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1.0

Project Scope and Overview

This is the final report for Phase I detailing the progress in the project “Innovative
Approaches to Solar Water Pasteurizers”. The report is organized around the tasks as
identified in the original project authorization.

1.1 Introduction to the Overall Project Goals, Scope and Tasks

The goal of this project is to explore innovative approaches for the pasteurization of
water to achieve safe drinking water through the use of solar energy. Although clean
drinking water is critical to sustaining human life, there are currently over 1 billion
people without safe water. Much of this water is contaminated with numerous
pathogenic bacteria and viruses that lead to illness such as diarrhea, cholera, and typhoid.
Although there has been significant work done on developing community-sized water
treatment systems, little work has been done to meet the needs of the dispersed rural
populations or small individual water users such as households, health clinics, and
schools. Users are often left to treat water by boiling, chlorinating small filtration
systems, transporting bottled water to site or just living with untreated water. Since
sunlight is readily available in many parts of the world where unsafe water exists,
developing a solar energy water treatment technology, which is cost competitive, simple
and aggressively meets the growing demands for safe water, can provide a self-sufficient
means for providing safe water.
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The overall objective of the project is to examine the relationship between key
parameters of solar pasteurizers with either internal or external recovery heat exchangers.
An optimization study is to be conducted to determine the lowest cost systems, in
particular focusing on the ratio between collection and heat exchanger areas. Traditional
and potential non-traditional materials (polymer options) and construction techniques are
to be identified and considered in the optimization study. Drawing on the results of the
optimization study, two solar pasteurization prototypes are to be designed, fabricated and
tested.

The overall implementation of the project is divided into three broader tasks as follows:
(1) parameter optimization, (2) design, fabrication and testing, and (3) analysis.

TASK 1. Parameter Optimization.
•

Parameter optimization is to be done using TRNSYS as the platform. FORTRAN
code is to be developed, where necessary, to model steady-state, flow-through SPIHX
(Solar Pasteurizer with Integral Heat Exchanger), SPEHX (Solar Pasteurizer with
External Heat Exchanger), and hybrid systems (SPIHX with additional heat
exchanger).

•

With the use of TRNSYS and optimization techniques, the lowest cost solution is to
be sought by considering a range of unit costs for pasteurizers built from both metal
and polymer materials.
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TASK 2. Design, Fabrication, and Testing
•

Materials for either metal or polymer absorbers and heat exchangers are to be
identified and selected for the pasteurizers. The conditions of service and the
expected operational environment need to be defined and translated into requirements
on key critical parameters. The properties to be examined include strength, stiffness,
durability, cost and ease of manufacture, under appropriate conditions of exposure to
water, temperature, UV radiation, pressure, and loading.

•

Based on the optimization study, there is to be design of two pasteurizers for testing.

•

Design and construction of a test bed.

•

Fabrication and installation of the pasteurizers.

•

Installation of instrumentation on test bed to fully monitor performance of the two
test pasteurizers. Measurements of temperatures, flow rates, and solar insolation are
to be logged frequently to allow analysis of the pasteurizer under all operating
conditions.

•

There is to be a testing program that will first allow parameter identification and
calibration, and then provide performance results under a number of operating
conditions. The parameters to be determined are those of typical collectors (F’UL,
F’τα, and IAM) and heat exchangers.

TASK 3
•

Evaluation of test results are to be carried out for both pasteurizers, and the
performance compared to that obtained by model simulation.
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•

Cost analysis to be carried out using the experience of building the test prototypes and
the simulation models.

•

Carry out a brief market assessment.

•

Locate potential manufacturers that may be possible collaborators in moving the
technology closer to commercialization.

This interim report describes the work on a number of the above tasks.

1.2 Summary of Work Completed

Subsequent sections in this report provide the details of the project work completed. The
sections are organized by topic in accordance with the list of tasks laid out above.
The topics presented in later chapters are:

Water Requirements
•

Based on criteria for water need by the World Health Organization of 20 liters per
day per person (lpd), and using a family size of 8, we decided on a pasteurizer design
capacity of at least an average of 160 lpd in the worst month.

Pasteurization Requirements
•

The pasteurization requirements were identified from studies by Parry and Mortimer
(1984) on the inactivation of the Hepatitis A Virus. The viruses were fully
inactivated in 4 minutes at 70oC and in 30 seconds at 75oC. This produces a curve
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slightly less conservative than that by Feacham (1983) using pasteurization of night
soil.

Market Potential

• The potential market for affordable solar pasteurizer was estimated to be over 1.5
million systems. The primary markets appear to be urban areas where consumers
distrust municipal water sources and rural locations where there is no access to
treated water. The most logical marketing avenue for the largest impact would be to
target existing international agencies in the business of providing safe water.

Material Identification
•

Establishment of design criteria for the pasteurizer led to a list of material
requirements that had to be met with respect to strength, creep compatibility with
water, and durability at the operating conditions of temperature, UV exposure, and
loading. The polymers identified for further cost and performance analysis in two
different conceptual designs were polypropylene, polysulfone, and high temperature
nylon.

Pasteurizer Concept Designs
•

Four basic concept designs were identified. Each concept allows for several
variations and combinations of configurations. The four concept designs include A) a
thin film polymer pasteurizer with an integral heat exchanger (SPIHX), B) a semi-
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rigid polymer SPIHX, C) a fully wetted copper SPIHX, and D) a traditional fin and
tube collector with an external heat exchanger.

Cost Assumptions
•

To compare the four concepts proposed in the previous section, a costing function for
each system was developed. The general format for the initial cost is:

Initial Cost = [Cfixed + (Ccollector + CHXAHX/Ac) * Ac]
An example of the costing breakdown is shown in Table 1.2.1.
Table 1.2.1 Costing Assumptions
CONCEPT

DESIGN

A
A-2
B
C
D

Thin Film Polysufone
Thin Film Polypropylene
Coroplast
Fully Wetted Copper SPIHX
Thermafin with Tube HX

Cfixed
$ 20.72
$ 20.72
$ 20.72
$ 23.22
$ 20.72

Ccollector
Ccollector
(Tempered glass) (Coroplast Glazing)
$

59.36
N/A

$
$
$

36.96
86.67
69.81

$
$
$

43.79 $
17.84 $
21.39 $
N/A
$
N/A
$

CHX
10.94
10.94
15.14
76.88
37.66

Modeling and Optimization
•

TRNSYS 14.2 (The Transient System Simulation Program) was chosen as the
computer system to model the Solar Water Pasteurizers. A steady-state pasteurizer
component module was developed using Digital Visual Fortran 5.0. The model was
based on the work of Stevens et. al. (1998). The outlet temperature at the valve
housing is an input to the component. The pasteurizer module has three modes: 1)
SPIHX, 2) SPEHX, and 3) no heat exchanger mode. Because the solutions are not in
closed form, the module employs a simple iterative loop to calculate pasteurizer mass
flow rates for modes 1 and 2. Mode 1 for the pasteurizer component can be used in
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conjunction with the heat exchanger (Type 5) component to simulate the addition of
external heat exchanger to a SPIHX type system.
•

Simulations for the optimization study were carried out for several configurations and
combinations of the basic four concept designs. Each of four concept designs was
simulated at two climates (Miami and Phoenix) in combination with one of four
possible heat exchanger designs and with two possible glazing options. The
optimized absorber slope was identified so that the pasteurizer would meet the design
criteria of an average of 160 lpd in the worst month. The lowest initial cost appears
to be a pasteurizer fabricated with corrugated material with an integral heat
exchanger. The second lowest cost system is a traditional tube-and-fin absorber with
an inexpensive external heat exchanger designed for low flow rates. This second
system will be more durable and handle dry-stagnant conditions that could potentially
exist in pasteurizers.

Testing Plan
•

A detailed testing plan involving the test stand configuration, the data acquisition
equipment, and the method of testing was developed to measure system parameters
and performance.

Fabrication and Testing of Two Pasteurizers Concepts
•

Two pasteurizers were selected based on the optimization study to be built and tested.
The first pasteurizer built was a SPEHX using a traditional fin and tube absorber plate
and a shell-and-tube heat exchanger. Several tests were conducted on the individual
components to measure parameters and aid in improving component design. During
1-7

early system fabrication and testing, much attention was spent on reducing system
cycling during the morning warm-up period and automatically purging the system.
The built system had a slightly smaller heat exchanger than optimization called for,
partially due to slightly lower operating flow rates during normal operation and the
limitation of not wanting to build a heat exchanger larger than standard stock material
to minimize fabrication costs. The final system pasteurized over 130 liters of water
during a sunny day in March.
•

The TRNSYS SPEHX model compared well to the measured data for the sunny test
days. The only major discrepancies on sunny days, occurred during the early part of
the day, when the system was warming-up. Because the model assumes steady-state
conditions, the model was not able to predict the reduction in performance during the
morning period. The steady-state model also was not able to predict performance
well for cloudy days.

•

A SPIHX prototype system was built using corrugated polypropylene signage
material. Much of the effort was spent attempting different adhesive techniques. A
system was tested briefly to measure system parameters and used with the TRNSYS
model to predict annual system performance.
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2.0 Water Requirements
In developing a solar pasteurizer system, it is critical to determine the appropriate
capacity of a system. According to a study conducted by Burch and Thomas (1998) on
water disinfection in developing countries, they concluded that the greatest potential for
solar water pasteurization is for home scale systems. Village scale systems are less
feasible because of inexpensive alternatives such as chlorination and slow sand filtration.
The study indicates that the market size for a small single-family scale system is
potentially 8 million units. Other potential solar pasteurization applications are for
remote health clinics, schools, and small villages. With a small clinic/community sized
system, there are issues related to storage and transportation. Even a larger family-sized
unit would have storage risks for recontamination if chlorine were not used (Cotruvo,
1998 and White, 1998). The small village sized market was estimated to be just over a
half of a million units in the Burch and Thomas study. Based on this study, we have
decided to focus on system capacities that would supply water for a single home.
Additionally, many cultures would require a single-family unit, because women do not
mix with the men, and often do not leave the house (Javed, 1998). Several small systems
could be used to meet the demands of health clinics, schools, and small villages.

Although the amount of water to be treated varies significantly with climate, culture, and
access to water, we were interested in determining a reasonable capacity as the basis for
optimization and prototype testing. In order to determine the appropriate capacity for a
single-family system, we contacted several agencies that are involved with water supply
and treatment for the developing world. Daily water utilization estimates ranged from 3
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to 40 liters per person. Joseph Cotruvo (1998) at the National Sanitation Foundation
(NSF) International recommended a bare minimum of 3-5 liters per person per day (lpd).
Cotruvo said the military standard is 5-7 lpd of drinking water in warm climates.
Christian Children’s Fund uses a guideline of 5 lpd for refugee camps (Javed, 1998). The
NREL Report states the low-level usage for drinking only is 4 liters per person per day,
and the high volume, for drinking, hygiene, and bathing is 40 liters per person per day.
The report also states that the health clinic water use is 10 liters per person per day for
drinking and hygiene (Burch and Thomas, 1998). The United Nations Handbook for
Emergencies recommends 15-20 lpd for drinking, cooking, and hygiene for refugee
camps. The maximum capacity is used by Water Partners International which specifies
40 lpd in designing their village size water systems (White, 1998). When evaluating the
percentage of populations having access to safe water, the World Health Organization
(WHO) uses the criteria of 20 lpd (WHO, 1998). Based on the WHO criteria and
assuming an average family size of 8 (Javed, 1998), we decided upon a pasteurizer design
capacity of 160 liters per day.
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3.0

Water Pasteurization Requirements

When water is held at elevated temperatures, normally above 55° C, enteric pathogens are
inactivated. In order to destroy all harmful pathogens water must be held at elevated
temperatures for a period of time. The amount of time is dependent on the types of
pathogens found in the water and on the temperature at which the water is being treated.
The higher the temperature the shorter the time required to inactivate the harmful
pathogens. Inactivation of harmful pathogens is known as pasteurization.

The pasteurization temperature is a primary determinant of system performance, or
volume of pasteurized water per day, for solar pasteurizers. Water entering a pasteurizer,
whether it is a batch system or a flow-through system, must be heated to the desired
temperature. Higher temperatures will require more energy and take more time during
the initial warm-up period each day. Furthermore, performance of a solar collector
decreases as the operating temperatures increase. The impact on performance at different
operating temperatures for a SPHIX system was simulated and documented in an earlier
study, by Stevens et al (1998). Because the performance of a solar pasteurizer decreases
with higher temperatures it is critical to choose the lowest possible operating temperature
without sacrificing pasteurization conditions.

A literature search was performed to determine what temperature-time criteria have been
used in pasteurizers in the past and what other information exists that might indicate an
appropriate time-temperature relationship for solar water pasteurizers. In the first
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published paper on solar water pasteurization, the target for successful pasteurization was
62.8°C for 30 minutes for a batch system (Ciochetti and Metcalf, 1984). The first known
flow- through solar pasteurizer made from a solar cooker had a valve opening
temperature of 83.5°C (Ahrens, 1997). Yegan and Andreatta recommended a valve
opening temperature of 76.7°C for flow rates less than 10 grams per second for an
improved solar box pasteurizer (1994). Anderson and Collier tested a larger
concentrating system with operating temperatures ranging from 87.4 to 97.0°C (1996).
The only US off-the-shelf system fabricated by Grand Solar in Hawaii operates at 82.2°C
(Fujioka and Rijal, 1995). Cobb (1996) uses a pasteurization temperature of 70°C for his
float regulated pasteurizer system.

