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1. Executive Summary

Dewvaporation is a specific process of humidification-dehumidification
desalination, which uses air as a carrier-gas to evaporate water from saline feeds
and form pure condensate at constant atmospheric pressure. The heat needed for
evaporation is supplied by the heat released by dew condensation on opposite
sides of a heat transfer wall. Since external heat is needed to establish a
temperature difference across the wall, and since the temperature of the external
heat is versatile, the external heat source can be from waste heat, from solar
collectors, or from fuel combustion. The unit is constructed out of thin water
wettable plastics and operated at atmospheric pressure.

A 5,000 gallon-per-day (gpd) dewvaporation pilot plant was designed, built, and
operated at the 23rd Avenue waste water treatment plant (WWTP) in Phoenix,
Arizona. The City of Phoenix Water Services Department, along with the Bureau
of Reclamation Phoenix Area Office cooperated to establish a pilot plant site.

The pilot plant feed was the concentrate from a Tactical Water Purifier System
reverse osmosis (RO) unit with ultrafiltration pretreatment.

A 2000-milligram-per-liter (mg/L) total dissolved solids (TDS) wastewater

RO concentrate stream was treated by the pilot plant to more than 45,000 mg/L
TDS brine and 10 mg/L TDS distillate. Recovery varied from 70 percent to

100 percent with no decrease in distillate rate or increase in distillate
contamination. Thermal multiple effects varied from 2.0 to 3.5, which was less
than the 5.0 effects demonstrated prior to transport to the WWTP site. Distillate
production rate varied among towers, producing approximately 5 gallons per
minute (gpm) per tower, which was less than the target rate of 8.3 gpm.
Operating cost was highly dependent on the price of fuel. Using the average of
the three best thermal multiple effect values of 3.2, and natural gas cost of
$0.80 per therm, the operating cost of water would be $20.85 per 1,000 gallons.
The use of waste heat or solar thermal would reduce the operating cost to the cost
of water pumping and air blowing. Power needs of 0.5 kilowatthours (kWh) per
1,000 gallons at $0.10 per kWh would amount to $0.05 per 1,000 gallons.



2. Background and Introduction

Many technologies have been used to perform desalination, resulting in preferred
technologies based on economics (Fosselgard and Wangnick [1]). For example,
in the desalination of mild brackish (less than 1,000 milligrams per liter (mg/L)
TDS) water, reverse osmosis (RO) is superior to all desalination technologies.
This is mainly a reflection of the fact that other technologies involve phase
change (boiling), whereas RO employs low-pressure pumps (less than 100 pounds
per square inch (Ib/in®) (7 bar)) to move water through semipermeable
membranes, resulting in less energy consumption than that involved in a boiling
process. One area where RO is ineffective in water purification is in the treatment
of waters containing nonfilterable suspended particulates. For example, the
Colorado River contains silt in the 1-micron range, which tends to foul

RO membranes, increasing the maintenance and/or pretreatment costs of

RO operation.

For the more TDS intense aqueous applications such as RO concentrates
(Mickley [2]), waste streams, and seawater, other mechanical and thermal
technologies economically compete with RO, as seen by Larson et al. [3], [4]. In
the case of seawater desalination, the RO pump pressure increases to 1,200 Ib/in’
(80 bar) and feed waters require extensive pretreatment in order to protect and
extend the life of the membranes.

The competitive technologies to RO for seawater desalination include mechanical
vapor compression (MVC), multi-stage flash distillation, and multi-effect
distillation with and without thermal vapor compression. The MVC needs shaft
power to drive its compressor. The motor can be either electrically or thermally
driven. For electrically driven MVC, MVC plants consume more electricity than
RO units in the same seawater service. The other processes dominantly use and
reuse heat as the main driver to affect temperature-driving force between boiling
and condensing at staged pressures. The thermally driven plants attempt to reuse
the high temperature applied heat as many times as is economically possible to
minimize operating costs. This energy reuse factor economically varies from 6 to
12.

2.1 Dewvaporation Philosophy

Thermal processes that operate below the boiling point of water are called
humidification/dehumidification (HDH). Younis et al. [5] investigated

HDH units using solar energy as the external heat source. Just like the
steam-driven external heat operation of an HDH, two heat transfer towers (or
zones) are required to transfer heat from a massive flow of water. The water is



used as both an internal heat source and internal heat sink. The requirement of
two towers makes the HDH process energy inefficient. The dewvaporation
technique belongs to the HDH family of technology but requires only one tower
making it more energy efficient.

The Arizona State University (ASU) patented technology (Beckman [6]),
dewvaporation, is applicable to desalination and reclamation of seawater, brackish
water, evaporation pond water, RO plant concentrates, chemical mechanical
planarization slurries from the semiconductor industries, volatile organic (methyl
tertiary butyl ether, trichloroethylene) contaminant removal from ground, and
other impaired sources. Dewvaporation’s most economic niche is in small plant
applications. Larger plants will evolve in time.

The standard dewvaporation continuous contacting tower is a relatively new,
nontraditional, and innovative heat driven process using air as a carrier-gas and
remaining at atmospheric pressure throughout the device. The external heat
source can be from low temperature solar (131 °F [55 °C]), waste heat, or
combustible fuels (210.2 °F [99 °C]). Briefly, the process works for brackish
desalination, as viewed in figure 1 (Beckman [7]; Beckman, Hamieh, and
Yhbarra [8]; and Hamieh, Beckman, and Ybarra [9]).

A carrier-gas, such as air, is
Q brought into the bottom of the
190.2F 189.5°F tower on the evaporation side of a
: . heat transfer wall at a typical wet
Vign = 1.81 Ven =171 bulb temperature of 69.8 °F
RH = 100% (21 °C), thereby containing about
0.025 moles of water vapor per
mole of air. The wall is wetted
by saline feed water, which is fed
into the evaporation side at the
top of the tower. As the air
moves from the bottom to the top
of the tower, heat is transferred
RH = 100% into the evaporation side through
119.7°F l 69.8°F the heat transfer wall, which
V4o =0.125 Ve = 0.025 allows the air to rise in

f=16.8

Brackish Water

-

temperature and evaporate water
from the wetting saline liquid,
which coats the heat transfer
wall. Concentrated liquid leaves from the bottoms of the towers, and hot
saturated air leaves the tower from the top at 189.5 °F (87.4 °C) with a humidity
of 1.71 moles of water vapor per mole of air. Heat is added to this hot air by an

Figure 1. Dewvaporation tower design.



external heat source (steam was used in this investigation), increasing the air
humidity and temperature to a vapor loading of 1.81 and 190.2 °F (87.9 °C),
respectively. This hotter saturated air is sent back into the top of the tower on the
dew formation side. The dew formation side of the tower, being slightly hotter
than the evaporation side, allows the air to cool as condensation heat is transferred
from the dew formation side to the evaporation side. Finally, pure water
condensate and saturated air leave the dew formation side of the tower at the
bottom at 119.7 °F (48.7 °C). Total external heat needed is made up of the heat
added at the top of the tower to establish a heat transfer temperature difference
and the heat needed to establish a temperature offset between the saline feed stock
and the pure water condensate used to produce steam. The detrimental effect of
salt concentration on the energy reuse factor (or gain output ratio), f, is explained
in the theory section.

Figure 2a illustrates that volatile organic carbon removal behaves ideally as the
distillation of almost pure, brackish, or sea water. The reclamation of evaporation
pond waters that are saturated with salts (20 percent by weight), as shown in
figure 2b, is more difficult. The feed waters are processed to extinction by the
recycle of bottoms brine back to the feed. The two products are distillate and wet
salt solids.

