
not always covered with a liquid film. However, inside the tube, conditions are turbulent, and
boiling and flashing are liberating bubbles that serve to mix the liquid even more. (The CFD
analysis considered tube wetting and liquid entrainment only in terms of momentum transfer
without considerations of thermal energy input or flashing). Hence, it is postulated, should
localized dryout occur, given all the turbulence in the fluid, that such a dryout condition is
transient before the dry area is splashed with liquid. During that brief period of dry out, the
degree of overheating would be minor and would be mitigated by conductive heat transfer in
the metal absorber tube to cooler regions.

During start up of the solar system with a hot tank, the circulating pump experienced extremely
high rates of temperature increase. However, no detrimental impacts were observed during the
period when tests were being conducted. However, the Net Positive Suction Head (NPSH)
requirements of the pump must be considered.

Overnight or during the down time between steam-generating tests, the steam separator tank
cooled in temperature. After a single overnight, there was still usually positive pressure on the
system. However, after longer periods, the condensation of steam produced a strong vacuum.
This vacuum over water in the tank, close to the saturation point, could cause problems with
the pump because of net positive suction head requirements (NPSH). In anticipation of this
effect, the tank was elevated some feet above the pump suction. However, high vacuum
affected the ability of the circulating pump to draw suction. Thus, in a commercial design, it
would be necessary to minimize vacuum conditions in the separator tank. One solution would
be to back-feed steam from the process delivery header into the tank system.

The graphs of DSG data that are shown later in this report illustrate the pulsating nature of the
pressure measurements that reflect the boiling taking place in the absorber tube. These
pulsations took their toll on the pressure transducers that were installed along the absorber
tube. During the course of the experiments, numerous of them failed in a mode that short-
circuited their electronics. The fact that these instruments were close to the focal point of the
parabola and subjected to concentrated solar radiation added to the stress. Pressure transducers
would not be installed in the absorber of a commercial system. However, they are deployed
around the balance of plant equipment. For these few instruments, more robust and expensive
transducers could be deployed with the goal of improving reliability. Measurement of
temperature at the center of the absorber tubes is normal, but no failures of the temperature
elements occurred during the experimental program.

Overall, based on the observations at the pilot plant, the mechanical impacts observed during
DSG are minor and would not hinder the application of the technology.
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3.2.3 DSG Operations

The pilot plant was operated in a totally automatic mode for the DSG experiments and the
generation of steam became routine. The only intervention was to set the desired steam
pressure and initial flow rate prior to the start of an experiment. Operations followed a similar
pattern regardless of the initial conditions of low and steam pressure. These operations are
described here and can be followed in the performance graphs that follow.

At the beginning of the day, if there is sufficient sun and there are no safety parameters out of
range, the control system starts the circulating pump, verifies flow and initiates tracking of the
collectors. Energy is absorbed into the liquid water circulating through the solar loop. Energy
input to the system is determined by the angular orientation of the collectors to the sun, sun
intensity and the efficiency of the collector system. Under single-phase conditions, the outlet of
the loop is at the highest temperature and lowest pressure. Energy is transported to the
separator tank causing the entire system to increase in temperature. Because of thermal
expansion of the liquid water and the increase in vapor pressure of the hot water, pressure
increases also. With solar energy input to the system and no energy extraction, a point is
reached when water entering the tank is at its saturation pressure and temperature. At that
point, water entering the tank flashes to a mixture of steam and water. The production of steam
causes a much greater rate of pressure increase than single-phase, liquid expansion so once
boiling is initiated pressures increase rapidly. Once pressure in the tank attains the set point of
the pressure-regulating valve, the valve opens to maintain the pressure in the tank and steam is
ejected to atmosphere. The large volume of the tank and the tangential entry of the water/steam
mixture into the tank ensure efficient steam separation and the delivery of dry saturated steam
to what in normal circumstances would be the industrial process.

Once steam is produced, solar energy input no longer causes an increase in system
temperatures; all the energy is converted into the latent heat of steam. The
pressure/temperature saturation point of the fluid flowing through the collector loops (and
hence the point where the phase change process begins) moves upstream from the tank and into
the absorber tubes of the collectors.