As can be seen from the values used for the pasteurizers listed above, there is a wide
range of temperatures used from 70 to 97°C for flow-through systems. A pasteurizer
system performance can drop well over 20% by just increasing the operating temperature
from 70 to 90°C. Because of this wide range in operating temperatures and great impact
on performance, an investigation into pasteurization was conducted. Most of the data
available is for the pasteurization of milk and seafood. Milk pasteurization requires the
fluid to be heated for either 30 minutes at 62.8°C or for 15 seconds at 71.6°C. Seafood
pasteurization temperatures vary dramatically depending on the type of seafood.

During our search for water pasteurization requirements, it became apparent that the most
thermally resistant pathogens that would be found in unsafe water are viruses, in
particular the Hepatitis A virus (HAV) (Backer, 1995). For this reason our search
3-2

focused on the inactivation of HAV due to thermal processes. Feachem (1983) collected
data from numerous sources for the composting of human waste. The temperature-time
pasteurization curve he developed can be seen in Figure 3.0.1. This curve has served as
the basis for most solar pasteurizers. Because this curve is for the treatment of night soil,
where enteric pathogen concentrations are much higher than would be found in normal
surface water, the curve is conservative. Feachem’s curve is not based on the high
temperatures and low exposure times that are of interest for solar water pasteurization.
The best data for high temperature and low exposure times that was found came from
research conducted by Parry and Mortimer (1984). HAV was suspended in a phosphatebuffered saline solution, closer to water than milk, and was treated at temperatures
ranging from 55 to 85°C. The viruses were fully inactivated in 4 minutes at 70°C and in
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Figure 3.0.1 Pasteurization Safety Curve extrapolated from Feachem data.
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Figure 3.0.2 shows the safety curve for Parry and Mortimer’s data. The curve is slightly
less conservative than that of Feachem’s.
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Figure 3.0.2 Pasteurization of water for HAV based on Parry and Mortimer studies.

Based on Figure 3.0.2, we have chosen to use 74°C (165°F) as the design pasteurization
temperature for modeling and the two prototype systems to be developed later in the
project. There should be no problems exceeding the pasteurization curve using this
design temperature.
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4.0

Market Analysis

The world’s need for clean water will have to be satisfied by a combination of several differing
technologies. The solar pasteurizer investigated in this study, with a minimum capacity of 160
liters per day is considered a small, appear to be well suited for single family units and other
small applications.
A tabulation was made of people without access to safe drinking water from the UNICEF
Information Statistics (1998). The greatest percentage of people without access to safe water is
found in Africa, with almost 50% of the population not having access to safe drinking water.
Table 4.0.1
Region
Americas/Caribbean
South/East Africa
Mid East/No Africa
West/Central Africa
South Asia
East Asia/Pacific
Industrialized
Total (not Europe)

World Access to Safe Water

Population - Total
441,174,000
283,240,000
289,121,000
289,172,000
1,267,442,000
1,792,208,000
442,532,000
4,362,357,000

Without Safe Water
105,465,000
130,681,000
49,517,000
147,429,000
252,773,000
587,564,000
3,761,000
1,273,428,000

Percentage
24%
46%
17%
51%
20%
33%
1%
29%

These figures include both urban and rural areas. Assuming an average of 8 people per
household in the non-industrialized countries shown above, 159 million households do not have
access to safe water. Conservatively assuming one percent of these households as the potential
market for this size of solar water pasteurizer, a market potential of 1.6 million units exists
worldwide. Burch and Thomas (1998) estimated the market at close to 8 million, most of which
was urban and peri-urban dwellers, who distrust municipal water supply. The market potential is
obviously greater than 1.6 million and continues to grow each year.
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Potential users of this system would meet the following criteria:

• Water availability of up to 160 liters per day
• Warm weather and sufficient average solar gain (Africa, most of South America,
South & Pacific Asia, Mid East)
• Ownership of and responsibility for the system
• Recognition of the need to treat water
The product can be distributed/sold using several different approaches:

• First, the manufacturer can become a relief agency themselves, like SCI (Solar
Cookers International ), and solicit donations to fund the manufacture and distribution
of the units.
• Second, the manufacture can sell the product both for temporary, emergency
situations and everyday use to consumers and try to get relief agencies to use the
product as well. This is similar to what Aqua Sun International has advertised on
their web site.
• Third, an aggressive marketing could be done to relief agencies that could distribute
the product throughout the world. By incorporating the manufacturing of the system
in the same country as the distribution, ownership and responsibility are realized.
Agencies which could be contacted include:
WHO (World Health Organization)
UNICEF (United Nations Children’s Fund)
CCF (Christian Children’s Fund)
Water for People
CARE
Water Partners International
SCI (Solar Cookers International)
Food for the Poor
GWP (Global Water Partnership)
AWWA (American Water Works Association)
Because worldwide relief agencies have been established and are in place in the regions of the
world where a solar water pasteurizer system would be beneficial, it is recommended that the
third marketing approach be utilized. After an established manufacturing process is developed,
further contact with the relief agencies who could use the product and assist with establishing
local manufacturing centers would be made.
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5.0

Material Identification

One of the challenges to making solar pasteurizers successful is to minimize the initial
cost of a solar pasteurizer so that it is comparable with competing technologies for
processing water. The pasteurizer cost depends on the choice of the materials used and
cost of assembly of those materials. The goal then is to identify common materials
suitable to the successful operation of a solar pasteurizer of given capacity for a period of
ten years at minimum initial cost. The materials need to be able to meet the strength,
durability, and safety requirements associated with the pasteurization of drinking water.
This includes the material behavior at normal expected operating temperatures as well as
the extreme temperatures that can occur during dry stagnation. Furthermore the materials
need to readily available and respond favorably to standard manufacturing procedures.

5.1 General Concepts

There are two distinct types of materials to be considered for absorber design: metals and
polymers.

Metal absorbers are conventionally made of copper because of a number of favorable
material characteristics. Copper has good heat transfer properties, high strength at
temperatures well in excess of the maximum stagnation temperatures, good durability,
and is readily available. Furthermore copper is receptive to selective coatings and there
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has been extensive experience with the manufacturing of copper solar collectors. Copper
has moderate costs.

The search for a polymer absorber is driven by the potential to significantly reduce the
cost of the pasteurizer through lower material cost and through cheaper manufacturing
processes. To exploit this potential requires careful selection of a polymer that can meet
the various temperature, strength, safety, and durability requirements of the absorber.
Polymer materials are different from metals in several aspects, but the most important
here have to do with the time and temperature dependence of all key strength
characteristics and the durability under exposure to water and sunlight. There are many
different polymers displaying a wide range of material characteristics. The selection
process needs to be one that identifies candidate polymers according to the ability of the
polymer to meet the design requirements. The material is then evaluated according to
manufactured absorber cost.

5.2 Requirements

A nominal set of material requirements and target values is presented in Table 5.2.1. The
maximum design temperature is either set at 100o C or 180o C depending on the design
strategy adopted with respect to absorber failure. If the absorber is assumed to always be
flooded then the worst condition will be boiling in the absorber, thus limiting the
maximum temperature to 100o C. If the possibility exists for the absorber to go dry then
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the absorber may be exposed to the stagnation temperature. The maximum stagnation
temperature for a non-selective surface is approximately 160o C.

Table 5.2.1 Material requirements for Pasteurizer
Requirements
Max design temperature
Max continual temperature
Durability
Costs
Creep Resistance

Target Values
Standard
100°C or 180°C
80°C
> 5 years
2
<$1/ft
Must handle strength for at least ASTM D2990
five years under continual loading
at operating temperatures.

Safe for Potable water contact
Scaling Resistant
UV resistant
Puncture resistant
Permeability to water

Meets standard
NSF 061
Resistant
Resistant, 10 year life
Resistant
<1% immersed in 24 hrs,
ASTM D570
dimensional stability at 30 kPa
Low cost, standard manufacturing techniques

Fabrication

The maximum normal operating temperature in the absorber is set at the pasteurizer
thermostatic valve. The valve has a nominal operating temperature such that the
temperature will not exceed 80o C. Therefore the conservative requirement is for the
material to maintain adequate strength and creep properties for continual operation at
80oC for a design period of ten years. Measures of strength, flexural modulus, and creep
for polymers are found in the ASTM testing standards ASTM D638 (strength), ASTM
D790 (flexural strength) and ASTM D2990 (creep).
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The expected loading for the absorber under gravity fed system is a maximum hydrostatic
pressure of 30 kPa. The dimensional stability of the material under loading is identified
in polymer test standard ASTM D570, while the deflection temperature under flexural
load is given at either 455 kPa or 264 kPa in test standard ASTM D648. A further
measure of temperature performance is the temperature index as identified in a standard
procedure according to Underwriters Laboratory UL746B.

To serve in a pasteurizer the material needs to be compatible with potable water both
from the standpoints of not contaminating the water and not interfering with the material
properties of the polymer. The safety of potable water is measured by compliance with
the National Sanitation Foundation standards and through FDA approval. The key NSF
standard to be considered is NSF 61. Where available, approval according to NSF 14 and
FDA will be included. The effect of the water on the polymer is identified in terms of the
permeability, and absorptivity of the water. The target value is for there to be less than
1% water absorption in 24 hours as measured in tests according to test standard ASTM
D570.

A further requirement is that materials be readily available and responsive to common
fabrication techniques.

5.3 Polymer Selection Process
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The polymers initially considered as candidate materials are listed in Appendix A. The
table includes a listing of the key material properties, estimated material costs, and the
source of the information. It is from this list that evaluations are made to narrow the
range of materials to be considered. An initial selection process very similar to that given
by Davidson and Mantell (1998) is used to narrow the number of eligible materials. This
technique involves the selection at five levels. The first two levels have to do with the
material compatibility with water, the third with basic strength and flexural stiffness
characteristics of the material, the fourth with the time-temperature behavior of the
material, and the fifth level has to do with processability and thermal conductivity of the
material. The ultimate selection criterion is with respect to cost but this selection can
only be made in conjunction with the optimization process in the design of a pasteurizer.

i)

The first level of selection is based on the use of the material as a “potable water
material”. Materials are identified that meet the National Sanitation Foundation
standards: NSF Standard 61 “Drinking Water System Components - Health” and NSF
Standard 14 “Plastic Piping System Components and Related Materials”. Also
identified is whether the material has FDA approval for use with potable water. The
NSF standard 61 is used as the qualifying determinant.

ii)

The second level is based on the material being non-hygroscopic such that it meets a
water absorption criterion of less than 1% by weight when submerged in water at
room temperature for 24 hours (ASTM Test D570). Furthermore, the characteristic
that the mechanical properties for the polymer should not show significant
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degradation in the presence of hot water continuously at 82oC, or cycling between 0oC
and 100oC, is adopted from the report by Davidson and Mantell (1998). Resistance to
propylene glycol was not considered a necessary property for the pasteurizer
application.

iii)

The third level of selection is based on issues of strength and stiffness. Available
strength information (tensile strength) and stiffness (flexural modulus) are usually
documented for tests done according to the test procedures in ASTM test methods
D638 and D790. Values of tensile strength range from 20 MPa up to 220 MPa for
different materials while values for flexural modulus may range from 667 MPa to
11,700 MPa. The materials are grouped according to tensile strength as high strength
(above 80 MPA) or low strength (below 80 MPa) in the same manner as done by
Davidson and Mantell (1998).

iv)

The fourth level of selection is based on the time and temperature dependent
characteristics of the material. The limiting feature of test data from ASTM
Procedures D638 and D790 are that they do not necessarily provide strength
evaluations of the material at the temperatures of service or for long term behavior.
Some indications of long term evaluation of properties may be developed from results
of creep tests during applied thermal loads. Some materials have descriptions of such
tests but others do not. Further indications of the temperature characteristics may be
found from the glass transition temperature and the heat distortion temperature.
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v)

The fifth level of selection includes the thermal conductivity, ease of fabrication, and
overall system cost. These variables are determined by the particular design
configuration and the selection can only be made after system simulation.

A process of selection according to the first four criteria results in the list of materials
shown in Table 5.3.1. Some of the materials in Table 5.3.1 do not meet all of the criteria
but have been included because of availability and material cost. Further selection
depends on the particular design and the influence of material and processing costs on the
overall cost of the pasteurizer. A more comprehensive list of materials and properties can
be found in Appendix A.
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6.0

Pasteurizer Concept Designs

Existing flow-through pasteurizers range from a traditional flat plate solar collector with
an attached commercially available heat exchanger to a solar box cooker with painted
plastic tubing. The cost and durability of these systems vary greatly. A flow-through
solar cooker with heat recovery capable of producing approximately 80-96 liters on a
sunny day has an initial cost is on the order of $80 FOB with an estimated life of 5 years
(Andreatta et. al. 1994). The Sol*Saver, a flat plate design, costs $1,650 FOB with an
expected life of 15 years and produces approximately 570 liters per sunny day (Burch and
Thomas 1998). The capacity cost for the Sol*Saver as defined in the NREL report is
$3,762 per m3/day. Normalizing this for the required water capacity of 160 liters selected
in Section 2.0 as the basis for a family-sized unit, the system cost for Sol*Saver would be
$602. 1 The system cost for a solar cooker with heat recovery would be approximately
$173. 2 The solar cooker pasteurizer has only a third of the life of a Sol*Saver. Because
these calculations are based on performance for sunny days, actual costs for 160 lpd for
the worst month would most likely be higher.