Due to the slight desiccant effect of salts, the energy reuse factor decreases with
increased salt concentrations. This suppressed vapor pressure of water reduces
the relative humidity of saturated air, causing the addition of more steam to make
up the air dryness.

1000gpd
10,000 ppm TDS

Q
] 1 1
1 50 ppb TCE VOC 161(71.7C) 160F (71.1C
190:2F:(87.9C} 198.5F (87.5C) Van=0.48 Veh=(0. 40 )
Van=1.81 nl Ven=1.71 RH=100% RH=90%

1000gpd

RH=100% ¥ RH=100% 3
c
5 2| §
= c =
f=16 | £ | © f=5 E g
E S =
o [o} 4= o
S8 2| S
g & 4
69.8F (21C)
112F (44.4C
119.7F (48.7C) 69.8F {21C) i Ve0=0.025
vV 0.125 Ve0o=0.025 Vd0=0.125
do=0. b e
RH=100% RH=100% RH=100% — -
o . VOC distillate Brackish water recycle ¥
VOC distillate Brackish water (1000gpd) (1000gpd) W lid
(100gpc) (900gpd) Ssbohr

b) Evaporation Pond Crystallization

a) VOC Removal

Figure 2. Volatile organic carbon removal and evaporation pond reclamation
with dewvaporation.



2.2 Dewvaporation Model

From figures 1 and 2, the mathematical definition of the energy reuse factor, f, is
the ratio of the energy transferred through the heat transfer wall to the high
temperature energy input, as shown in equation 1 (Beckman [7], [10]):

:th_VdO |
th_Vh ( )

€

f

The definition of the molar production flux, Pf, is the gas traffic (mol of air per
second) times the water vapor decrease on the dew formation side of the wall
divided by the wall area, as shown in equation 2:

G
Pf_X'(th_VdO) (2)

Typically, the feed/condensate temperature offset is kept to 10 °F (5.6 °C). This
can be accomplished by either an internal or external feed heat exchanger. In this
analysis, the energy reuse factor, f, was 16.8. By including the heat needed for
the temperature offset, the factor reduces to about 13. Actually, the product of the
factor and the molar production flux, Pf, is a constant at parametric Veh. The
value of the constant is a function of the operating variables, as shown in the
following equations.

The amount of water vapor contained in the air carrier-gas is calculated by
specifying the temperature, T, and calculating the vapor pressure, Pw, from
equation 3 (Smith and Van Ness [11]):

InP, =B - A 3)
R-T

where B and A0 are constants obtained by fitting a straight line to the In(Pw)
versus 1/T for the steam table. For temperature range of 32 — 212 °F (0 — 100 °C),
B is 14 and A0/R is 5209 °K (Perry, Green, and Maloney [12]). The carrier-gas
vapor content (moles of water vapor per mole of air) is:

RH-P, (4)

where the relative humidity (RH) is given as a function of salinity, S grams
salt/liter, by the following equation (Spiegler and Laird [13]):

RH =1-0.000538 S (5)



The hottest temperature in the evaporating section is specified, allowing the
calculation of the largest value of the Veh in the evaporating section of the unit.
Then the change in vapor content of the carrier-gas is specified across the top of
the tower by:
(6)
AV=V, -V,

¢l

From these specifications, the temperature difference across the heat transfer wall
at any position can be described as:

| Ff.R]FHAV +ve|z).ve|z}

(7

ATl | A AV

In this process, both the film heat and mass transfer coefficients are important in
establishing the overall effective heat transfer coefficient, U. For simultaneous
heat and mass transfer operations involving air and water, the Lewis Number is
essentially unity (McCabe, Smith, and Harriott [14]), allowing the coefficients to
be related by similitude as ky = hg/cp. The effect of the latent energy associated
with the mass transfer of water vapor can be related to the sensible heat transfer
associated with the air/vapor mixture by equation 9 after Werling [15].

h[, =h,| -(1+M]) (8)

g

2
M= 2] | Ry ©)
RT C,
Taking into account both gas film heat transfer coefficients and the thermal

resistance of the heat transfer wall, then the overall effective heat transfer
coefficient, U, can be expressed as:

where M is expressed as:

S S T (10)
U h.| h k

z fe

z z

The heat transferred through the heat transfer wall is essentially the latent heat, at
the system temperature needed to evaporate water as:

q|Z=G'7"(Ve _

v, ) (11)

z+Az €

The area needed for the heat transfer wall is obtained by an energy balance (Bird,
Stewart, and Lightfoot [16]).



(12)

Where:

A’TLM = Tyd - Tye (13)

Upon integrating with respect to the overall area and assuming that t/k is small
compared to the gas phase resistance, equation 14 then relates the total energy
reuse factor, f, and the total production flux, Pf, as follows:

S E 1

Where the detrimental effect, FRH, of reduced relative humidity at the tower top
exiting evaporation air stream, RH, is:

Foy =1-(1-RH)-(1+£)-(1+V,,) (15)

Equation 14 shows that as the temperature increases, the product of energy reuse
factor and molar production flux become greater. It is also apparent that the
energy reuse factor, f, and the molar production flux, Pf, are related
hyperbolically in an established unit. The detrimental effect of salt concentration
is also included in this expression from equation 15.

Additionally, higher values of Vp; i.e., higher temperatures, improve both f and
Pf values, which is economically beneficial to the tower. However, higher
temperatures are limited to the heat source temperature and the normal boiling
point of water.

On the other hand, by taking into account the heat conduction resistance in the
plastic heat transfer wall and the resistances due to the two liquid films on the

wall, then:
2, Y (h V p)
Pf.f: 0 _g;h_olglz (16)
B-R-T Cp 2+V,, A
With:
1
F= (17)
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The resulting equation is 18. This expression resembles equation 14, but with an
additional term F containing all of the plastic and liquid films resistances to heat
transfer. Rearranging these equations into a form that would be linear in a data

plot gives:
y)
(%j G )| [ 2+Va +BZ'R,Z£ (18)
(B+2-V, )P, -f h, 3.V, +2-V,, 6 k

Air Boundary Layer Wall and Liquids

Essentially, the manner in which equation 18 (Hamieh [17]) is used to

determine the effective heat transfer area from the data obtained per run. All of
the parameters on the right hand side of equation 18 are known. Data from each
run contain the temperature at the top of the tower, production rate, and energy
consumed. From the tower top temperature, the water vapor to air ratio and
energy reuse ratio can be calculated. Therefore, the production density can be
assessed on the left hand side of equation 18. Since the production rate is data,
then the effective heat transfer area in the tower can be identified. The effective
area is a property of the tower mechanical design, as summarized by Hamieh and
Beckman [18], [19].

2.3 Tower Details

The plastic heat transfer wall that best offered low-cost economics, dimensional
stability, free flow zones, manufacturability, and availability was twin-wall
extrusions found in Spring 2001. The twin-wall extruded plastics are available in
many sizes (thickness) ranging from 2 millimeters (mm) to 10 mm. Coroplast,
Incorporated’s (1-800-666-2241) twin-wall, 4-mm, polypropylene extruded sheet
was purchased at $5.25 per 4-foot by 8-foot sheet from local suppliers. This price
is for small quantity from a distributor. Projected price for bulk quantity direct
from manufacturer is less than $2.50 per sheet. Since both sides of the sheet can
be used for heat transfer, the price for the heat transfer wall is $0.039 per square
foot. Figure 3 shows an edge-on view of the twin-wall extruded plastic sheet.