3.3 Results of Single-Loop DSG Experiments

Steam was generated at various steam pressures under a wide range of operating conditions
and is illustrated in the following graphs. They all follow a similar trend and these trends are
outlined below, together with specifics related to the actual experiments.

Figures in Appendix D, D-1, D-2 and D-3 illustrate steam generation over a complete day of
operation at a pressure of 5.9 bar. The data are presented as one minute averages of data taken
about every controller scan of about 3 seconds. All the pressures in the flow loop are shown, but
unfortunately, the two temperatures at the center of the absorber tubes were not being recorded
when these data were taken.

Figure D-1 illustrates the rapid ramp up in system temperatures after the tank was refilled with
cold water. It took almost two hours to heat up this large volume of water before steam

35



generation began. However, heat up took place during the least favorable solar conditions at the
beginning of the day.

During heat up, there is a temperature gradient through the loop increasing in temperature
from the tank to the field outlet. The flow of water was relatively constant. After steam
generation begins, conditions change dramatically. The loop inlet, the tank and the steam
temperatures are essential the same. (Any difference is because the tank is not perfectly mixed.)
In the first row of the loop, temperature increases from the inlet to the cross over pipe. From
there, temperatures decrease as pressure decreases and liquid water flashes to steam. The loop
outlet temperature is very constant as it is tied closely to the steam saturation temperature in
the tank. The difference in temperature between the loop outlet and the tank is due to the affect
of steam flashing in the return pipe as its pressure decreases.

The generation of steam and the increasing pressure drop causes a large decline in the loop flow
rate. Flow rate is inversely proportional to sunlight intensity and the amount of thermal energy
generated.

Figure D-2 illustrates pressures through the solar loop. Until steam generation commences,
pressure drop through the loop is low because it is determined by liquid phase flow only. With
steam generation, pressure drop in the liquid region of the first collector remains low. However,
pressure drop through the two flexhoses, fittings and pipe of the crossover line is significant.
Pressure drop through the straight absorber tube of the second collector is large also; pressure
drop through the second half being greater than through the first half of the absorber. There is
also a large pressure drop through the piping from the end of the second collector to the steam
separator tank.

The centrifugal circulating pump was run at a fixed speed under the control of a variable
frequency drive. The onset of steam generation and the large increase in pressure drop about
halves the flow rate. This increases the head on the pump and its discharge pressure. As solar
energy input and steam generation decline towards the end of the day, flow rate increases
correspondingly. However, pressures and temperatures in the steam generating region are
relatively constant because both are tied to saturated steam conditions in the separator tank.

Figure D-3 shows the strong correlation between sun intensity (the startup sensor voltage x
cosine of incident angle) and system flow rate and pressure drop.

Figures D-4, D-5 and D-6 illustrate steam generation at a higher pressure of 8 bar. The pattern of
the data is the same as in the previous three graphs. All the data confirm the conclusions
derived from the theoretical analysis listed in Section 2.3.2. In terms of thermal performance,
temperatures are only slightly above the steam saturation temperature. For the 5.9 bar steam,
the peak temperature in the loop was 11.5 C above the steam temperature; for the 8 bar steam
case, the difference was 7.5 C.

In both cases, the initial single phase flows and peak sun intensities were similar. During steam
generation, the differential pressure through the loop was also about the same for the two cases.
Flow rates caused by the increased pressure drop due to steam generation declined by about
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half, with a slightly greater decline at the higher steam pressure. Since the pressure drop caused
by steam generation also declined by about half, the power consumed by the pump before and
after steam generation would be similar. This fact suggests an operational strategy to minimize
pump electricity use.

In single phase operations, flow rates through the solar field are maintained high to keep
system operating temperatures as low as possible. Maintaining the same high flow rate in two-
phase flow would increase the required pump head considerably, and would increase system
operating pressures and temperatures. The resultant higher temperatures and pump power are
the opposite of the desired outcome. Thus, setting aside all considerations of tube dryout and
potential inter-loop instabilities, a strategy might be to establish pump flow at a rate such that
the initial point of steam generation is some way into the collector loop. Based on the data, this
flow rate might be in the range of 10 — 15 gpm (2.3 to 3.4 m3/h) one-third to one-half of the
maximum design flow rate for a liquid. The VFD on the pump would attempt to maintain this
flow against the back pressure produced by two-phase flow.