This project examines how these costs can be reduced while maintaining a lifetime of ten
or more years. Four options for improving the cost effectiveness of solar pasteurizers
are: i) redesigning the collector system to meet the particular capacity requirement rather
than relying on existing solar collectors designed for larger applications, ii) using an

1

NREL report estimated cost at $3,764/m3-day, so for 160 liters per day cost would be $602.

2

First cost is assumed to be initial cost * 1.3 to account for shipping and other international costs. The first
cost would be $104. So $104/96liters per day * 160 liters per day = $173.
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integral heat exchanger approach (SPIHX), iii) employing polymers to replace more
expensive copper components, and iv) designing a simple heat exchanger for low flows.

Early in the project, our pasteurizer team brainstormed potential concept designs. Based
on these ideas and taking into account several key issues from past experience, four
concept designs were derived for use in an optimization study. The key issues that were
considered are:

•

High solar absorptance: The absorber for a pasteurizer should have a high solar
transmittance-absorptance product (>0.7) to minimize the cost to energy gain ratio.

•

Minimal thermal losses: A glazing system will be required for the desired
pasteurization system to reduce losses. A selective surface also minimizes thermal
losses, but is not required to reach pasteurization temperatures. Augmentation by the
use of reflective surfaces can also reduce losses. Augmentation was not considered,
because it often requires tracking to be effective, which would make the system more
complex.

•

Adequate temperature regulation: Temperature regulation is critical to solar
pasteurization. There have been several strategies of temperature control. The most
common is the use of a retrofitted automobile thermostat. Some proposed systems
have used the fact that water densities vary with temperatures (Cobb 1998), but there
is significant room for operator error. We have used a retrofitted auto thermostatic
valve in previous testing with good results. Long term reliability is still to be
determined.
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•

Significant heat transfer in the heat exchanger for a low cost: Given the desired
capacity of 160 liters per day, the flows in the system will only be on the order of 25
liters per hour (0.1 gpm). At these low flows it is impractical to operate flat-plate
counter-flow heat exchanger in the turbulent regime. The resulting laminar flows
have low Nusselt numbers. For this reason, focus should be on increasing the
surface area of the heat exchanger and decreasing the hydraulic diameter without
exceeding the pressure limits described below.

•

Durable and simple: Because the greatest potential application for solar pasteurizers
is in the developing world, where replacement of parts or systems is not a simple task,
the systems should be simple and durable. Ideally a system should be designed to last
ten or more years with minimal maintenance.

•

Minimal thermal mass: Large thermal masses can reduce daily performances
significantly because of the time to initially heat the system to pasteurization
temperatures. A large thermal mass can also be a problem during periods of scattered
clouds. Systems should have thermal masses below 20 KJ/°C per m2 of collection
area.

•

Low pressure drops across a system: Because small solar pasteurizer systems will be
gravity fed, there must be small pressure drops across the entire system (<60 cm of
water).

•

Means of handling stagnation temperatures: Although normal-operating conditions
may reach 80°C, there is the possibility of greater temperatures. The most severe
stagnation conditions exist when a pasteurizer is allowed to run dry. If a selective
surface is used, temperatures can approach 200°C during peak sun hours. Non-
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selective surface system temperatures may reach 130°C. Because of these conditions,
materials should be selected to handle these temperatures or there should be
mechanisms to avoid dry stagnation conditions. Dry conditions will only exist if the
feed tank is allowed to run dry and water in the system boils off.
•

Watertight for low system pressures: Although the system will be under low pressures
(<30 KPa), all joints and seams will need to be watertight for a minimum of ten years
and under daily thermal cycling.

•

Use available materials: Because one of the primary goals of the project is to reduce
cost, concept designs will focus on using materials that are currently available and
limit the use of custom materials and components.

The four concept designs include A) a thin film polymer pasteurizer with an integral heat
exchanger (SPIHX), B) a semi-rigid polymer SPIHX, C) a fully wetted copper SPIHX,
and D) a traditional fin and tube collector with an external heat exchanger. Below are
diagrams and brief descriptions for each concept design.

6.1

Concept A – Thin-film, Polymer SPIHX

Diagram:
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Description:
This concept design consists of three polymer films heat-sealed together to form two sets
of parallel channels. This concept is very similar to film collectors proposed by Thomas
et. al. (1985) and Spears and Tretina (1987), but with the addition of an additional
channel for heat recovery. The top film will act as the absorber for the system and the
middle film as the heat exchanger plate. Untreated water will flow through the top
channel and be heated from absorber film above and the heat exchanger film below. The
lower channel will contain pasteurized water, which heats the incoming water. The
absorber film will have UV stabilizers and carbon black colorants added.

The glazing could either be tempered glass or a horticulture grade Coroplast® glazing.
The absorber assembly will be backed with 1-inch isocyanurate insulation. Additional
heat exchanger area can be added to the system by placing a second or third three-ply
film channel section below the top absorber assembly. This would allow for more heat
recovery with a small addition in cost. The additional heat will be separated from the
absorber section by ½-inch sheet of isocyanurate to eliminate warm-up periods in the
morning.

Materials and Fabrication Notes:
Section 5.0 discussed possible materials to be used for a thin film design. It appears that
polysufone (PSO) is a good fit for a system that will potentially be in continual contact
with water, be under a constant pressure of approximately 30Kpa, and reach operating
temperature of 80°C daily. A carbon black film should be used for UV stability and high
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solar absorptance. The PSO will either be bound by adhesives or thermally welding. If
done properly thermally welding will provide a more reliable bound, but can initially be
difficult to perfect and may require expensive equipment.

The pasteurizer channels will have to be held in tension when filled with water to prevent
the absorber system from forming circular channels with large channel heights. Small
channel heights will lead to better heat transfer and reduce warm-up periods. The
number of channels and the height of the channel are dependent on the long-term tensile
strength of the film being used. Although PSO has initial tensile strengths in excess of 70
MPa, the strength is documented to be 13.8 MPa for the conditions of interest. We
performed a stress analysis using a maximum height of 3 mm and channel width of 4 cm.
For this geometry, the required film thickness should be 5 mils or greater.

PSO is expensive at approximately $0.92/ft2 for 5 mil of carbon black film. An
alternative to an engineered plastic such as PSO is to use a commodity plastic such as
Polypropylene (PP) and avoid dry stagnant conditions by either venting or ensuring
system remains wetted. PP does appear to have excellent properties at normal operating
conditions. It is unclear of what the long term material properties of PP are under the
pasteurizer conditions. PP has been used in unglazed collectors for swimming pools and
is currently being used in an unglazed batch pasteurizer (Hartzell 1998). Because of the
uncertainty of PP a 10-mil film pigmented with carbon black will be considered for this
design.
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Both PSO and PP films can be purchased from a local distributor with carbon black
pigmentation and UV stabilizers.

6.2

Concept B - SPIHX Rigid Polymer

Diagram:

Description:
Because cost was one of the key factors in examining the polymer type pasteurizers, the
focus in developing this concept design was to investigate what off-the-shelf items
currently exist and could be fabricated into a pasteurizer with minimal fabrication effort.
After reviewing several distributor catalogs and meeting with polymer extension agents
in North Carolina, efforts focused on utilizing a product called Coroplast® .

Coroplast® is a rigid panel with square parallel channels. It has been primarily used in
the sign industry. Channels range in size from 2-6 mm. A board with 4 mm channels has
a cost of approximately $0.27 /ft2 and can be purchased with UV stabilizers and in carbon
black. Coroplast® is made from polypropylene co-polymer, which is resistant to water
and meets standard NSF 61. Normal performance range for Coroplast® is -17°F to
230°F. For this reason the system cannot be allowed to reach dry-stagnant conditions.
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Coroplast® with stabilizers can survive outdoor environments for 10 years. Long term
durability may be an issue for a pasteurizer application. An engineer at Coroplast® was
unaware of a similar application using Coroplast® . Field experience will be required to
determine whether there are problem areas. Initial systems can be manufactured using
off-the-shelf Coroplast® , but if the market appears to be large, a more durable and
alternative polymer resin may be used.

The rigid polymer SPIHX concept design consists of two Coroplast® sheets bonded
together. The Coroplast® channels are 2 mm wide with skin thickness of 0.165 mm.
We developed an ANSYS model to determine if there would be any structural issues with
Coroplast® at normal operating pressures. The maximum von mises stresses calculated
were 5.1 MPa, which are well below the Coroplast® strength of 25.5 MPa.

The glazing could either be tempered glass or a horticulture grade Coroplast® glazing.
The absorber assembly will be backed with 1-inch isocyanurate insulation. Additional
heat exchanger area can be added to the system by using two more Coroplast® sheets
bonded together and placed behind the absorber assembly. The additional heat exchanger
will be separated from the absorber by ½-inch sheet of isocyanurate to eliminate warm-up
periods in the morning.

Materials and Fabrication Notes:
Coroplast® will be the primary material used in the system. Coroplast® can be
purchased from most polymer distributors. There are several options for bonding two
sheets together including adhesives, ultrasonic welding and electro-magnetic induction
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welding. It appears the simplest and most effective will be to use an adhesive for
prototype construction. A manifold can be created by either cutting away a small section
of the walls at the top and bottom of each sheet or by the adding three thin sheets of
polypropylene to both ends. The sides at the manifold can be bonded by welding, hot
melts, or adhesives. An inlet/outlet connector will be added to each manifold. The
thermostatic valve will be self-contained.

6.3

Concept C - SPIHX Copper

Diagrams:

Description:
The copper SPHIX concept design consists of a fully wetted absorber plate with an
attached heat exchanger on the underside. The absorber and heat exchanger assembly is
to be constructed from 1/64-inch thick copper sheets. The absorber surface can be hand
spray painted with Solkote selective surface. The channels will have an average height of
2mm designed to minimize thermal mass while utilizing an optimal collection area. 1”thick isocyanurate insulation will be used to minimize losses and warm-up time. The
collection area will be the topside of primary heating channels. A selective coating to
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maximize heating and minimize losses will cover the collection surface. Water will
travel between the absorber and preheat channels via an external valve attachment. The
valve attachment will be a derivative of an automotive thermostatic valve.

Additional heat exchanger area can be added to improve performance. The options for
heat exchangers include tube or flat plate counterflow arrangement. These options are
explained in more detail in a section under option D.

This system should have a lifetime comparable to solar collector of 20 plus years. The
valve will need to be replaced approximately every five years to ensure proper
pasteurization. There is a potential problem of excessive scaling at the absorber and heat
exchanger, which may reduce system performance.

Materials and Fabrication Notes:
Copper will be used as the primary construction material. Several options exist for the
fabrication of the channels and heat exchanger. The channels will either by constructed
by stamping the top and bottom copper sheets as shown above, or by attaching thin
copper strips between the three plates to create several parallel channels. Each
fabrication option offers it’s own complications and benefits. The strip copper channels
will cost less in materials and initial capital costs, however, will require substantially
more time in construction. In contrast, the stamped copper channels will cost more in
labor and initial capital costs; however, the construction could possibly be simpler.
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Attachment of the copper channel (thin strip or stamped) to each other and to the center
sheet can be done by either solder/brazing or ultrasonic welding. Solder/brazing is the
conventional method of attaching copper, however, it would require construction by a
trained specialist. The ultrasonic welding would be more durable but require high cost
for capital equipment. We have contacted Sunqest Inc. of North Carolina about possibly
manufacturing a prototype system.

6.4

Concept D - SPEHX Copper

Diagrams:

Description:
The copper SPEHX D concept design consists of Thermafin absorber or similar tube-andfin absorber with and a flat copper heat exchanger inside one housing. The absorber and
heat exchanger will be separated by a ½” sheet of isocyanurate insulation sheet to
minimize warm-up time. The heat exchanger will be identical to the absorber proposed
for concept design C, but will not include the selective surface. The Thermafin absorber
will be attached to a 1” header at top and bottom. The top header will have a valve
housing attached directly to one end of it, which is different than the three previous
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concept designs. The outlet of valve will go directly to the top of the closest channel of
the heat exchanger and flow downward. The heat exchanger area will be an integer
multiple of the collection area. The heat exchanger and absorber assembly will be
backed with 1” of isocyanurate insulation. The housing for the system will be made out
of galvanized steel channels. The glazing will be made with 1/8” tempered glass with a
gasket seal along the edges.

Materials and Fabrication Notes:
The only specialty item is the Thermafin absorber with header, which can be purchased
directly from Thermafin Manufacturing Inc. The heat exchanger options will require the
most construction time and is described under concept design C and below.

6.5

Alternative Heat Exchanger Option

Diagrams:

Description:
Although the systems flow rates are expected to be on the order of 25 liters per hour,
there is the possibility of using a small diameter tube to create turbulent conditions and
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increase the heat transfer coefficient. The trade-off to going to a small diameter tube is
greater pressure drops and smaller heat exchanger area. The heat exchanger may be
located within the collector assembly or mounted externally as shown above.