The outer surfaces were covered with wetting gauze so that the surfaces would
wet with saline feed water. The inner cavity allowed condensation to occur
isolated from the saline water. These extruded sheets were cut to size (19 inches
wide, 6 feet high) and mounted vertically, as shown in figure 4.

The inner top of the tower is pictured in figure 5. There is a certain level of
complexity as shown. Air blows up the saline wet faces of the heat transfer walls
and enters the top zone through the sponges, which have holes. The sponges are
wetted with saline feed from the feed spouts along the center of the picture.



Figure 3. Edge view of 4-millimeter, twin-wall polypropylene
sheet.

Figure 4. Tower sections fitted with gauze.
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Figure 5. Top view of the tower.

Steam is shot into the air along the center by a steam pipe (not shown). Air
with the added steam moves to the far right and left of the picture, where the
air re-enters the heat exchange section and flows back down the tower as it
cools and condenses dew. Figure 6 shows completed towers at the
manufacturing facility.

Figure 6. Towers at the manufacturing site.
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2.4 Pilot Plant Construction

The pilot plant was located at the waste water treatment plant (WWTP). Figure 7
shows a picture of the site, selected out of the various site locations available.
This site was chosen for its morning shade, sealed ground, proximity to an office
area with machine shop capability, and ease of access. There was space for a
maximum of 32 towers.

Figure 7. Towers installed at pilot site with generator, tanks, and tactical water
purification system.

An electrical steam generator was located onsite, along with the tactical water
purification system (TWPS) used to concentrate the tertiary wastewater for the
DewVaporation system feed. The first set of towers, along with the steam
generator, is shown in figure 8. The steam generator is in the lower left with
some of the first towers. Figure 9 shows some of the tanks, the steam generator
enclosure, and first tower set.

In the summer of 2005, a storm swept through the Phoenix area, uprooting trees
and collapsing the first set of towers. The towers were not salvageable. A second
set of 25 towers was purchased by the Phoenix Area Office (PXAO) from the
manufacturer.

12



Figure 8. First tower set with steam generator and tanks.

The towers were connected for liquid flow in many arrangements. The
arrangement finally selected for data gathering in the fourth year is

depicted in figure 9. Figure 9 shows that the pilot plant was subdivided

into three units of eight towers. The final brine streams from all

3 subunits flowed to tower 25. The flow connections were designed to allow
gradual increase in brine salinity in the sequential chain setup.
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Figure 9. Arrangement of towers for the pilot test.

13



2.5 Pilot Plant Objectives

2.5.1 Initially Proposed Pilot Plant Approach

The pilot plant was to be composed of ten 1,000-gallon-per-day (gpd) modules.
Each module is designed to measure 4 feet by 4 feet by 7 feet and was optimized
for manufacturing ease. This modulation is required so as to improve
transportability of the skid-mounted modules to the WWTP. Some modules will
be connected in a parallel arrangement, and others will be connected in series, to
best minimize concentrate recycle tower bottoms to the tower top section.
Recycling in this manner increases the salinity of the tower feed, which is
detrimental to the energy efficiency but necessary in maintaining a wet heat
transfer wall for distillate formation. The modules will be separated and
dispersed to other demonstration sites when the pilot study is complete.

The pilot plant towers were designed, built, transported to WWTP, installed, and
brought online during the first year. In the second year, there were four major test
cases operated for approximately 3 months each:

1. 5,000 mg/L of feed to make 200,000 mg/L of 200-gpd concentrated brine
2. 5,000 mg/L of feed to make 420 Ib/day of wet salt solids.

3. 1,500 mg/L of feed to make 200,000 mg/L of 60-gpd concentrated brine.
4. 1,500 mg/L of saline feed to make 125 Ib/day wet salt solids.

The runs were made in this order to take advantage of the TWPS RO concentrator
being used to produce 5,000 mg/L of saline water from the 1,500 mg/L of WWTP
effluent. The TWPS will be leased for 2 to 3 years starting May 2003.

A liquid feed to the pilot plant will be pumped through a rotometer at 7 gallons
per minute (gpm) controlled by a globe valve. This feed will be split into two
3.5-gpm streams and balanced by valves. The tower pumps are surge pumps that
are activated by a liquid level control switch. The level of each tower basin brine
pool is controlled by overflow to the succeeding tower’s surge pump. The surge
pump dedicated to the tower is responsible for sending feed water through the
tower internal feed heat exchangers to the tower top; therefore, there is one pump
per tower. Since flow rates surge, the bucket and stopwatch approach will be
used to monitor liquid rates.

Air will be sent to each tower from one blower. Individual air rates will be set by
ball valve adjustment and measured by a velocity gas meter at each tower exhaust.
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Steam will be delivered to each tower by 10 dedicated water boilers. The steam
rate will be set to maximum, and each tower air flow rate will be adjusted to give
the desired top temperature.

Temperatures of all liquid and air streams (both wet and dry bulb) will be
monitored by thermocouples, displayed, and recorded by real time data
acquisition.

2.5.2 Pilot Plant Goals and Objectives

The overall plan for this 10,000-gpd pilot study is to move a new and exciting
technology out of the ASU laboratories once again and into the field of the real
world. A sizable 10,000-gpd unit is presented that will be professionally designed
and fabricated, versatile in its feed water salinity demonstrations, and versatile in
its product delivery (10,000 mg/L, 300,000 mg/L, and salt solids). The
demonstration will be at the WWTP of the City of Phoenix for about 1-year’s
duration after 1 year needed for fabrication. A trailer-mounted RO unit will be
made available from Reclamation for use in this test. The dewvaporation
equipment will be versatile in that WWTP effluent and RO effluent will be treated
as feed to the dewvaporation process. The dewvaporation unit needs a fuel such
as natural gas ($0.40 per therm), which could be valued as locally available
digester gas at no cost. In order to get the site ready, it will be necessary, in time,
to assess the electrical power needs/ availability, space allocation, exact site
location, and control room needs.

When finished, the portable unit can be transported to other sites for follow-on
demonstrations. It would be also possible, due to its modular construction, to
send up to ten 1,000-gpd units, or some combination of numbers of modules, to
various smaller industrial sites for demonstration. Examples include Cave Creek
Desalination Facility and Scottsdale Water Campus.

The objectives that need to be addressed for the successful completion of the first
year project include:

1. Design 10,000-gpd pilot plant main unit (ten 1,000-gpd towers).
2. Professionally manufacture main unit.

3. Transport towers sequentially when produced to WWTP.

4. Install/test towers at WWTP.

5. Write quarterly and final reports for year 1.
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In the second year, the pilot plant will:
1. Operate unit with RO effluent to produce concentrated brine.
2. Operate unit with RO effluent to produce crystals.
3. Operate unit with WWTP effluent to produce concentrated brine.
4. Operate unit with WWTP effluent to produce crystals.