The previous data shown were examples of experimental runs. They demonstrated that the
system responded to changes in solar radiation in a predictable and stable fashion. Figures D-7,
D8 and D9 illustrate the impact of a sudden change in the steam pressure from 9 to 10 bar.

The system came up to temperature to generate steam at 9 bar. Flow rate declined in the usual
manner. Flow rate continued to decrease gradually as the level of solar radiation incident on the
collector increased towards solar noon and normal incidence (see Figure D-9). The imposed step
change in the pressure control of the steam separator tank temporarily stopped steam
generation and increased flow through the loop. Thermal energy input to the system continued,
however, so increasing in pressure in the tank to 10 bar. Flow rate declined again as steam
generation was re-established.

The experiment was repeated going from steam at 4.3 to 5.9 bar. Throughout all these changes,
the system responded in a stable and predictable fashion.

3.4 Results of Simulated Multi-Loop DSG Experiments

The potential instabilities arising from the design of large-scale solar systems arranged as many
repeating loops in parallel was discussed previously. The pilot plant was built with a bypass
loop from the pump discharge back to the tank, in parallel to the loop through the solar field.
The bypass loop was designed to simulate the presence of the other flow loops in a larger solar
field.

To conduct an experiment in the bypass mode of operation, the frequency of the pump was set
and the flows through the two loops adjusted to the desired rates. The results of such an
experiment are shown in Figures D-10, D-11 and D-12.

The most noticeable result is the impact of steam generation on the two flows, seen most clearly
in Figure D-12. Prior to steam generation, temperatures and pressures are increasing. Flow
through the loop is increasing slightly and there is a slight decrease in flow through the bypass.
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As steam generation begins, there is a large increase in the pressure drop through the collector
loop. This causes an overall reduction in flow output by the pump. Flow from the pump divides
to equalize the pressure drop through the two loops. Thus, flow through the bypass increases
and flow through the collector loop decreases.

The pressure distribution in the solar loop with bypass follows the same pattern as single loop
flow, except for the interaction between the two loops caused by variations in sun intensity.
There was considerable variation in the sun intensity during the experiment. Pressure
distribution and flow rates responded predictably, but throughout all the changes the system
was stable.

Figures D-13, D-14 and D-15 illustrate the generation of steam in bypass mode at the lower end
of the pressure range mostly commonly used in industry (50 and 87 psig). Theoretically using
DSG to produce steam at such low pressures should be more challenging than generation at
higher steam pressures.

Figure D-13 shows a temperature increase from the loop inlet to the center of collector 1. There
is little additional increase at the center of the loop indicating that the onset on boiling was
somewhere in the second half of collector 1. There is a significant decrease in temperature from
the center of the loop to the center of collector 2 and a greater decline from the center of
collector 2 to the outlet of collector 2. The maximum differential temperature in the solar loop
from the inlet to the center cross over is about 12.4 C. This compares with a maximum
differential during the single phase heat up between the outlet and inlet of the loop of about
18.4 C.

The average temperature of the solar loop during steam generation was about 152.5C. This is
only 5.7 C above the steam delivery temperature of 146.8 C. In the conventional steam
generating process using an unfired steam generator, the inlet temperature would be about 8 C
higher than the steam temperature. Based on the differential noted above, the average solar
field temperature would be about 17.2 C above the steam temperature. Thus, a DSG system
should be more efficient than a conventional solar steam-generating system because of lower
temperature operations.

Figure D-14 shows the distribution of pressure around the loop. The pressure transducer at the
inlet to row 1 had failed, but since single phase flow exists to the center of row 1, the pressure at
the center of row 1 should be very similar to the inlet. The peak pressure in the loop was around
520 kPa, compared to the steam pressure of 345 kPa; a difference of 175 kPa. Based on the
conditions in a conventional solar steam plant, the peak collector temperature would be around
173.2 C. The saturation pressure of such water is about 855 kPa; 510 kPa above the steam
generating pressure.