This heat exchanger concept consists of ¼” standard L copper tube wound on a 2.5”
diameter CPVC tube placed in a 3” diameter CPVC tube. The heat exchanger area is
limited to 1.5m2 because greater lengths exceed the 24” of water pressure drop criteria.
The heat exchanger will be encased in 1” isocyanurate box. This concept can be used as
an alternative for the external heat exchangers for pasteurizer concept C and D.

6.6

Summary of Concepts

The four concepts presented above were developed in hopes of reducing cost of
pasteurizer systems. Concepts A and B primarily rely on the use of less expensive
polymer materials in hopes of reducing system cost. Polymers do offer flexibility in
design and material selection. The long-term durability of the polymer concepts will be
major factor in whether these concept designs replace copper-based systems. Design C is
based on using traditional solar collector materials, but redesigned to be a pasteurizer
with an integral heat exchanger to reduce cost. Design D is similar to a traditional
collector, but will be scaled down to meet the desired minimal water requirement of 160
liters per day.

Both concepts C and D have the option of two types of heat exchangers. The first is a
flat-plate counter-flow heat exchanger, which relies on large surface area rather than a
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high Nusselt number. The second is for an immersed tube counter-flow heat exchanger
with a turbulent flow to increase the overall heat transfer coefficient.

Although one further option for reducing system cost is finding alternatives to low iron
tempered glass. This was not considered in developing the above concept designs, but
may be addressed at a later date. Tempered glass is used for each of the concept designs.
Coroplast® glazing is considered for concepts A and B as an alternative, but it’s
durability for a pasteurizer application is questionable. Another option that may be
considered in the future for cost reduction is Tedlar, which has been used, successfully in
experimental solar collectors (Spears and Tretina, 1987).
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7.0

Cost Assumptions

To compare the four concepts proposed in the previous section, a costing function for
each system was developed. The general format for the initial cost and present system
cost for twenty years of water treatment are:

Initial Cost = [Cfixed + (Ccollector + CHXAHX/Ac) * Ac]

(7.1)

Where:
Cfixed (Constant) is a function of cost for hosing, valve assembly, and fixed labor.
This value is derived from material identification research and preliminary designs.
Ccollector (Constant) is a function of the cost for materials & geometry for glazing, box,
absorber, and insulation per square meter of collection area. This value is derived
from material identification research and preliminary designs. For SPIHX type
systems, this cost includes the integral heat exchanger.
CHX (Constant) is a function of the cost for materials and labor per square meter of
the external heat exchanger. For SPIHX type systems, this cost is for additional
external heat exchanger area. This value is derived from material identification
research and preliminary designs.
Ac (Variable) is the collector area.
AHX/Ac (Variable) is the ratio between external heat exchanger area and collector area.
For SPIHX systems with no external heat exchanger area this value is zero.

The costing constants for the four concept designs appear in Table 7.0.1. All the
assumptions for these values can be found in Appendix B. These cost do not include the
cost of storage tanks or mounting hardware, which will be required for normal operation
of systems. It is anticipated that this would be provided locally. The costs also do not
account for profit, shipping, or international tariffs. Since these cost will be some
multiple of the fabrication cost, they will not impact the relative costs between concepts
and where the optimum cost occurs for each concept.
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Table 7.0.1 Costing constants for concept designs.
CONCEPT

DESIGN

A
A-2
B
C
D

Thin Film Polysufone
Thin Film Polypropylene
Coroplast
Fully Wetted Copper SPIHX
Thermafin with Tube HX

Cfixed
$ 20.72
$ 20.72
$ 20.72
$ 23.22
$ 20.72

Ccollector
Ccollector
(Tempered glass) (Coroplast Glazing)
$

59.36
N/A

$
$
$

36.96
86.67
69.81

$
$
$

CHX

43.79 $
17.84 $
21.39 $
N/A
$
N/A
$

10.94
10.94
15.14
76.88
37.66

The constants in Table 7.0.1 assume most of the fabrication would take place in a
developing country where labor rates are low. Initial equipment costs are assumed to be
low compared to fabrication volume. Because polymer systems use readily available
materials and require little specialized fabrication, start-up costs are assumed to be
negligible.

Costs per unit area are the cheapest for the polymer concepts, but are also the most
uncertain. The Coroplast glazing is significantly cheaper than tempered glass, but long
term durability and performance must be considered in comparing these two glazing
systems. The costs from Table 7.0.1 will be used in the optimization study in Section
8.0.
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8.0

Modeling and Optimization

TRNSYS 14.2, The Transient System Simulation Program, was chosen as the computer
system to model the Solar Water Pasteurizer. TRNSYS, originally available in 1975, is
designed to simulate the transient performance of thermal energy systems. TRNSYS
uses a modular structure, where each module calls a Fortran subroutine, which models a
system component. The modules are connected together by the user, and various
parameters and inputs are specified. A wide variety of system component models are
standard with the TRNSYS application, additional models are available for purchase, or a
user may write a custom model using Fortran. For our purposes, a custom model was
written.

There are several methods for connecting the desired modules. Sample examples were
initially formulated using the IISiBat simulation environment program. The IISiBat
package allows the TRNSYS user to graphically create the TRNSYS input files and
linking of component models. Another program to link the Fortran subroutines is
TRNSHELL, only available since TRNSYS version 14.1 for DOS was released. The
TRNSHELL program features an editor for the TRNSYS input files, Fortran subroutines,
and output files. Parametric simulations, storage of results and data plotting are also
featured. The TRNSHELL program was used for our simulations because the editing and
viewing of the program and results were quick and easy.
8.1

Initial Modeling of a SPEHX System

A TRNSHELL file was created to simulate a solar collector with an external heat
exchanger. The following standard components were used:
8-1

Type 9 Card Reader – This unit reads the weather data at one-hour intervals. Our
weather data, TRNSYS TMY (Typical Meteorological Year) files, were downloaded
from the http://sel.me.wisc.edu/trnsys/ website for several cities in The United States.

Type 16 Solar Radiation Processor – This unit takes the output from the Card
Reader and processes it based on the latitude and slope of the collector. The unit also
interpolates the data in order to run the simulations at time steps less than one-hour
intervals.

Type 2 Pump Controller – A control valve allowing for on/off flow based on
water temperature.

Type 3 Pump – This pump was set to have a flow rate of 25 kg/hr for the initial
simulation. Our final simulations do not use a pump, the flow is by gravity, and
controlled by a thermostatic valve.

Type 1 Flat Plate Collector – TRNSYS provides many variations of the Collector
for accurate simulations. A theoretical unit was chosen (collector mode 3). This is the
module that is replaced by our own Fortran subroutine in the final simulations.

Type 5 Heat Exchanger – This is an external heat exchanger, which was also used
for our final simulations that involved additional heat exchanger area. This unit was
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connected to the Flat Plate Collector by specifying that the hot, pasteurized outlet water
from the collector flow into the hot-side inlet of the Heat Exchanger, and that the
untreated cold-side outlet from the Heat Exchanger flow into the Flat Plate Collector as
the preheated water.

Type 24 Data Integrator – The TRNSYS data integrator sums the hourly flow so
that daily, monthly, and yearly results are available for the volume of water pasteurized.

Type 25 Printer – The TRNSYS printer saves the specified information to a file,
which can be printed or manipulated separately. Calculations, such as the cost of the
system, can be done in the TRNSHELL file, and then sent to the Type 25 printer.

Type 26 Plotter – Temperatures, solar irradiance, and water flow rates were sent
to an on-screen plotter, showing the results during the simulation.

Several iterations were done for the initial simulation with the external heat exchanger.
Time steps and flow rate were varied in attempt to maintain stability in the system. The
initial simulation used an on/off control valve so wide temperature swings and on/off
cycling were experienced. It was quite apparent that this approach would not work for
modeling of a SPIHX system.
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8.2

Simulation by TRNSYS Backsolving Method

The TRNSYS 14 application features a backsolving algorithm, which was employed to
specify a desired outlet temperature from the collector while varying the mass flow rate.
The backsolving method requires more calculation time, but is able to solve problems
that previously were unable to be solved.

Similar to an example provided with the software, our collector/heat exchanger
combination was simulated to specify an outlet temperature of 74° C. The backsolver
determines the appropriate flow rate in order to produce the desired outlet. If a solution
were not found because of low solar irradiance levels, the backsolver would use the
initial flow rate value and deliver a warning message. This required us to increase the
allowable warning messages. Simulation errors also occurred if the initial flow rate was
set to 0 kg/hr. This required us to set the initial flow rate to 0.5 kg/hr and subtract it out
when the outlet temperature was not reached.

Using the backsolving method, the initial flow rate, time steps, and initial temperatures
were varied to evaluate the effect on the output. Temperature swings and cycling were
reduced by varying the inputs. The backsolving method took a significant amount of
time for a one-year simulation and is not adequate for a SPIHX system. For these
reasons a new TRNSYS component module had to be developed.
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8.3

Steady State Pasteurizer Component Module

The steady-state pasteurizer component module was developed using Digital Visual
Fortran 5.0. The model was based on the work of Stevens et. al. (1998). The pasteurizer
component is slightly different from flat plate collector models in that the mass flow rate
is treated as an output rather than as an input. In addition, the outlet temperature at the
valve housing is an input to the component. The Fortran code for the pasteurizer
component can be found in Appendix C.

The assumptions for the component module are:
•

No thermal mass, steady-state,

•

Heat loss model is identical to mode 3 of Type 1 Collector component,

•

Theoretical incidence angle modifier model as used in mode 3 of Type 1 Collector
component,

•

Inlet temperature and ambient temperatures are equal for modes 2 and 3,

•

Constant fluid properties,

•

Absorber plate temperature is the average of inlet temperature and temperature at
valve of pasteurizer. The absorber plate temperature is used in the heat loss
calculations, and

•

Heat exchanger transfer coefficient is constant across entire surface and throughout
the simulation time.

The pasteurizer module has three modes: 1) SPIHX, 2) SPEHX, and 3) no heat exchanger
mode. Because the solutions derived in Stevens et. al. (1998) are not in closed form, the
module employs a simple iterative loop to calculate pasteurizer mass flow rates for
modes 1 and 2. Mode 1 for the pasteurizer component can be used in conjunction with
the heat exchanger (Type 5) component to simulate the addition of external heat
exchanger to a SPIHX type system.
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The current version of the model does not use the parameters, H and TMASS. These
may be added at a later time to account for the warm-up period of systems and varying
heat transfer coefficients for a given Nusselt number based on system geometry and
boundary conditions. The model does allow for the input of measured and theoretical
system parameters.

The parameters for the four proposed concept designs were derived and can be found in
Table 8.3.1. The collector efficiency factor, F, is high for all the SPIHX systems. There
is little thermal resistance between the absorber plate and the fluid because they are fully
wetted and have thin channels. This results in a high collector efficiency factor.

The heat exchanger transfer coefficients except for the heat exchanger option 4 were
calculated based solely on laminar forced flow. Stevens et. al. (1998) noted that this
approximation tends to underestimate the actual heat transfer coefficient. At these low
flow rates and temperatures, there appears to be a mixture of forced and free convection
taking place. There is little in the literature for inclined channels with mixed convection.
For this reason we settled for calculations based solely on forced convection with the
understanding that this parameter is a conservative approximation.

The second heat exchanger heat transfer coefficient, UHX2, in Table 8.3.1 is for any
additional external heat exchanger area added to a SPIHX system.
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Table 8.3.1 Parameter Values Used in Optimization Study
Concept

HX Glazing
Option Option

F

UBE

EMIT ALF

RI

XKL TPAST

2

kJ/hr-m -°C

°C

UHX

UHX2

2

2

kJ/hr-m -°C kJ/hr-m -°C

A

1

1

0.99

3.56

0.8

0.8 1.526 0.0508

74

1116

803

A

1

2

0.99

3.56

0.8

0.8

1.5

0.147

74

1116

803

A-2

1

2

0.99

3.56

0.8

0.8

1.5

0.147

74

925

803

B

2

1

0.99

3.56

0.8

0.8 1.526 0.0508

74

905

905

B

2

2

0.99

3.56

0.8

0.8

0.147

74

905

905

C

3

1

1.00

3.56

0.39 0.91 1.526 0.0508

74

1814

1552

C

4

1

1.00

3.56

0.39 0.91 1.526 0.0508

74

1814

2372

D

2

1

0.93

3.56

0.39 0.91 1.526 0.0508

74

905

N/A

D

3

1

0.93

3.56

0.1

0.93 1.526 0.0508

74

1552

N/A

D

4

1

0.93

3.56

0.1

0.93 1.526 0.0508

74

2372

N/A

1.5

HX Options:
1
Polymer thin film heat exchanger
2
Coroplast heat exchanger
3
Flat plate copper heat exchanger
4
Immersed copper tube heat exchanger
Glazing Options:
1
Tempered glass
2
Coroplast glazing
Figure 8.3.1 shows a simulation for 0.5 m2 concept C (SPIHX Copper) with no external
heat exchanger. The simulation is for four days in January in Phoenix. For the first two
days, when the valve temperature reaches pasteurization temperature flow begins. The
flow ceases as the solar irradiance decreases at the end of each day. On the third day
solar irradiance levels were low so that no water was pasteurized. In fact, water in the
pasteurizer never exceeded 35°C. On the fourth day there was high solar irradiance for a
few hours at which time water was pasteurized. For both Miami and Phoenix simulations
there were only a few days when there was no flow rate.
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Figure 8.3.1 Concept C Simulation, 0.5 m2, Phoenix in January (4 days)
8.4

Optimization Results

Based on the parameters from Table 8.3.1, TRNSHELL files were set up to run for each
of the concepts for one year of weather data. Weather data for both Phoenix, Arizona
(latitude = 34°) and for Miami, Florida (latitude = 26°) were used for each concept.