5. Design, build, and demonstrate advanced tower designs based on initial
operational results.

6. Write quarterly and final reports for the total project.

The minimum of 2 years of study at the 10,000-gpd capacity should prove the
reliability of the operation, as there are few moving parts, operating costs are low
compared to all equivalent technologies that concentrate brine, and brackish
discharges are minimized to the extent that waste disposal costs and/or needed
land for evaporation ponds can be reduced by an order of magnitude. Successful
accomplishment of Objectives 1 through 5 of year 1, and Objectives 1 through 6
of year 2, will act as a foundation to the practical details needed for the
commercial design of that and larger systems. The accomplishment of second
year Objective 2 will expand the role of the dewvaporation plants to being
crystallizers by the reduced feed flow rate, so that the last tower in series produces
crystals instead of brine. All together, the new system will act to replace the
standard evaporator (concentrators) and crystallizer process pairing used by
electric power generating stations throughout the American West. The newly
formed company, L’Eau LLC, has plans and potential funding groups that are
focused on rapidly accelerating toward commercialization. These achievements
will hasten the commercialization process.

2.6 Pilot Plant Operational Risks

Based on all of the redundant research and development and all of the paths taken,
the remaining risks to a successful operation have been minimized. The
dewvaporation system has minimal moving parts such as a boiler, pump, and fan.
These items are very identifiable and separate, so any malfunctions can be readily
detected and corrected. The one unproven step is the operational problems that
might be associated with the professionally designed and fabricated towers. This
new era in tower construction away from the ASU laboratories is not foolproof.
Problems such as liquid leaks both interior and exterior, gas flow bypass, and
liquid feed seal breakage have all been previous problems that were corrected in
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the smaller units. It is assumed that early detection of these and other problems
can be corrected in towers constructed in the future.

2.7 Projected Dewvaporation Economics

The basic economics have not changed much since the first projections in

1999 [6]. Then, the capital cost was about $ 8,000 per 1,000 gpd for small plants,
reducing to $1,000 per 1,000 gpd for large facilities. Operating costs of water
reclamation from seawater and saline solutions varied from $3.50 per

1,000 gallons to $0.50 per 1,000 gallons, based on natural gas as a fuel or free
waste heat, respectively.

The WWTP will also investigate taking the fed brine to total extinction
(crystallization). That is, there will only be wet solids left for disposal and no
brine discharge. The capital and operating cost for dewvaporation acting as a
crystallizer should not change. The operating cost of an industrial crystallizer
(IC) would be an additional $2 per 1,000 gallons of initial feed stock. The total
water cost would then be $14 per 1,000 gallons. Capital cost for large
crystallizers is an additional $5,600 per 1,000gpd of initial feed stock [18]. The
total capital cost for a conventional evaporator with crystallizer would be $31,600
per 1,000 gpd. Dewvaporation capital cost would remain at $8,000 per 1,000 gpd.

2.8 Project Management

The project is based on the cooperation of three different entities: The City of
Phoenix Water Services Department, PXAO, and L’Eau LLC. These three
entities will be managed by their own personnel.

The City of Phoenix hosted the site and provided concrete slabs, utilities, and
personnel to operate a 1,500-gallon-per-hour TWPS needed for enhanced salinity
levels as feed to a 10,000-gpd dewvaporation pilot plant.

The Bureau of Reclamation - Denver Office borrowed the TWPS from the

U.S. Naval Facilities Engineering Service Center in Pt. Hueneme, California. The
system was operated by the PXAO. The PXAO Program Management Division
Chief is Robert Michaels. Tom Poulson acted as the main contact and field
director for the project.

L’Eau LLC was managed full time by Dr. Scott Stornetta as Chairman of the
Board and Chief Executive Officer. Dr. Beckman, part time, was Chief Technical
Officer to L’Eau LLC and manager of the pilot plant project. The L’Eau LLC
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constructed, transported, installed, and operated the 10,000-gpd dewvaporation
pilot plant. The engineering staff of L’Eau LLC was present daily to ensure
progress in L’Eau’s obligations.

2.9 Facilities and Equipment

The WWTP in Phoenix is a 63-million-gallon-per-day facility. The water campus
is equipped with chemical testing laboratories capable of total water analysis.
Digester gas and natural gas for steam generation needs are available to the pilot
plant operation. There is office space adjacent to the concrete pad area. Base
level electricity of 1 kilowatt is in place for the pumps, blowers, and display
requirements. Natural gas required is 100 therms per day.

2.10 Environmental Impact

The environmental impact for this dewvaporation pilot plant is positive. The pilot
plant will treat 1,500 mg/L and 5,000 mg/L of TDS discharge waters to less than
10 mg/L TDS distillate and concentrated brine at 200,000 mg/L TDS of wet
crystal solids. The distillate produced can be used to dilute the normal WWTP
1,500-mg/L TDS discharge. A zero environmental impact would be a blending of
the distillate and brine to form a 1,500-mg/L TDS WWTP discharge; however, all
of the involved entities feel that a more positive application can be found for the
distillate of the dewvaporation and the permeate from the RO unit.

2.11 Dismantling the Pilot Plant

Due to the modular construction of the 10,000-gpd pilot plant, the pilot plant
could be broken into ten 1,000-gpd units for distribution to 10 sites. The towers
are set up in this initial pilot plant to be independent, with dedicated boilers and
blowers for individual analysis. This allows the singular distribution possibility.
However, combinations of units composed of clusters of the 1,000-gpd units
could also be considered. There is need for RO concentrate treatment systems in
the Phoenix area (Cave Creek and Scottsdale water campus and other municipal
waste water treatment plants or industrial sites).

2.12 Dewvaporation Project Relevance to Desalination
and Water Purification Research Objectives

The Desalination Act of 1996 has as its principal focus the development of
economical methods to reclaim impaired and saline inland waters. This research
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proposal is based on two Reclamation awards under this act, which established
the dewvaporation process as a highly efficient economical means for water
reclamation. Results from those two awards have led to the final lab design of the
dewvaporation process. The technique has the potential to reclaim saline and
impaired waters with minimal volume concentrate or even solids.

The Reclamation Program Objectives are well satisfied in this proposal:

Reclamation Objective 1: “Increase the ability of communities of varying
sizes and financial resources to economically treat saline water to potable
standards.” The dewvaporation units have successfully operated at the 50-gpd
size and will operate at 10,000-gpd size with this proposal. The units operate
economically: their manufacturing costs are about $1,000 gpd, and fuel costs
range from $2.94 to $0.42 per 1,000 gallons.

Reclamation Objective 2: “Increase the ability of the United States desalting
industry to compete throughout the world by fostering partnerships with them
for the development of new and innovative technologies.”

Reclamation Objective 3: “Develop methods to make desalting more
efficient through promotion of dual-use facilities in which waste energy could
be applied to desalting water.” The dewvaporation process uses low-grade
heat and waste heat.

Reclamation Objective 4: “Develop methods to ensure desalting
technologies are environmentally friendly.” The dewvaporation process is a
very low energy user in its standard operation. Also, no new electric
generating stations need to be built because the electrical usage is low, at less
than 1.6 kilowatthours (kWh) per 1,000 gallons (67 kilowatts for a $1-million-

gpd plant).

All of these objectives, along with third world benefit, were summarized by
ASU Research Magazine [20].
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3. Results, Conclusions, and

Recommendations

From this investigation into the dewvaporation process, it can be concluded that:

High recovery values of 100 percent were achieved.

High distillate purity of 10 mg/L of TDS was achieved with 10,000 mg/L
of TDS concentrated waste water feed and 45,000 mg/L TDS brines.

Distillate quality and production rate did not reduce with increased feed
salinity.

Thermal multiple effects ranging from 2.0 to 3.5 were demonstrated,
which were less than the value of 5.0 prior to transportation. The product
of distillate rate and multiple effect was 1/13 of the theoretical value,
revealing high potential for improved performance with continued
research and development.