The operating pressure of the conventional system needs to be considerably more because
additional pressure must be added to ensure that boiling does not occur anywhere in the
system. 100 kPa seems a reasonable margin of safety. In addition, the pressure to suppress
boiling must be maintained all the way back to the outlet of the solar field, so the pressure drop
in these return lines must be added to the pressure needed to suppress boiling. Thus the
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operating pressure of a conventional system generating 345 kPa steam is in the range of 1000
kPa at the solar field outlet and even greater at the solar field inlet and the pump discharge.
Greater analysis needs to be conducted for a commercial system design, but the data presented
confirms that a DSG system operates at a lower pressure and temperature than a conventional
solar steam plant. Such advantages should translate into better performance and lower capital
cost.

Figure D-15 shows details of flow rate, loop pressure drop--from the center of collector 1 to the
absorber at the exit of the loop, and sun intensity. It also clearly illustrates the impact of sun
intensity on steam generation and the impact of increased steam generation on flow through the
solar loop and bypass.
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CHAPTER 4
Future Work

The experimental program has produced much unique operational data measuring conditions
of two-phase flow in horizontal pipes. Future work is required to analyze these data. The first
goal of the data analysis would be to test theoretical models to see whether they can be
extended into the lower pressure steam regimes presented in this study. If these theoretical
models do not produce the required level of accuracy, then the goal would be to derive the
necessary modifications to achieve satisfactory correlation.

The models of two-phase flow pressure drop would be used to design the pipe network of a
commercial DSG plant. The behavior of this network would be simulated under conditions
aimed at reproducing possible real life scenarios. Conditions likely to cause dry out would be
investigated by transposing conditions derived from the simulations onto flow regime maps.
Conditions likely to create flow instabilities would be investigated by plotting curves of
pressure drop versus mass flow looking for inflection points where increasing flow reduces
pressure drop.

The network model would also be used as a means of testing techniques to prevent flow
instabilities. The goal would be to use passive techniques in contrast to the use in CSP plants of
flow meters and control valves on each loop. These valves are used to force a given flow
through each loop, but are probably not affordable for an industrial solar steam system. Passive
techniques that have been described in the literature include the use of orifices at the entrance to
each loop.

It is also hoped that the initial work using CFD to investigate this complex problem will provide
the stimulus for future work.

The proposed commercial plant design would be used as the basis for economic and
performance comparisons with conventional solar steam plants. The designs should illustrate
the promise of DSG technology, to significantly reduce the cost of solar steam by reducing
system installed capital costs and increasing thermal performance.

The final step of future work is gain acceptance of DSG technology. This would probably
require the construction of a first commercial demonstration plant. A technology with an
enhanced competitive position with respect to natural gas will greatly assist marketing efforts
into the California food processing industry. Increasingly in the future, the use of renewable
technologies will be driven by the need to reduce carbon footprints.
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CHATER 5;:
Conclusions

The conclusions of this report are:

Researchers at the University of Colorado, Boulder applied Computational Fluid
Dynamic techniques to DSG. They determined that a calculated Froude number was the
predictor of the thickness of the liquid film and the potential for dryout.

A DSG system will operate at a lower pressure and lower temperature than a
conventional solar steam-generating system.

DSG has the potential to reduce system capital costs while at the same time delivering
increased thermal output.

The direct generation of steam is relatively stable under a range of operating conditions
and imposed perturbations brought about by changes in solar radiation and flow rate.
There is no evidence of mechanical damage caused by DSG to solar system components.
Future work is required to correlate the data and to derive commercial system designs.
Commercialization requires that a demonstration in a commercial plant be built to prove
the viability of the technology to industry.
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BTU
CFD
PV
PIER

RD&D

GLOSSARY

British Thermal Unit
Computational Fluid Dynamics
Photovoltaics

Public Interest Energy Research

Research, Development, and Demonstration
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