An optimization study was done initially to determine the ideal fixed slope for each
concept. System daily throughput is a function of both ambient temperatures and solar
irradiance. The cooler months of December and January will require more solar
irradiance than required in June for the same level of performance. The goal of this
portion of the study was to determine optimal fixed slope to maximize average daily
throughput for the worst month of the year. Figure 8.4.1 shows how performance of a
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concept C-3-1 system changes for the worst month of the year versus slope for Phoenix
and Miami TMY data.

Worst Month Average
Performance (l/day)

250
200
150

Phoenix
Miami

100
50
0
0 10 20 30 40 50 60 70 80
Tilt Angle (Degrees)

Figure 8.4.1 Worst Month Performance versus Tilt Angle for Concept C-3-1.

Based on the TMY weather data, January was determined to be the worst month for both
Phoenix and Miami. The optimum slope for Phoenix in January was found to be 53° for
all the design concepts. Summer output in Phoenix was not as sensitive to slope as
Miami. The optimum for Miami based systems occurred when the performance between
January and June were nearly equivalent. The optimal for all the concepts based in
Miami fell between 40° and 48°.

After determining the ideal slope, each system was run for January in order to determine
the collector area required for an average daily output of 160 liters of pasteurized water.
The ratio of the heat exchanger area to the collection area was incremented (in general
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from 0 to 5) in order to determine the collector area required for each heat exchanger
ratio. Obviously, the collector area was reduced as additional heat exchanger area was
added. Figure 8.4.2 shows the required collection areas given a heat exchangercollection area ratio needed to meet our performance criteria for concept C-4-1 (Concept

Required Collection Area (m^2)

C, Heat exchanger option 4, glazing option 1).
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
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$100
$80
$60
$40
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Miami Ac
Miami Cost
Phoenix Cost

$20
$0
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3
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5

Ratio Heat Exchanger to Collection Area

Figure 8.4.2 Required Collection Area and Costs versus Heat Exchanger/Collection Area
Ratio for Concept C-4-1.
Figure 8.4.2 also shows the initial system cost, defined by equation 7.1, for the systems as
a function of heat exchanger-collection area ratio. The least cost for this concept is
$79.49 and $89.79 for Phoenix and Miami respectively. The plots for all other concepts
can be found in Appendix D. Table 8.4.1 shows the optimal design parameters and costs
for all concept designs.
Concept design A2, thin film polypropylene, has the lowest initial cost. This concept
design is the most questionable regarding fabrication, long-term durability, and stagnant
temperature conditions. The Coroplast concept, B-2-2, has the next lowest initial cost,
but has similar issues as A2, although it appears fabrication may be simpler. The third
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cheapest system is the SPEHX concept with either a Coroplast or immersed tube heat
exchanger.
Table 8.4.1 Optimal Parameters and Costs
Concept

HX Glazing Climate
Option Option

AC
2

AHX AHX/AC SLP System
Ratio
Cost
2
m
degrees
$
1.71
2
53
90.3

A

1

1

Phoenix

m
0.86

A

1

1

Miami

1.10

2.20

2

44

110.06

A

1

2

Phoenix

1.26

1.26

1

54

89.51

A

1

2

Miami

1.64

1.64

1

43

110.44

A2

1

2

Phoenix

1.75

0.00

0

54

51.95

A2

1

2

Miami

2.29

0.00

0

43

61.61

B

2

1

Phoenix

1.04

1.04

1

54

74.89

B

2

1

Miami

1.33

1.33

1

44

90.01

B

2

2

Phoenix

1.77

0.00

0

54

58.54

B

2

2

Miami

2.32

0.00

0

43

70.25

C

3

1

Phoenix

0.78

0.00

0

53

88.60

C

3

1

Miami

0.89

0.00

0

48

98.02

C

4

1

Phoenix

0.47

0.47

1

53

79.49

C

4

1

Miami

0.56

0.56

1

48

89.79

D

2

1

Phoenix

0.40

1.62

4

53

73.43

D

2

1

Miami

0.45

1.82

4

48

79.96

D

3

1

Phoenix

0.60

0.60

1

53

108.69

D

3

1

Miami

0.68

0.68

1

48

120.38

D

4

1

Phoenix

0.36

0.71

2

53

72.33

D

4

1

Miami

0.40

0.80

2

48

78.74

The required collection areas range from 0.36 m2 to 2.32 m2 and external heat exchangercollection area ratios range from 0 to 4. We have chosen concept B-2-2 and D-4-1 to be
fabricated as our two prototypes to be tested. Although B-2-2 is more expensive than A2,
the B concept appears to be less questionable in terms of durability and fabrication
techniques.
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9.0

Testing Plan

What follows is plan for measuring the performance of two solar pasteurizer prototypes
and their system parameters.
Primary Objectives:
•

Determine pasteurizer characterization parameters (F’τα, F’UL, β0, UHX, and MCp).

•

Determine optimum operating conditions (pressure drop, insulation of valve
housing)

•

Ensure thermal pasteurization conditions are satisfied.

•

Measure system performance over a range of climatic conditions.

•

Collect data for TRNSYS model verification.

Secondary Objectives:
•

Determine impact on flow and cycling due to changes in pressure across system.

•

Determine air venting of system.

•

Document material performance under operating conditions

•

Document material performance under stagnant conditions.

9.1

Test Stand Configuration

• The testbed will be located in the NC Solar Center Research Annex. The testbed will
consists of an adjustable collector stand, three tanks and stand, instrumentation, and a

9-1

small shed to house a computer and instrumentation as shown in Figure 9.1.1.

Figure 9.1.1 Test stand, tanks, and instrumentation for testing of solar pasteurizers.

• The stand will hold at least two collectors and have the capability of manual
adjustment to the slope and azimuth angles. The adjustable stand will allow the
pasteurizers to be oriented in any direction with respect to the sun.

• One tank will be used as the feed tank for both pasteurizers and will be supplied from
city water. The tank will be a standard 55 gallon HDPE drum. The feed tank will be
mounted on an adjustable platform to regulate the pressure on the system. The feed
tank will also have a spillover so as to maintain a constant head on the system during
testing. The two outlet tanks will be HDPE 55 gallons tanks. These tanks will be
located at near ground level. The pressure across the system will be regulated by
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changes in the maximum height of the height of the outlet hose with respect to the
feed tank water level.

• Most of the data acquisition system will be mounted in outdoor boxes mounted on the
backside of the stand. A small shed will be located near the teststand. The shed will
house a computer for data retrieval.

9.2 Data Acquisition Equipment

• The data acquisition system will monitor weather data and system performance. The
critical weather data that will be monitored are ambient temperature, wind speed, the
direct solar beam irradiance, global horizontal irradiance, and solar radiation at
collector tilt. All but the total solar irradiance at collector tilt is currently logged at
the Research Annex by the existing Power Roof data acquisition system. This data is
sampled every 10 seconds. Five-minute averages are logged. The system does have
the capability to be log data every 10 seconds for later processing. This system will
be used to monitor weather data, except tilt insolation. A recently calibrated Eppley
Precision Spectral Pyranometer (PSP) will be mounted on the collector stand to
monitor total solar irradiance at collector tilt.

• The system performance data to be monitored for each pasteurizer includes a flow
meter, two pressure transducers, and 10 type-T thermocouples. The flow meter will
be located at the outlet of each system (6 -120 liters/hr, +/-3%). One pressure
transducer will measure the pressure drop at the inlet of the system (0-34.5 KPa, +/-
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0.1% FS). The second transducer will measure the pressure across the system (06.9KPa, +/-0.5% FS) and to monitor the cycling of the system. Temperatures will be
measured at the inlet, outlet, valve housing, and top of the absorber before water
enters the valve housing. The remaining 6 thermocouples will be used to measure
temperature profiles in each channel.

• All the data for both pasteurizers being tested will be logged by a Campbell C12 with
an AM416 multiplexer. All sensors will be monitored using differential
measurements. The sample rate will be 10 seconds with one minute averaging during
parameter measuring and initial set-up. Once performance testing commences, the
system will shift to five-minute averages.

9.3. Method of Testing:
• Because there appeared to be a break-in period for the autothermostat valve used in a
SPIHX described by Stevens et al. (1998), each valve will go through at least 50
cycles before being used in a prototype system. The cycling will be carried out in a
hot water bath.

• Traditionally the collector parameters (FRτα, FRUL, and β0) for collectors are
determined using the ASHRAE Standard 93-1986 testing procedure. Determining
parameters based on this procedure is dependent on having a constant mass flow rate
for all evaluation points. Since pasteurizers do no have constant flow rates, it is
important to consider how measurements made for the ASHRAE standard may or
may not be used to determine appropriate system parameters for pasteurizers. For
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SPEHX systems, the 93-1986 standard should be adequate. F’UL and F’τα can be
determined by equation 6.20.4 in (2).

• A SPIHX system is slightly different than a traditional hot water collector since the
absorber plate always has a temperature profile starting at ambient and ending at the
desired pasteurization temperature (~74 °C). Since this profile has a profound impact
on the loss coefficient for the system a SPIHX should be tested as close to its normal
operating conditions. In order to conduct test on a SPIHX system, the thermostatic
valve should be removed and replaced with an orifice. The outlet temperature
measurement should be made at the outlet of integral heat exchanger and not at the
valve housing.
Regardless of which type of system to be tested, the flow rate through the system
should be set by a throttling valve to 25 liters per hour. The time constant, efficiency
curve, and incidence angle modifier will be determined by following the procedures
8.3.2 - 8.6 of ASHRAE 93-1986.
The heat capacity (MCp ) is important in determining the transient performance of the
system. The water in the pasteurizer before flow is initiated, and the material of the
absorber contribute to the heat capacity. The MCp will determine by measuring the
volume of water and absorber material in each system. The water volume will be
measured by charging and draining water into a measuring devise. The water volume
will be multiplied by specific heat and density. The absorber will be weighed while
empty. This value will then be multiplied by the appropriate specific heat. All other
thermal mass will be assumed to be negligible.
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• The determination of UHX is not a simple task as discussed by Stevens et al. (1998).
Stevens et. al. determined UHX by integrating temperature differences between the
top and bottom channel across the entire length of the system. This procedure
requires several temperature measurements, which will be impractical for several of
the prototype designs proposed. Because the system appears to operate in a mixed
flow regime, conducting test without a solar flux and under non-operating
temperature conditions will lead to incorrect transfer coefficients. For these reasons
the UHX will be determined by taking at least two sunny days of weather and selecting
the heat transfer coefficient that minimizes the discrepancies between the TRNSYS
model and measured data.

• At steady-state conditions and at incidence angles of less than 15°, the pressure across
the system will be adjusted at 6 inches of water intervals and held for 10 minutes or
two times the system time constant, whichever is longer. Test will start at 6 inches of
water pressure across the system. The valve temperature and flow rate will be
monitored during each interval. When cycling is noted (usually indicated by an initial
drop in valve temperature followed by a reduction in flow rate and increase in valve
temperature), the previous pressure difference will be used for normal pasteurization
testing.

• Once the above testing is completed, the valve housing will be insulated. The
performance over a 30 minute period will be monitored along with the temperature
difference between the valve housing and the top of the absorber plate. If the system
flow rates increase and the temperature differences decrease then the housing should
remain insulated, otherwise the insulation should be removed.
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• After all testing is completed through the previous bullet, the system should be
oriented to true south with a slope of 36°. The systems will be operated continuously
for at least five days and system performance measured with five-minute data
logging. There should be at least three mostly sunny days and one partly cloudy day.

• While conducting the performance test, the systems should be checked to ensure that
air is not being entrapped in the systems. If air does become entrapped and prevents
the system from operating, corrections will need to be made before testing continues.

• Observations on deterioration of materials should be noted every day during testing.
This may include discoloration, warping, cracking, etc.

• If time permits two stagnant conditions will be simulated after all other testing is
completed. The first stagnant condition will be for a fully wetted system. The system
will be fully charged, but there will be no pressure across the system, which can be
done by adjusting the tanks. The system will be operated at this condition for an
entire day. Temperatures and materials will be monitored closely throughout the day.
The second stagnant condition will be for a dry system. All the water will be
removed from the pasteurizer. The system will be exposed to the sun for one clear
day. The temperatures will be monitored closely. After operating the systems at the
two stagnant conditions, the systems will be disassembled to inspect for any potential
failures.
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10.0 Description of the Systems Tested

The two systems identified for testing from the initial optimization study were Concept
D, a copper-fin collector with an external heat exchanger and Concept B, a rigid polymer
collector and integral heat exchanger. The lessons learnt during the construction,
assembly, and testing of the actual components resulted in some detail design changes to
the two systems but retained the basic concept configurations.