Demonstrated amortized capital cost was $3.50 per 1,000 gallons of
distillate based on tower purchase from L’Eau and borrowed funds at
8 percent with equipment life of 20 years.

Demonstrated operating cost ranged from $0.10 per 1,000 gallons to
$24 per 1,000 gallons, depending on the price of fuel for steam generation.
Currently, natural gas value is $0.80 per therm.

The target of 5,000 gpd was not achieved due to limitations of the steam
boiler capacity and tower efficiency.

It is recommended that:

Tower air connections be modified to accommodate the “tandem”
arrangement to increase multiple effects from 2.0 to 3.5 to 7.0.

Tower construction design should be changed from the NAS-T to the
NEWT." Demonstrated philosophy to improve tower multiple effect to
5.0.

" The acronym NAS-T describes a unit with air flowing up or North on the evaporation side
And then flowing South or down on the dew formation side of the Tower. The acronym NEWT
stands for a tower where the air flow pattern is first North on the evaporation side and then East
and West or zigzag on the downward flow path on the dew formation side of the Tower.
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e Solar hot water thermal source should be developed for reduced water

costs.

e The liquid desiccant heat pumping feature be developed for reduced water

costs.

3.1 Pilot Plant Results

Table 1 is a summary of the pilot plant data generated in year 4 of the project.
The data sheets that support table 1 are presented in appendix A.

Table 1. Pilot Plant Design Data

Equivalent
Subunit Pilot Plant
Distillate Distillate Multiple
Subunit Rate Rate Effect Percent
Run Date Operated (gpd) (gpd) Factor f | Recovery
August 30, 2006 ABC 1,470 1,470 — —
September 22, 2006 | A 1,440 4,000 2.1 62
October 5, 2006 AB 1,394 3,873 1.9 58
October 17, 2006 B 1,080 3,000 15 65
October 24, 2006 A 900 2,500 11 34
November 7, 2006 A 1,360 3,778 1.9 77
November 21, 2006 | A 1,600 4,447 3.3 92
November 30, 2006 | B 1,522 4,227 3.2 36
December 6, 2006 AB 1,937 2,848 3.1 62
December 8, 2006 AB 2,664 3,918 2.7 67
December 20, 2006 | A 1,056 2,933 2.2 50
January 18, 2007 B 1,058 2,940 1.6 45
February 9, 2007 A 1,618 4,495 25 66
March 7, 2007 AB 2,347 3,451 2.6 78
April 2, 2007 A 1,608 4,467 1.7 100

More detail of operations is presented in Section 4.6. In summary, table 1 shows
that all of the towers could not be operated at the same time due to limitations of
the steam generator. Most of the runs operated either subunit A or B, but most of
the data was obtained from subunit A. The “Equivalent Pilot Plant Distillate
Rate” was projected by ratioing the number of towers in the total plant to the
towers in the subunit. Table 1 shows that the highest distillate rate was about
4,500 gpd. The highest thermal multiple effect was 3.3. The recovery (distillate
to feed ratio) varied from 34 percent to 100 percent.
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The April 2, 2007 operation recycled the pilot plant brine stream back to the feed
tank, thereby increasing the salinity from 200 mg/L of TDS to 8,000 mg/L of TDS
as the tank emptied. Maximum tower basin saline concentration was found to be
45,000 mg/L of TDS.

3.2 Improvement Recommendations

3.2.1 Tandem Arrangement

In the tandem arrangement shown in figure 10a, a carrier-gas, such as air, is
brought into the bottom of the tower on the evaporation side of a heat transfer
wall at a typical wet bulb temperature of 70 °F (21 °C), thereby containing about
0.025 moles of water vapor per mole of air. The wall is wetted by saline feed
water, which is fed into the evaporation side. As the air moves from the bottom to
the top of the tower, heat is transferred into the evaporation side through the heat
transfer wall, allowing the air to rise in temperature and evaporate water from the
wetting saline liquid, which coats the heat transfer wall. Concentrated brine
leaves from the bottom of the tower, and hot saturated air leaves the tower from
the top at 190 °F (87.8 °C) with a humidity of 1.71 moles of water vapor per mole
of air. Heat is added to this hot air by an external heat source, such as atmosphere
steam, increasing the air humidity and temperature to a vapor loading of 1.93 and
192 °F (88.9 °C), respectively. This hotter saturated air is sent back into the top of
the tower on the dew formation side. The dew formation side of the tower, being
hotter than the evaporation side, allows the air to cool and transfer condensation
heat from the dew formation side to the evaporation side. Finally, pure water
condensate and saturated air leave the dew formation side of the tower at the
bottom at 120 °F (48.7 °C). Total external heat required is made up of the heat
needed at the top to establish a heat transfer temperature difference and the heat
needed to establish a temperature offset between the saline feed stock and the
pure water condensate.

In the tandem flow pattern, air flow in the tower would be modified as shown in
figures 10b and 11. The evaporative air would be routed to the condensing
chamber of the subsequent tower. In this manner, each tower could act as a single
effect evaporator. Energy into a tower would be used to evaporate and condense
water only if the liquids to and from the tower enter and leave at about the same
temperature. Since the air is totally recycled between towers, no energy leaves
the system by that route.
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A: Standard Air Arrangement  B: Modified Air Arrangement

Figure 10. Single tower standard and modified air
design.

3.2.2 NEWT
Tower
Manufacturing
The acronym NEWT
stands for a tower
where the air flow
pattern is first North
on the evaporation
side and then East
and West or zigzag
on the downward
flow path on the dew
formation side of the
Tower. The acronym
NAS-T describes a
unit with air flowing

up or North on the evaporation side And then flowing South or down on the dew

formation side of the Tower.

The easiest and least expensive towers that can be built are NAS-T towers. NAS-
T were built in Mexico and supplied as the second set of towers to the WWTP in
year 3 (section 4.5). The main feature that distinguishes these tower designs is the
dew formation return air turnarounds. Without turnarounds, 20 or 30 labor hours
are saved. There is also a higher possibility of distillate contamination with
turnarounds. Theoretically, the NEWTs should be more energy efficient but
somewhat more expensive. Figure 12 shows the NEWT turnarounds.

Steam

212 °F

1195°F 190°F 185°F 180°F 175°F 170 °F 165°F 160°F

130°F 125°F 120°F 115°F 110°F 105°F 100°F 95°F

Ambient air
75 F wet bulb

Heat Sink
140 °F

Figure 11. Proposed tandem air flow arrangement.
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Exhaust Air

Inlet Air

3.2.3 Solar Hot Water

Solar collectors can be used
in place of steam to generate
water at about 170°F. The
hot water can contact the
tower top air, thereby
evaporating water into the
top so as to eliminate the
need for additional steam.
The cost of a single glaze
solar collector is about

$10 per square foot.
Assuming an 8-hour solar
day and 150 British thermal
units (BTU) of collection,
then 2,100 square feet of

Exhaust Air

Figure 12. NEWT air turnarounds.

collector would be required
to produce 1,000-gpd
distillate at a thermal

multiple effect factor of 3.3. The amortized water cost would be $6.36 per

1,000 gallons. This cost is less than the cost of steam from natural gas, which is
$20.85 per 1,000 gallons. A combination of solar heat utilization, along with
NEWT tower development, could reduce the water cost to about $6 per

1,000 gallons, which includes the amortized tower cost. Figure 13 suggests such

a solar arrangement.