10.1 Concept D – SPEHX Copper Collector with Shell-and-Tube Heat Exchanger
An absorber plate with the fin area of 71 cm x 46 cm (0.33 m2) was purchased from
Thermafin Manufacturing in Florida. The area consisted of four risers with 1.9 cm (¾”)
diameter headers. The selective surface used is the Black Crystal finish (absorptance >=
0.95 and emmittance <= 0.1).
A galvanized sheet metal box was fabricated using standard sheet metal construction.
The box was designed to allow for flexibility while testing of the system, but similar
boxes could be used as a housing system for future pasteurizers where there is not the
high demand for strength and rigidity that is required by traditional solar collectors due to
wind loading. The boxes could be manufactured by low-skilled labor in the country of
use. The particular box built for testing, allows for several configurations of external
heat exchanger to be enclosed in the housing. Insulation in the box consisted of a
combination of fiberglass and polyisocyanurate.
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The 3.2 mm (1/8”) sheet of tempered glass was used as the glazing material. Although,
solar glass or low iron glass is used throughout the U.S. in traditional flat-plate
collectors, we decided to use standard window glass since the availability of specialty
glass will be a major issue in most locations where pasteurizers will be utilized. The
transparent frontal area for the collector during testing was 57cm x 77cm (0.44 m2).
The shell-and-tube heat exchanger consists of ¼ -inch standard L copper tube wound on a
1.5-inch diameter PVC tube placed in a 3-inch diameter PVC outer tube. PVC was used
for the prototype system since it is readily available and easy to work with. Final designs
would most likely utilize either a CPVC, PP or copper piping which have more suitable
high temperature resistance at a higher cost. One stream flows on the inside of the
copper tube while the other stream flows in the annulus formed between the wound
copper and the outer tube. The inner tube occupies internal space and does not
participate in the heat exchange between flow streams, but does assist in reducing the
thermal mass of the system. See figure 10.1.1, which shows the inner tubing of the heat
exchanger.
The heat exchanger was made and tested in two lengths. The first had a copper tube
length of 9.1 m (30 feet) and an outer tube of 0.6 m (2 feet) such that the heat exchanger
could be mounted within the collector box underneath the absorber. The smaller heat
exchanger has an area of 0.27 m2, which is based on the outer area of the tubing. The
second has a copper tube of length of 22.9 m (75 feet) and an outer tube of 1.2 m (4 feet)
such that it could be mounted vertically external to the collector box. The area of the
larger heat exchanger is 0.68 m2. The ratio of heat exchanger to collection area for the
smaller and larger heat exchangers are 0.82 and 2.06 respectively.
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Figure 10.1.1 Heat Exchanger used in SPEHX testing

The thermostatic valve needed to ensure pasteurization was built from standard copper
pipe fittings and the stock cartridge of an automobile thermostatic valve. The valve
housing was fabricated so the valve could easy be swapped out. Because testing was to
be conducted during the cool months of February and March in North Carolina a lower
temperature cartridge of 160°F (71.1°C) was installed. The difference between the valve
temperature and ambient temperature during the period of testing is comparable or
exceeds the temperature difference that would be observed for pasteurizers located
climates where they are applicable.
The valve assembly was attached directly to the top header of the absorber. The heat
exchanger was added to the absorber and valve to create a pasteurizer system. There
were tubes attached to the top of the heat exchanger and collector to assist with purging.
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10.2 Concept B – SPIHX, Coroplast® Absorber with Integral and External
Coroplast® Heat Exchangers

The absorber with integral heat exchanger SPHIX system is made from two sheets of
Coroplast® (polypropylene) laminated together. The front Coroplast sheet acts as the
absorber and the rear layer acts as the integral heat exchanger. First prototypes were
fabricated using channel heights of 2 mm, which was assumed in the modeling of the
previous sections because of the small hydraulic diameter it offers which generates a high
heat transfer coefficient. During early testing of systems, purging air from the system
became a difficult task, so larger channels (4 mm) were used in later SPIHX and heat
exchangers tests.
Several options were considered for the fabrication of a header for the system. The first
consisted of using a router to remove the top skin and channel walls at the top and bottom
of each sheet. A PP header was then adhered to the top of each header with an
inlet/outlet nipple attached to one end of the header as seen in figure 10.2.1 The ends of
each channel are either thermally sealed or filled with a sealant. This approach requires
little additional materials and allows sheets to be laminated together easily. The
disadvantage to this approach is that greater tensile stresses exist at the header joint.

Figure 10.2.1

SPIHX PP header
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The second option was to add PP piping on either end, much like a traditional collector
absorber plate, as seen in figure 10.2.2. Although this method would be simpler to
fabricate and provide more flexibility for attaching the valve assembly, the disadvantages
are an increase in difficulty of sealing edges and a loss of contact area between laminated
sheets of Coroplast near header. With the 1.3 cm pipe header and 4 mm channels, the
system could easily be purged and flow patterns were acceptable at the low flows of solar
pasteurizers. The flow was checked by injecting dies and using clear Coroplast sheets.
Smaller headers and channels created significant variations in flow distribution through
the 100 plus channels in the system, which would lead to a decrease in performance.

Figure 10.2.2 PP SPIHX with Traditional Type Header
Although Coroplast is readily available, inexpensive and can handle normal operating
conditions of 100°C plus operating temperatures, the one drawback is difficulty of using
adhesives with it. The engineers at Coroplast recommended seven methods for bonding
and adhesion of Coroplast. These included pressure sensitive tapes, silicone adhesives,
contact cements, hot melts, epoxies, ultrasonic welding, and electro-magnetic induction
welding. For the construction of prototype systems, the last two methods are
economically impractical. Pressure sensitive tapes tend to be expensive and the ones
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recommended by Coroplast are only available in large quantities making them
impractical for use in prototype or final designs.
The best adhesive for laminating two sheets of Coroplast appears to be DAP Weldwood
(flammable type) which is readily available in most hardware stores. Test pieces were
laminated, and went through several boiling cycles with no noticeable failure. This
contact adhesive was used to laminate all the prototype systems.
To attach the header epoxies and silicone were considered. The Coroplast engineers
recommended the two part thermoset epoxy Nbond PoltBond33TM, which was designed
to work with corrugated polypropylene. After several attempts at using this adhesive at
the desired temperature and exposed to water, we abandoned the adhesive because of
continual failures.
Silicones cure by releasing acetic acid, which can not evaporate through the Coroplast
material. For this reason silicone can not be applied for the first header design discussed
above, where the silicone would be applied between to impermeable surfaces. When
applied in the second header design, significant curing time must be permitted (>24 hrs).
The silicone also tended to have a weak bond with the Coroplast substrate, which lead to
failure under minimal loading.
We had most success with hot melts. Although hot melts tend to be temporary and have
low strengths, they are adequate for our initial prototype testing. After attempting several
hot melts, the one the appeared to be adequate for initial testing was 3-M’s 3748 jet-melt,
which has a heat resistance temperature of 79°C and ball & ring soft point temperature of
144°C. The 3748 jet-melt was used in all PP corrugated based components tested in the
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next two sections. A valve assembly was not attached to system. Flow was manually
regulated at this stage of testing in order to ensure the hot melt would not fail.

10.3

Alternative External Heat Exchangers Considered

Two alternative heat exchangers were considered to replace the shell-and-tube heat
exchanger discussed in section 10.1. The first is identical to the SPIHX described above
but without the thermostatic valve. Because of purging problems with the 2 mm
Coroplast material, all test were conducted with 4 mm stock. Headers were fabricated
with round piping stock as shown in figure 10.2.2.
A third heat exchanger option considered was a counter-flow heat exchanger being
developed by AIL, Inc. The heat exchanger uses six layers of Coroplast material
arranged in a serpentine fashion and encased in a shell. The heat exchanger is compact
with outer dimensions of 36 cm x 61 cm and a heat transfer area of 1.5 m2.
The next two sections describe the testing of the above individual components and entire
pasteurizer systems.
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11. Component Testing
11.1

Thermafin® Collector.

The 4-riser, 0.33 m2 Thermafin collector (with Black Crystal selective finish) was fully
assembled and then tested according to the procedures given in section 8 of ASHRAE 931986. A number of parameters were measured and calculated during the tests. The flow
rate used for testing purposes was approximately 8.3 g/s, which is slightly less than
recommended by ASHRAE standard, but close to the expected normal operating
conditions of a desired pasteurizer system. The results to the tests are presented in
Figures 11.1.1, 11.1.2, and 11.1.3.
Figure 11.1.1 shows the time trace for the normalized temperature difference between
outlet and inlet temperature difference with a flow of 8.2 ml/s when the collector is
turned out of the sun. The time constant as measured from the trace is 102 seconds.

Normalized Change in Temperature Difference
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9.985

Time (hr)

Figure 11.1.1 Time trace for Thermafin collector (flow 8.2 ml/s, time constant 102 sec)
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The incident angle modifier (IAM) was calculated from measured efficiencies for the
collector oriented at a number of incident angles to the beam radiation. The results are
shown in Figure 11.1.2. for 5-minute averaged data after the system had established a
reasonably steady-state condition. Also displayed is the best curve fit used to estimate
the IAM. The measured incidence angle modifier function coefficient is b0= -0.09, which
is a reasonable value for a single covered flat plate collector.
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Figure 11.1.2 Incident Angle Modifier for the Thermafin Collector (b0 = -0.0859),
The plot of efficiency versus

t f ,i − t a
Gt

is shown in Figure 11.1.3. The thermal efficiency

is based on the aperture area of 0.437 m2 (as opposed to the fin absorber area of 0.333
m2) and was measured for an average flow of 8.3 ml/s. At this flow rate and aperture
area a straight line curve fit yields an intercept and slope of: FR(τα)n = 0.63 and FRUL =
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5.1 W/m2-°C. Because the heat removal factor FR is dependent on flow rate it is also
helpful to look at the quantity F’. The relationship is:

F ′U L = −

m& C p
Ac

 FU A
ln1 − R L c

m& C p







Using the values above the Thermafin collector can be characterized by F’UL= 5.24
W/m2-°C and F’τα = 0.65.
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Figure 11.1.3.
Thermal Efficiency of the Thermafin Collector (based on aperture
2
area of 0.437m and average flow of 8.3 ml/s. (Frτα = 0.63, FrUL=5.1 W/m2-°C)

11.2

Shell-and-Tube Type Heat Exchanger

Two shell-and-tube heat exchangers were built and tested. The smaller heat exchanger
(9.1 m), was tested under conditions which varied the orientation to the vertical
(0°,45°,90°), switched flow from hot in shell to hot in tube, and tested at two flow rates
(8.3 ml/s and 12.5 ml/s). The hot temperatures ranged from 42.9°C to 59°C. The values
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of the overall heat transfer coefficient UHX for the heat exchanger are shown in Figure
11.2.1 as a function of the flow rate. This initial testing was designed to get a qualitative
understanding of the heat exchanger. In solar pasteurizers, the operating temperature
differences between the flow streams are known to be dependent on actual flow rate and
on collection area. The smaller the absorber plate the lower the ∆T. From the Figure
11.2.1 and at the flow rates of around 8 ml/s, we would expect UHX to be between 400500 W/m2-C.
In earlier modeling studies in TRNSYS we assumed a value of 659 W/m2-C. These
lower measured heat transfer coefficient values are most likely due to lower than
assumed temperature differences between shell and tube and the initially assumed smaller
diameter tubing.
When including the heat transfer area, the UA for the small system for vertical and 45°
slopes was between 114 –158 W/°C
From earlier modeling the optimum performance was predicted isung a UHX of 1,318 W/
m2absorber area –C. For our fin absorber area of 0.33m^2, the desired heat exchanger UA
product was then 435 W/C. Assuming the measured UHX value of approximately 450
W/m^2-C the required area is 0.97m2 (or 3.5 times the small HX) to provide comparable
amount of heat transfer. Because of size limitation (we did not want to build heat
exchanger greater than 4’ in length because of materials and feasibility of including in
system), a heat exchanger 2.5 times the smaller heat exchanger was built (1.2 m or 4’ in
length).
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Figure 11.2.1 Overall Heat Transfer Coefficient for small (9.1 m) shell-and-tube heat
exchanger as a function of flow rate, orientation, and configuration
Shown in Figure 11.2.2 are the UA (W/m2-C) values for the larger heat exchanger (22.9
m of copper tube) based on one minute average data for the day while the system was
operating as a pasteurizer. The heat exchanger was in the vertical orientation and the
flow was on the order of 8 ml/s. The UA was 266 W/C when hot inlet was 60°C (UHX
=389 W/m2-C). Upon examination of UA values during normal operating conditions
with appropriate temperature differences of 4-6°C and flow rates of 6-8 ml/s, there are
similar UA values (on order of 250-300 W/C).

11.3 AIL Heat Exchanger

The AIL Heat Exchanger was tested at different orientations from horizontal (0°, 15°,
30°, 45°). Higher angles were not considered because we assumed a system would be
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mounted in system housing, where large slopes would not occur. The hot stream passed
through the Coroplast and the cold stream passed through the shell. This configuration
was selected because the low pressure was needed in the shell to avoid problems with
short circuiting. Hot temperatures were on the order of 55°C during testing. It was
difficult to obtain much higher temperatures with the test set-up. The heat exchanger was
not easy to initially purged of air and did not prove to be self-purging under continuous
operation.
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Figure 11.2.2 Overall (UA) product for the large (22.9 m of copper tube) shell-and-tube
heat exchanger when operating as a pasteurizer.

Table 11.3.1 shows the UA and UHX values as measured after actively purging the heat
exchanger as much as possible of air. Flow was approximately 8 ml/s. Area of system
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was 1.5 m2. The values of heat transfer coefficient are lower than anticipated. According
to models used earlier, we assumed a heat transfer coefficient value of 386 W/m2-C.
These lower measured values are most likely due to short circuiting in both the shell and
tubes, which was observed using dyes before thermal testing. The short circuiting in the
flow was further exaggerated by the development of air bubbles in the channels as water
was heated.

Table 11.3.1 Overall Heat Transfer Coefficients for the Well-purged AIL Heat
Exchanger for a Number of Orientations
Slope
degrees

UA
W/°C

UHX
2
W/m -C

0
15
30
45

65
75
78
78

43
50
52
52

Test were also run on the AIL heat exchanger without aggressive initial purging of the
system of air (self-purging). For the case of the heat exchanger oriented at 30° from the
horizontal the values were UA=44 W/m2 and UHX=30 W/m2 . This is quite a bit lower
than the aggressively purged case because significant air bubbles in system were not self
purging.
Although the AIL heat exchanger may be well suited for other applications, it does not
appear to be appropriate for a small solar pasteurizer where low flows exists and the
system is open. The serpentine nature of the heat exchanger make it difficult to maintain
fully wetted surfaces and a good flow distribution under normal operating conditions.
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11.4 Coroplast® Heat Exchanger
A heat exchanger made from Coroplast® was tested with a contact area = 56 cm x 100
cm (22” x 39.5”) and oriented at a slope of 45°. The hottest temperature tested was 45°C
because concern of hot-melt failure. Flow rates tested were between 4.4 ml/s and 7.7
ml/s. The hot stream passed through the bottom Coroplast material, while the cold fluid
passed through the channels on top. Table 11.4.1 below shows four different five minute
averaged data points at steady-state conditions. Although we were not able to test at
normal operating conditions of 70°C because of risk of hot melt failure, there are two
observations to be made. First, flow rate appears to have no major impact on U values as
expected because heat exchanger operates in the laminar regime. This is seen by the first
two data points in Table 11.4.1 where all other conditions are similar. Secondly,
increases in ∆T leads to higher U values as can been seen the last three rows in the table.
There appears to natural convection taking place in conjunction with forced convection.
The heat transfer coefficient value assumed for the optimization conducted in the
previous sections was 252 W/m2-C, which was for 2 mm Coroplast sheets. Using the
same model but for a 4 mm sheets, the modeled UHX values would be 132 W/m2-C,
which is still off by a little less than a factor of 2. The model assumed a fully wetted
surface, in reality only 95% of plate is wetted. The remaining difference is most likely
due to the selection of a larger Nu than is appropriate. The Nu chosen for modeling was
for a square cross sectional area with heat fluxes on all sides. In the actual system heat
fluxes exist only on one surface, so the Nu should be smaller. A Nu number between 1.1
and 1.6 appear to be more appropriate. This reduces system performance significantly.
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Table 11.4.1 Heat Transfer Coefficients for Coroplast Heat Exchanger
Flow rate
ml/s
4.4
7.4
7.7
7.5

∆T
°C
6.9
7.5
10.6
12.1

UA
W/°C
40
40
46
51

UHX
2
W/m -°C
71
71
82
90

Although reducing the channel heights would have significant improvement in thermal
performance, it would be difficult to do so, because of the issues of purging the system.
Further improvements that can be done with the 4 mm channel heights would include
using a triple layer heat exchanger as shown in figure 11.4.1. This should at least double
the heat transfer at a small additional cost and construction effort. Another option would
be to minimize the thermal resistance between the fluid by using a double channeled
extruded sheet, so the two flow channels are only separated by a single layer of polymer
rather than two and an adhesive. This would also eliminate the construction costs of
laminating two sheets. This option is dependent on developing a different header system.
If such a system could be developed, the overall heat transfer coefficient would be
between 84 and 115 W/m2-°C, a 20 –30% improvement in performance.

Figure 11.4.1 A triple layer heat exchanger concept to increase overall heat transfer

11 - 9

12.0 Pasteurizer Systems Testing
12.1

Concept D – SPEHX Copper Collector with external Shell-and-Tube HX

The SPEHX pasteurizer using the absorber plate described in section 11.1 and the shelland-tube heat exchanger from section 11.2 was tested during 10 days in February and
March of 1999. Summary data for the test days can be found in Table 12.1.1. The small
heat exchanger was used through 2/26/99, at which time it was replaced with a larger heat
exchanger for the remaining testing. Improvements were being made to the thermostatic
valve during the first five days of testing to reduce cycling and the initial warm-up period
in the morning.
The total solar irradiance is the integrated solar flux at the system tilt for the day. The
ambient temperature is the average temperature during the testing period. As can be seen
from the data in the table, there were several days when ambient temperatures were quite
cool. In fact, during the later part of February, temperatures were below freezing at the
beginning of the day. The system was oriented South with a slope of either 50° or 45° as
shown in the table. The cumulative water pasteurized was as high as 43.9 liters for the
small heat exchanger system to 134.7 liters for the larger heat exchanger.
Table 12.1.1 Summary of SPEHX Performance
Date

HX Size

Total Solar
Irradiance

Tamb

Slope

Cumulative
Water
Pasteurized

m

Sun-hours

C

degrees

Liters

0.27
0.27
0.27
0.27
0.27
0.68
0.68
0.68
0.68
0.68

6.58
3.83
4.08
5.99
7.25
4.13
4.41
7.11
5.51
6.89

14.44
16.94
16.18
3.25
7.20
12.64
8.93
11.94
15.34
19.52

50
50
50
45
45
45
45
45
45
45

51.95
10.21
12.68
31.45
43.89
26.68
2.51
124.58
120.59
134.68

2

2/8/99
2/9/99
2/17/99
2/24/99
2/26/99
2/27/99
3/1/99
3/2/99
3/16/99
3/17/99
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Plots, comments on testing, and observations follow for each of the test days.
2/8

Mostly sunny day, with some scattered clouds at beginning of the day.
System was not flooded until 10:10 because repairs were made in the
morning. Flow started shortly before 11:00. The system went through a
few cycles until about 11:30, when it reached quasi-steady state conditions.
Valve regulated flow well. Cycling began occurring again at around 14:15.
Flow stopped for the day shortly after 16:00. The valve reaches very high
temperature, between 80 and 90 °C during cycling.
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Figure 12.1.1 SPEHX Performance for 2/8/99.

2/9

Day consisted of scattered clouds, with moderate temperatures. The system
cycled throughout the entire day, never reaching any steady-flows. Flow
started shortly before 11:00.
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Figure 12.1.2 SPEHX Performance for 2/9/99.

2/17

Day was mostly cloudy, with moderate temperatures. The system cycled at
beginning of day, but slowed down towards end of day when there was
significant cloud cover.

2/24

Very cold day, but sunny most of the day. System was not filled and started
until approximately 10:30. Improvements were made to thermostatic valve
to reduce cycling and provide better temperature control. Although cycling
did occur throughout the day, because of the cold temperatures, the valve
temperature was very well controlled. There was some problems with
purging in the heat exchanger, which was done manually at 13:30, 13:55,
14:00.
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Figure 12.1.3 SPEHX Performance for 2/17/99.

2/26

Very sunny, but still fairly cool. Ambient temperatures never exceeded
10°C until very end of day. Cycling of system started around 9:30 and
continuous flow started at 11:15. Air started to get trapped in system
around 11:45. System was finally manually purged of air shortly after
12:30. Water actually started to boil-off between this period. Manual
purging was continued throughout the afternoon, sometimes leading to a
short period of cycling. Flow continued until shortly after 16:00. Total
water throughput exceeded 40 liters.
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Figure 12.1.4 SPEHX Performance for 2/24/99.
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Figure 12.1.5 SPEHX Performance for 2/26/99.
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2/27

The day had scattered clouds with ambient temperatures starting off near
freezing and approaching 20°C by the end of the day. The small heat
exchanger was replaced with the larger one. The system was not fully
installed and charged until 11:45. Cycling started shortly afterwards, but
never reached steady-state conditions, because of the cloud cover.
Continued to cycle throughout the day, but was able to pasteurize 27 liters.
Temperature at valve was well regulated.
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Figure 12.1.6 SPEHX Performance for 2/27/99.

3/1

Day was sunny in morning, but extremely cloudy during remainder of day.
Some problems with low flow, filter before flow meter was changed out.
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Figure 12.1.7 SPEHX Performance for 3/1/99.

3/2

Mostly sunny with moderate temperatures. The auto purging system was
removed because every time the valve opened, the system was flooded with
cool water causing premature cycling. This reduced the negative impact of
cycling, but the system had to be manually purged until an alternative
means is developed. Manual purged occurred at 10:30, 11:53, 13:33, 14:03,
and 15:00. Some of the purges created a short cycling in the valve. The
long time period between the purges of 11:53 and 13:33 resulted in reduced
flow and increase in valve temperature. When the system was well purged,
the valve did an excellent job at regulating flow without significant cycling,
which can best be seen between 15:00 and 16:00.
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Figure 12.1.8 SPEHX Performance for 3/2/99.

3/16

Mostly sunny with temperature between 10 and 20°C. A new auto

purging system was installed, which consisted primarily of tubing purging air only
from shell of heat exchanger. Assumed flow through tube and collector would
push air through system. There was a manual purge on collector, but this was only
used at the beginning of the day. The system was charged with hot water shortly
after 10:30 to jump start system, since it was not charged at the beginning of the
day due to modifications being made. The purging system appeared to have
worked quite well. Temperature were well regulated, especially as solar fluxes
started to dip towards the end of the day. After initial start-up there was no cycling.
Pasteurized water exceeded 120 liters for the day.
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Figure 12.1.9 SPEHX Performance for 3/16/99.

3/17

Mostly sunny, with ambient temperatures between 10 and 25°C. System
started cycling around 9:30 and reached steady flow shortly after 11:30.
Flow was well regulated throughout the remainder of the day. System ran
flawlessly without any assistants. Total output for the day approached 135
liters.
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Figure 12.1.10 SPEHX Performance for 3/17/99.

12.2

Comparison of Measured SPEHX Data to TRNSYS Model

The above measured data can be used to further verify the TRNSYS model developed in
section 8. Using the measured system parameters from section 11 (AC = 0.44 m2, AHX =
0.68 m2, slope = 45°, F’τα = 0.65, F’UL = 5.24 W/m2-°C, and UHX = 450 W/m2-°C) and
hourly averages for the test data for the larger heat exchanger, we ran the TRNSYS model.
Figures 12.2.1 through 12.2.5, show the modeled and measured flow rates for the five test
days.
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Figure 12.2.1 SPEHX Model versus Measure Performance for 2/27/99.
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Figure 12.2.2 SPEHX Model versus Measure Performance for 3/1/99.
12 - 11

Model
Measured
GT

1200

25

1000

20

800

15

600

10

400

5

200

0
1447

1448

1449

1450

1451

1452

1453

1454

1455

1456

1457

Solar Flux (W/m2)

Flow Rate (L/hr)

30

Model
Measured
GT

0
1458

Time (Hour of Year)

1200

25

1000

20

800

15

600

10

400

5

200

2

30

Solar Flux (W/m )

Flow Rate (L/hr)

Figure 12.2.3 SPEHX Model versus Measure Performance for 3/2/99.
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Figure 12.2.4 SPEHX Model versus Measure Performance for 3/16/99.
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Figure 12.2.5 SPEHX Model versus Measure Performance for 3/17/99.

On the sunny days (3/2, 3/16, and 3/17), the model appears to do an excellent job of
predicting performance once system has fully heated-up. Because the model assumed
steady-state conditions, it does not account for the warm-up period, which can be seen
extremely well in figure 12.2.3 and 12.2.5. The short-comings of a steady-state model
becomes very apparent when examining figures 12.2.1 and 12.2.2. During this period
there was significant cloud coverage, preventing the system from completely warming-up
to steady-state operating conditions.

The model errors are summarized in Table 12.2.1. For the given set of data, the model
tends to over predict actual performance by approximately 42%. If we assume this type of
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error would exist for the entire year of operation, a system would have to be sized
approximately 42% larger if sizing is to be based on the model.

Table 12.2.1 Measured versus TRNSYS Model Pasteurized Water for SPEHX
Date

2/27
3/1
3/2
3/16
3/17
Total

Pasteurized Water
Measured
TRNSYS Model
L
L
26.7
76.8
2.5
46.4
124.2
154.0
113.8
121.3
134.9
172.5
402.1
571.0

Using the above system parameters and derating performance by 30% to account for the
reduced performance due to thermal mass, the daily average flow rates for this system
located in Miami (slope = 43) and Phoenix (slope = 53) would be approximately:

Table 12.2.2 TRNSYS Derated SPEHX Monthly Performance

Month
Jan.
Feb.
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Annual

Derated Daily Average
Miami
Phoenix
L
L
66
73
85
86
94
101
100
108
79
121
67
123
75
125
89
135
88
146
85
123
86
101
68
70
82
109
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Based on these assumption, the system size is less than half the size required to meet the
160 liters/day criteria. These results are based on a system with a fixed slope. If the
system allowed for monthly slope adjustments, the output could be increased for all
months except January.