7 160F

Main
Tower

60 CFM - 127F

-—

Tower
Air Loop |
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Figure 13. Solar hot water heating.
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3.2.4 Desiccant Heat Pumping

The philosophy for using a liquid desiccant to enhance the energy reuse factor is
based on the ability of strong salt solutions to absorb moisture from air, thus
drying the air and releasing the heat of vaporization. This heat can be released at
higher temperatures than the original temperature of the air that was contacted by
the desiccant, and that heat can be reused to do an equal amount of water
evaporation into another air stream.

1
93.3°C
3
86.3°C B7.8°C
D %
% A > 154 4°C
(o) P Boiler
Y
M R
A | A
T | T
I |
(1) 0 1 Boiled Water Vapor Stream
N N 2 Strong Desiccant Stream
3 Weak Desiccant Stream
B0 0°C s5gec 4 LiquidiLiquid Heat Exchanger
5 Desiccant Contact Heat Exchanger

Figure 14. Desiccant heat pumping with boiler.

Figure 15 shows that a slip stream of hot, humid air at the top of the tower is
contacted by a strong liquid desiccant stream (stream 2) in the desiccant contact
heat exchanger (5). The remaining hot, humid air is further humidified in (5) by
evaporation of feed water to vapor by the energy furnished by the desiccant air
drying. The now hotter, humid air stream returns to the dewformation chamber,
while the dried air goes to the bottom of the evaporation chamber. The desiccant
stream, now diluted by the water vapor picked up in (5), returns to the boiler for
regeneration. The steam released in the boiler from boiling desiccant liquid is
sent to the top of the dew formation chamber to further increase the temperature
and humidity of the returning hot, humid air. In this manner, the boiling energy is
essentially halved.

The energy needs should be reduced to half by this technique, compared to the
standard operation of the dewvaporation towers.
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If dry air were available, then the desiccant could be regenerated by contacting the
wet desiccant with the dry air for water evaporation, as depicted in figure 15.

SEEM
3
B8.3°C
F A 5 ) 154.4°C
O P Ambient Air
R 0 Drier
M A 38°C
A T - =
T 15% RH
1 | I 1
0 0 1 Amhient Air, typical of Yuma, Las vegas,
N N Palm Springs, & San Bernardino
2 Strong Desiccant Stream
3 Weak Desiccant Stream
60.0°C sa5ec 4  LiquidiLiquid Heat Exchanger
5 Desiccant Contact Heat Exchanger

Figure 15. Desiccant heat pumping with air drying.

In this technique of drying liquid desiccants to the original salt concentrations, dry
air becomes more humid as the solution looses water. No energy is required other
than a fan motor aided by natural wind. The energy needs are reduced to 2.5 kWh
of electricity per 1,000 gallons and heat to 80,000 BTU per 1,000 gallons. Less
electricity and heat may result due to the action of wind and release of the
desiccant dilution heat of solution.

Areas of the world where seawater exists with nearby desert dry conditions
are noted but not limited to the cities listed in table 2
(www.bestplaces.net/html/climateus2).

The dry cities were cited as the most advantageous natural areas for drying of
desiccant liquids. In these areas, where water is needed most when the air is
driest, the air regeneration technique works the best.

The desiccant regeneration technique also works in environments more humid
than desert regions. The tower top treated humid air is not dried out as thoroughly
in areas of high humidity, resulting in more water being evaporated to the
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environment by the desiccant regeneration. Therefore, humid areas can still
utilize this ambient air desiccant drying technique, but not as effectively as a
desert region.

If the environment air is very humid, the ambient air regeneration technique can
work if a solar collector is used to heat water, that can be stored, to heat humid
air to a temperature of about 20-percent relative humidity. For example, Houston,
New Orleans, or Miami, with air at 80 °F and 80-percent relative humidity, could
be heated to 140 °F with 150 °F water to a condition of 20-percent relative
humidity. Even cooler but humid regions, such as San Francisco, California,
could use the desiccant ambient air regeneration by solar heating air to 125 °F
with 135 °F hot water. These low water temperatures could be achieved in
inexpensive single glazed flat plate solar collectors.

Table 2 shows cities with year-round relative humidity .

Table 2. Desiccant Drying Cities

Relative Humidity
City January June
USA - Yuma, Arizona 26 15
USA - Phoenix, Arizona 34 12
USA - Tucson, Arizona 31 13
USA - Las Vegas, Nevada 32 10
USA - Barstow, California 34 14
USA - Palm Springs, California 20 15
USA - Ridgecrest, California 34 14
USA - San Bernardino, California 36 15
Egypt - Aswan 29 11
Egypt - Dakhla 36 18
Egypt - Kharga 39 18
Egypt - Luxor 45 17
Israel - Odva 43 19
Israel - Elat 36 15
Saudi Arabia - Bishah 29 9
Saudi Arabia - Medina 28 7
Saudi Arabia - Riyadh 32 8
Saudi Arabia - Tabuk 32 12
March September
Australia - Mount Isa 32 19
Australia - Tennant Creek 34 16
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Rural areas closer to seawater are also candidates for dry air generation, but
weather data was not available. Possible areas that could benefit from this
desiccant technique in bringing pure water to the American West and Southwest
are:

e Desalination of the Sea of Cortez at Yuma, servicing water to Arizona,
southern California, and northern Mexico.

e Desalination of Pacific Ocean at San Bernardino, servicing water to
Los Angeles basin.

e Desalination of the Salton Sea at Palm Springs.
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4. Work Performed

The 2-year pilot plant program extended into a 4-year investigation, with year 1
beginning October 2003 and ending in September 2004. The first year of the pilot
plant project focused on site development and tower construction.

The first tower was built by Plastifab, Inc., in Phoenix. The tests confirmed the
production rate of one tower could reach 80 pounds per hour (Ib/hr) of distillate
with a thermal multiple effect of 5, thereby requiring 20 more towers for the
5,000-gpd pilot plant. The L’Eau assembly facility was setting up to produce at
least four towers per week beginning in February 2004.

A plastics fabrication company, Plastifab, Inc., was selected as the introductory
manufacturer responsible for modifying the ASU tower design for fabrication.
Meetings were held with the ASU design team and Larry Wilson of Plastifab, Inc.
Plastifab, Inc., was chosen as the initial manufacturer based on its experience with
large-sized fabrications similar to our 2-foot by 2-foot by 8-foot quad towers.
During the manufacturing meetings, the advanced techniques were discussed and
agreed upon by all present. The most significant advance was in the elimination
of side wall paring with a tongue-and-groove turnaround side wall. Also, the
bottom pan and exterior side walls would be vacuum formed.

Design was achieved by graduate students who met together at ASU research
labs, including Dr. Beckman, Victor Banks, Joshua Brown, Andrew Davis, and
Robin Roth. These students represented the combined knowledge of a
dewvaporation tower design, construction, operation, and analysis team.

The first tower was fabricated and tested at Plastifab, Inc. L’Eau personnel tested
the tower for operational performance, and internal and external liquid and gas
leaks. Modifications were made to the bottom feed assembly of the professional
design to prevent excessive feed leaks into the brine basin. Due to high
manufacturing costs, the professional design equipment, along with learned
techniques, was moved to L’Eau’s new assembly office at 910 S. Hohokam Way,
suite 101, Tempe, Arizona. There, the two engineers, Mr. Joshua Brown and

Mr. Victor Banks, directed assembly personnel to manufacture towers of lower
cost.