12.3

Concept B – SPIHX made from Coroplast® Testing

Several SPIHX systems were tested over a month period. Because of the difficulty of
finding a suitable adhesive for prototype construction limited testing was conducted.
Below is a description of two test days where some data was obtained for a SPIHX type
system and some brief comments on the data. In all cases the valve was not installed.
Flow was manually set. The reason for this was to allow data to be collected and begin to
verify the thermal models. There was concern of the hot melt failing during the cycling
caused by the valve.

3/31

The SPIHX tested on this day had a contact area of 61 cm x 104 cm (24” x
41”). The system was oriented normal to the sun and kept within 2.5° the
entire testing period. Flow rate was minimal until 10:27 to allow system to
heat before larger flow rates were introduced. This was done to get system
close to operating conditions quickly. Flow was set to approximately 8 ml/s
at 10:27. There were problems with air collecting in system. The system
was purged shortly after 10:30, 12:38, 12:48, and 14:30, as can be seen in
Figure 12.3.1. Air entrapped in the system between purges caused the flow
rate to decrease over time as can be seen in the figure.
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Although the day had scattered clouds and flow rate decreased over time,
interesting observations can be made from the data. The inlet temperature
was approximately 15°C for the entire testing period. And was heated to
over 50°C for most data points. After passing to the backside of the system
and dumping heat to the front channel the temperature of water dropped to
approximately 30°C before exiting system.
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Figure 12.3.1 Polymer SPIHX Testing on 3/29/99

3/31

Same size system as tested on 3/29/99. Added an improved purging system
to keep flow relatively constant throughout day. System was oriented to
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within 5° of normal to the sun. System was set-up and charged at 11:17.
Near quasi-steady-state conditions were reached shortly after noon and were
maintained until shortly after 13:00 at which time solar insolation dropped
due to cloud coverage. During this period, flow rate were maintained
around 5.5 ml/s and temperature where the valve would normally be located
approached 60°C.
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Figure 12.3.2 Polymer SPIHX Testing on 3/31/99

Using the data collected and equation 4 from Stevens et. al. (1998) the key parameters can
be determined. The best data for the three days of testing occurs between noon and 13:00
on 3/31. Using five minute average data from this time period, we compared theoretical
valve and system outlet temperatures to measured ones. A least squares fit was conducted
12 - 17

Flow
Tvalve
Tamb
Tin
Tout
Gt

by varying the three system parameters (F’τα, F’UL, and UHX) for this set of data points.
Doing this we get the following system parameters for the Coroplast® SPIHX with a
painted flat black absorber surface and 1/8” sheet of glass:

F’τα = 0.83
F’UL = 6.5 W/m2-°C
UHX = 108 W/m2-°C or 389 kJ/hr-m2-°C
The first two parameters, which are standard collector parameters, are slightly larger than
expected. This is most likely because the area used to derive the parameters is the actual
contact area between the two sheets of Coroplast® and not the gross area traditionally used
in defining collector parameters. The absorber area is approximately 12% larger than the
contact area and the gross aperture area is slightly larger.

The heat exchanger transfer coefficient is slightly higher than the measured values of a
strictly Coroplast heat exchanger discussed in section 10.4. This is most likely due to the
solar flux on the top surface creating an increased temperature gradient in the top channel,
and therefor increasing heat transfer. The heat transfer coefficient is however lower than
assumed in section 8, when modeling this type system. Most of the difference is due to the
use of larger channel heights, which resulted in a hydraulic diameter of nearly twice the
assumed value during modeling.

If we use the measured parameters and assume that the SPIHX model will over predict
actual performance much like the SPEHX model, running the TRNSYS model for a 1 m2
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Coroplast SPIHX system in Miami and Phoenix at fixed slopes will have daily average
flow rates as follows:

Table 12.3.1 TRNSYS Derated SPIHX Monthly Performance

Month
Jan.
Feb.
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Annual

Derated Daily Average
Miami
Phoenix
L
L
64
70
81
82
90
97
96
102
76
114
66
116
74
119
87
129
85
140
81
118
83
96
66
67
79
104

As in the case of the SPEHX, the SPIHX performance is lower than desired, most of which
is due to the fact that 4 mm channels had to be used instead of 2 mm in order to properly
purge system.
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13.0 Conclusions
This report has presented the observations and finding of an exploration of solar
pasteurizer options. The intent of the work was to further solar pasteurization as a means
to meet the incredible demand for safe drinking water that exist today and continues to
grow world-wide. Our work has focused on 1) developing steady-state TRNSYS models
of both SPEHX and SPIHX type systems, 2) optimization studies to compare different
concept designs, 3) investigation of potential polymers to be used in pasteurizers to
reduce costs, 4) building a test bed to monitor systems, and 5) building and testing two
concept designs.
Some of the major conclusions and recommendations from our studies that may be
invaluable to further developments of solar pasteurization are:
•

Based on the World Health Organization definition of access to safe water, which
recommends 20 lpd (liters of safe water per person per day), a system design criteria
was selected to be 160 lpd on average during the worst month of the year. It turns out
this is a very high criteria, forcing systems to be large. For the SPEHX tested, an
absorber size of slightly less than a 1 m2 and an extremely large heat exchanger
would be required. Because this large system would be quite expensive, well over
$100, it might be wiser to consider a smaller system to provide drinking and handwashing water (3-5 lpd) and use an alternative water treatment method (boiling water)
for the periods when the solar resource is not adequate. This would allow for much
smaller systems and reduce initial costs.

•

Although our optimization work assumed a fixed slope, a system could be designed to
be adjusted monthly in order to optimize each month’s performance.
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•

Purging air from a system is critical to performance. There are two types of purging
to be considered. First, each system must be initially purged, especially around the
thermostatic valve to ensure the valve will open. Second, as water is heated in the
absorber plate and heat exchanger, air comes out of solution and can create air locks
in the system or reduce heat exchanger effective area. During our testing, we used a
combination of manual purging and tubing extending above the head of water
supplying the pasteurizer. Although this method was adequate for testing, another
strategy is needed for a final application.

•

We used a retrofitted auto thermostatic valve to control flow rate. The valve did an
excellent job at regulating flow. We found that the valve should be located as close
to the absorber plate as possible to minimize cycling. Cycling can increase the
average absorber plate temperature and therefore reduce overall performance. The
valve assembly used in testing was built using standard off-the-shelf copper fittings,
but a designed housing made from casted brass might be more appropriate and reduce
costs.

•

The TRNSYS pasteurizer models developed work well for sunny days using
measured system parameters. Because the model assumes steady-state conditions, it
did not predict performance well for days with cloud coverage or solar flux step
changes. The model also tended to slightly over predict performance during the
morning warm-up periods on each day. Although adding thermal mass to the model
might require another system parameters, it would be beneficial in better predicting
system performance for a wide range of climatic conditions. The TRNSYS model
can be a useful tool in predicting performance for other geographic locations, system
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systems, and orientations with minimal effort. Since our optimization study, solar
data has become readily available for several locations around the world.
•

The testing conducted for this report was over a short period. There are several issues
that must be explored relating to long-term system performance before a system is
manufactured on a large scale. These issues include valve life, scaling of heat
exchanger and absorber plate risers, and purging techniques.

•

The SPEHX tested in this study consisted of a fin-and-tube absorber plate with a
shell-and-tube heat exchanger. The heat exchanger actual performance was lower
than expected, so a larger system would be required to meet the performance criteria
or the criteria needs to be lowered. In general, the SPEHX design concept is near the
point where a final design could be developed. The next step in developing the
SPEHX system will be to examine the suitable manufacturing techniques and
developing a marketing strategy.

•

The rigid polymer SPIHX still has many barriers to overcome before it can be
considered to be both technically and economically feasible. Some of the key barriers
to be addressed are:


Purging air was extremely difficult with the polypropylene (PP) signage
material and low flow rates of our system. It was nearly impossible for
channels smaller than 4 mm. Different geometry’s and/or materials may
allow better purging.



Although the PP sheets used in the concept design had no problem handling
dry stagnant conditions during one day of full sun, its long-term durability
needs to be further investigated.
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The header design must be improved



Manufacturing options must also be investigated. There is potential to reduce
system costs from the assumptions in section 7, by choosing an appropriate
design and manufacturing process.



A SPIHX based on laminating two PP corrugated sheets together has
significant thermal resistance across the heat exchanger surface. Extruding a
sheet with two sets of channels could reduce overall resistance by 20-30% and
possibly reduce fabrication costs.

•

There is a great market potential for small water treatment systems like solar
pasteurizers, estimated at over one and half million systems.

This final report completes work for subcontract no. AAA-8-17675-07 entitled
“Innovative Approaches to Solar Water Pasteurizers”.

13 - 4

References
Ahrens, Chris (1997) Personal Communications. Received unpublished copy of “Water
Purifier Building Plans” for Pax World Service, Black Mountain, NC.
Anderson, Randy and Collier, Kirk (1996), “Solar Water Disinfection”, Proceedings of
the 1996 Annual Conference of American Solar Energy Society, Asheville, NC April 1318, 1996, pp. 184 - 188.
Backer, Howard D. (1995). “Field Water Disinfection”, Wilderness Medicine,
Management of Wilderness and Environmental Emergencies. Third Edition, St. Louis:
The C.V. Mosby Company
Baer, Greg (1998). Personal Communications. Sunqest, Inc. Newton, NC.
Burch, Jay; Thomas, Karen E. (1998). An Overview of Water Disinfection in Developing
Countries and the Potential for Solar Thermal Water Pasteurization. NREL/TP-55023110, Golden, CO: National Renewable Energy Lab.
Ciochetti, David A.; Metcalf, Robert H. (1984). “Pasteurization of Naturally
Contaminated Water with Solar Energy”, Applied and Environmental Microbiology. Feb
1984, pp. 223 - 228.
Cobb, John C. (1996). “Solar Sanitary System (SOL-SAN)”, Proceedings of the 1996
Annual conference of Amercian Solar Energy Society, Asheville, NC, pp.167-172.
Cobb, John C. (1998). “Simple Self-Regulating Solar Pasteurizer for Contaminated
Water”, Solar Engineering 1998: Proceedings of the International Solar Energy
Conference, a part of Solar 98: Renewable Energy for the Americas. Albuquerque, NM,
The American Society of Mechanical Engineers.
Cotruvo, Joseph (1998). Personal Communications. NSF International, Washington,
D.C.
Davidson, Jane and Mantell, Susan (1998). Use of Polymers in Liquid-To-Liquid Heat
Exchangers: Applied to Low_Cost Solar Water Heating Systems, Task 1 Interim Report
for Contract with NREL.
Feachem, Richard G.; Bradley, David J.; Garelick, Hemda; and Mara, D. Duncan (1983).
Sanitation and Disease: Health Aspects of Excreta and Wastewater Management. New
York: John Wiley & Sons.
Fujioka, Roger and Rijal, Greeta (1995), Evaluation of the Grand Solar Pasteurizing
System to Disinfect Water, Project Report PR-2-10-95, Report available from Grand
Solar, Inc., 2169 Kauhana St., Honolulu, Hawaii 96816.

Ref -1

Hartzell, Will (1998). Personal Communications. SafeWater Systems, Honolulu, Hawaii.
Javed, Mary Anne (1998). Personal Communications. Christian Children's Fund,
Richmond, VA.
Newman, Mike (1998). Personal Communications. Thermafin Manufacturing Inc.
Jacksonville, FL.
Parry, J.V. and Mortimer, P.P. (1984). “The Heat Sensitivity of Hepatitis A Virus
Determined by Simple Tissue Culture Method”, Journal of Medical Virology. Vol. 14,
pp. 277 - 283.
Simon, Bruce (1998). Personal Communications. Coroplast Inc. Dallas,TX.
Spears, Robert P. and Tretina, Paul J. (1987). “Thin Film Materials Research for Low
Cost Solar Collectors”, DOE Report No: DOE/SF/11922.
Stevens, Robert J. (1998). “An Investigation of a Solar Pasteurizer with an Integral Heat
Exchanger”, Masters Thesis, North Carolina State University, 1998.
Stevens, Robert J.; Johnson, Richard; and Eckerlin, Herbert (1998). “An Investigation of
a Solar Pasteurizer with an Integral Heat Exchanger (SPIHX)”, Proceedings of the 1998
Annual Conference: Amercian Solar Energy Society, Albuqueque, NM, pp. 383-388.
Thomas, W.C. and Eiss, N.S. (1985). “Analysis of a Thin-Film Solar Collector”,
Reynolds Metals Company, Richmond, VA.
UNICEF Information Statistics (1998), Data obtained from website at
http://www.unicef.org/statis/.
White, Gary (1998). Personal Communications. Water Partners International, Columbia,
MO.
WHO (1998). Catalogue of Health Indicators (WHO/HST/SCI/96.8)
Yegian. Derek and Andreatta, Dale (1994), “Improving the Performance of a Solar Water
Pasteurizer”, Developments in Solar Cookers: Proceedings of the Second World
Conference on Solar Cookers, July 12-15, 1994, pp. 285 - 290.

Ref -2

Appendix A
Material Identification

Appendix B
Cost Assumptions

Appendix C
SPIHX/SPEHX TRNSYS Code

Appendix D
Optimization Plots