4.1 Changing Design Basis from 10,000 gpd to
5,000 gpd

Cost over-runs have also been identified in the tower construction. As
L’Eau LLC is a newly formed company, there has been very limited opportunity
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to purchase assembly equipment to reduce personnel needs. Because of these
increased costs (manufacturing and operations), L’Eau LLC and Reclamation
mutually agreed that the pilot plant study would proceed at the 5,000-gpd capacity
to allow a balanced budget.

The Reclamation/City of Phoenix project has been an invaluable project for the
evolution and commercialization of dewvaporation towers. As the towers have
been produced, improvements have been devised and engineered that are
significantly improving the delivered product. The knowledge gleaned was used
to modify the original tower design and enable L’eau to modify the towers built to
approach the performance of the current generation towers. The first towers built
by L’Eau LLC are presented in table 3.

Table 3. Initial Towers Built

Tower No. of Expected
Identification Twin Wall Face Gauze Output
Number Size Width Sheets Type (Ib/hr)
2-1 4 mm 22 60 Cotton 60
2-2 4 mm 22 60 Cotton 60
2-3 4 mm 22 60 Cotton 60
2-4 4 mm 22 60 Cotton 60
3-5 4 mm 33 30 Cotton 100
3-6 4 mm 33 30 Undecided 100
3-7 3 mm 20 60 Cotton 70

4.2 Design Modifications

4.2.1 Independent “Unit Cell” Turnarounds

The first commercial units, built in December, incorporated a common
“turnaround panel” that was vacuum formed by Plasti-Fab, Inc. The design has
merit, but at the current manual labor-intensive phase of manufacturing, the
precision necessary could not be achieved. Thus, the first four towers for
Reclamation were built with independent “unit cell” turnarounds. Initial
performance of these towers (2-1 through 2-4) was 50 1b/hr, prompting further
investigation and design adjustments.

4.2.2 Wide 33-Inch Towers

In an effort to build a single unit capable of producing 1,000 gpd, towers 3-5 and
3-6 were built 33 inches wide. Significant labor savings was anticipated using a
wider tower, but the increased width gave more room for lateral temperature
gradients. Such gradients could reduce tower performance.
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4.2.3 Narrow Gauge 3-MM Twin-Wall

Tower 3-7 was built using a thinner twin wall. The tower was about 23 percent
smaller and produced 50 Ib/hr, just like its 4-mm counterpart. The main concern
for this smaller plastic was an increased pressure drop and blower power
requirement. The tower pressure was 10 mm of water, well within reasonable
blower capacities.

4.2.4 Parallel Pathways

One tower, built in March, was divided into two smaller towers. Each of these
towers produced 45 1b/hr, suggesting that a tower is capable of 90 lb/hr.
Currently, efforts are being focused on duplicating this higher performance in
existing towers.

4.3 Manufacturing Capacity

Table 4 lists the towers delivered to the Phoenix WWTP and their characteristics.
The manufacturing capacity of the Hohokam site nearly doubled during the first
quarter. During the month of February, four towers were built, with a total of
1,000-gpd projected capacity. During the month of March, five towers and one
33-inch-wide tower were completed, with another 3- inch-wide tower 50 percent
complete. Those towers represent 2,000-gpd capacity. During both months, four
laborers were employed and directed by the two L’eau engineers, Joshua Brown,
and Victor Banks.

Table 4. Towers Built for Transport to Phoenix

No. of
Tower Twinwall Face Gauze Pedestal
No. Tower ID Size Width | Sheets Type Number | Delivered
1 2-1 NEWT 4 mm 23 60 Cotton 1 Yes
2 2-2 NEWT 4 mm 23 60 Cotton 1 Yes
3 2-3 NEWT 4 mm 23 60 Cotton 1 Yes
4 2-4 NEWT 4 mm 23 60 Cotton 1 Yes
5 3-1 NEWT 4 mm 22 60 Cotton 2 Yes
(orica)
6 3-2 NEWT 4 mm 22 60 Plastic 2 Yes
(orica)
7 3-3 NEWT 4 mm 22 60 Cotton 2 Yes
(orica)
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Table 4. Towers Built for Transport to Phoenix (continued)

No. of
Tower Twinwall Face Gauze | Pedestal
No. Tower ID Size Width | Sheets Type Number Delivered
8 3-4 NEWT 4 mm 22 60 Plastic 2 Yes
(orica)
9 12-1 NEWT 4 mm 22 60 Cotton 6 Yes
(plastifab)
10 5-1 NEWT 4 mm 33 60 Cotton 5 Yes
11 6-1 NAS-T 4 mm 22 55 Cotton 5 Yes
12 6-2 NAS-T, W | 4 mm 33 30 Plastic 5 Yes
13 6-3 NAS-T, W | 4 mm 33 30 Plastic 5 Yes
14 8-1 NAS-T,C | 3mm 22 60 Cotton 3 Yes
15 8-2 NAS-T,C | 3mm 22 60 Cotton 3 Yes
16 8-3 NAS-T,C | 3/4 mm 22 30 Cotton 3 Yes
hybrid
17 8-4 NAS-T,C | 3/4 mm 22 30 Cotton 3 Yes
hybrid
18 8-5 NAS-T,C | 3/4 mm 22 30 Cotton 3 Yes
hybrid
19 8-6 NAS-T,C | 3/4 mm 22 30 Cotton 3 Yes
hybrid
20 9-1 NAS-T,C | 4 mm 22 60 Cotton 4 No
21 9-2 NAS-T,C | 4 mm 22 60 Cotton 4 No
22 9-3NAS-T,C |4 mm 22 60 Cotton 4 No
23 9-4 NAS-T,C | 4 mm 22 60 Cotton 4 No

4.3.1 NAS-T Design and Operation

The acronym NEWT stands for a tower where the air flow pattern is first North
on the evaporation side and then East and West or zigzag on the downward flow
path on the dew formation side of the Tower. The acronym NAS-T describes a
unit with air flowing up or North on the evaporation side And then flowing South
or down on the dew formation side of the Tower.

The cheapest towers that can be built are NAS-T towers. Without turnarounds, 20

to 30 labor hours are saved. There is also 100-percent distillate containment.

Without the turnarounds, there is not any dew surface area that is blocked.
Theoretically, the NEWTs should be more robust.
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Effect of face sheet width. Without crossflow, wider towers have greater
potential for evaporation and dew formation streams to miss each other, but
wide towers have more surface area.

Effect of tower height. The only problem with height is handling the towers
and approaching the 8-foot liquid feed heat exchanger limit.

Effect of number of heat transfer walls (sheets) per unit. Increasing the
number of sheets may create a parallel flow problem.

Towers to be built. To observe these effects, several towers should be built.
A 20-inch-wide tower was suggested as the desired width. Therefore, new
80-inch-tall towers (22 inches taller than current towers) should be built with
varying sheet count.

Modification of tower design to better meet Reclamation Objective No. 2.
The recently designed NAS-T towers were added to by moving the side liquid
feed heat exchangers to the center of the tower. This design change should
help eliminate any contamination of the distillate. The new design is referred
to as the NAST-CF towers.

The L’Eau construction site was moved to Nogales, Mexico, to better take
advantage of reduced labor costs of construction. The construction and testing of
the towers were completed prior to shipment.

4.3.2 NAS-T-C Tower Design

The notion of moving the liquid feed heat exchangers into the center of the tower
sheets came from the observation that small amounts of feed contamination, on
the order of 5 mg/L to 10 mg/L TDS, occurred due to manufacturing
misalignments. Moving the liquid feed heat exchangers to the center allows any
leaks to contaminate the brine instead of the distillate.

4.3.3 Transportation of Towers to WWTP

As the site preparation at the WWTP is almost finalized, it was decided to
transport towers to the WWTP site. Currently, the towers onsite comprise

4,000 gpd of the 5,000-gpd capacity. As the onsite towers are positioned onto the
pilot plant pedestals, the remaining towers will be transported to the WWTP site
and positioned as well.

4.3.4 Install Towers at WWTP
On February 12, 2004, there was a kick-off meeting at the WWTP for the
RO-DEWVAP Pilot Plant Project. This meeting brought together project
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personnel from L’Eau LLC, City of Phoenix, Reclamation, and Valentine
Engineering. The purpose of these meetings was to establish a common
understanding of the needs of all constituents and a working together pathway for
the development of the entire project. The electrical plug boxes for each pedestal
represent the terminus of the electrical lines. Project site engineering establishes
the foundations for tower installation.

4.4 Year 2 (October 2004 - September 2005)

4.4.1 NAS-TC Tower Design and Operation

The notion of moving the liquid feed heat exchangers into the center of the tower
sheets came from the observation that small amounts of feed contamination, on
the order of 5 mg/L to 10 mg/L of TDS, occurred due to manufacturing
misalignments. Moving the liquid feed heat exchangers to the center allows any
leaks to contaminate the brine instead of the distillate. Current operations show a
10,000 times reduction of TDS from feed to distillate.

4.4.2 Pilot Plant Overview

The 21 main towers (white towers with one blue insulated tower and one
acrylonitrile butadiene styrene (ABS) black covered tower) are spread out on six
pedestals. The storage tanks in the middle of figure 16 are black to prevent algae
growth. The tank on the far right is the distillate hold tank for boiler feed. The
two center tanks hold RO concentrate for feed to the pilot plant towers. The tank
on the far left contains brine from the pilot plant. The canvas covered object in
the bottom of the picture is the RO unit that supplies the pilot plant with

RO concentrate.

The RO unit was a 1,500-gallon-per-hour TWPS, which received secondary
waste water effluent and produced permeate and concentrate. The concentrate
was tested by the dewvaporation pilot plant in subsequent runs. The RO unit is
covered in brown tarp in figure 16. In figure 17, a TWPS is shown in transport
mode during vibration testing.
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Figure 17. Tactical water purification system (vibration testing).

4.4.3 Electrosteam Boiler Operational

The electrosteam boiler safety certification caused a 9-month delay in the pilot
plant startup. Electrical power requirements necessitated 480 volts to minimize
amperage ratings. Since no electrical boilers could be found for outdoor service,
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an enclosure was
designed,
fabricated, and
installed as shown
in figure 18.
After the boiler
was safety
certified, the
engineers
explored the
operational
methods to vary
the steam
generation rate
from a maximum
of 850 Ib/hr to a Figure 18. Electric steam boiler in its enclosure.

minimum of

130 Ib/hr. The steam boiler was custom designed so that its six boiler elements
could be separately activated. During normal operation, 5,000-gpd distillate
production should require about 350 Ib/hr of steam. The boiler steam production
range will allow investigation into the shifting of the multiple effect value and the
production density. The multiple effect value impacts operating cost, while the
production density establishes capital cost.

4.4.4 RO Unit Operational

In June, Mr. Mark Silbernagel trained the L’Eau engineers how to start, operate,
and shut down the RO unit. The unit must operate at least 2 days per week for
membrane protection. During operation times, RO concentrate will fill the pilot
plant feed tanks so that RO concentrate will always be available as feed. The
2,000 gallons of feed storage allows almost 10 hours for the RO unit to come
onstream after a pilot plant startup.

4.4.5 New Towers on Site

In June 2005, seven new towers were delivered to the WWTP from L’Eau’s
manufacturing plant. More towers were planned for transport to the WWTP in
July and August for increased pilot plant capacity. The new NAST-S towers
represent the standard tower product currently being fabricated for sales. The
older towers will be enhanced and somewhat replaced by the newer units.

Figure 19 shows some of the newer towers onsite at the WWTP. These
commercial towers are manufactured as identical. This is the first standard
product of L‘Eau. The assembly is compactly held by an external aluminum
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Figure 19. Standardized towers from L’eau.

brace and covered with a layer of black ABS plastic for protection. The ABS was
removed from all but one tower to inspect for any possible damage due to
transport.

4.5 Year 3 (October 2005 - September 2006)

The dewvaporation pilot plant was hit by a microburst storm in July that knocked
down all but two of the towers. The downed towers were tested, and three were
operational. The PXAO placed an order for 25 new towers as replacements. The
new towers represented the most current professional designs and were delivered
to the waste water treatment plant in Phoenix.

The dewvaporation pilot plant construction continued. The tower tiedown system
was designed and installed. Valentine Engineering installed the horizontal rail
system that allowed all of the towers to be strapped in place to prevent any
possible future tower destruction due to high-velocity winds. The new tower
layout incorporated surface mounting of the towers, thus eliminating the raised
platforms upon which the towers were previously placed. This gave more
stability.

In February 2006, the contracted company, L’Eau LLC, ran out of financing and
ceased to exist as a workable entity. The ASU license was transferred to
ALTELA, Inc., so that production and availability of dewvaporation towers could
be continued. ALTELA is located in Albuquerque, New Mexico. Press releases
disclosed details of the transfer [21], [22].
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As the pilot plant construction continued, the PXAO hired Mr. Stephen
Poplawski, who was a past employee of L’Eau LLC, to continue the construction
of the pilot plant. Twenty-five towers were erected and connected by piping for
operations. The steam generator was modified and adjusted for operations.
Modifications were made to the water feed pump and solenoid for improved
operations. A steam test was set up to determine the steam flow rate to the entire
pilot plant. This test will be used periodically throughout the testing period so
that the multi-effect factor can be accurately assessed.

Liquid flow accumulators for the feed rate, distillate rate, and brine rate were
installed in order to determine the multi-effect factor and to verify a mass balance
of liquid flows.

The dewvaporation pilot plant construction concluded. The pilot plant was started
up. Initial steam rate was 423 Ib/hr. Distillate rate was 760 Ib/hr, yielding an
energy reuse factor of 1.8. An energy factor this low required an internal
inspection of all of the towers to determine if there was damage in transportation
or a shifting of the internal structures associated with feed water distribution.

4.6 Year 4 (October 2006 - April 2007)

Significant operation, data collection, and analysis were the major events of the
fourth year.

4.6.1 Measurements

There were four measured entities used throughout the investigation: liquid flow
rate, tower top temperatures, water TDS, and steam rate.

The liquid flow rates were first measured by a flow totalizer that indicated total
water gallons processed. The combined feed rate, distillate rate, and brine rate
were traced. The totalizers were becoming fouled with dirt particles, and the
technique was abandoned in favor of the “bucket and stopwatch” approach. A
2-quart container was used, requiring from 20-second to 40-second timing. These
quantities were accurate enough to monitor the somewhat oscillatory flow
behavior inherent in the pilot plant.

The tower top temperatures were monitored with a hand-held thermocouple read
out instrument. The thermocouples themselves were tower dedicated and located
permanently in top of each tower.
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The stream quality, in mg/L of TDS, was probed by a hand-held multiprobe
TDS meter. The feed, distillate (individual and composite), and brine outflows
were measured.

The steam rate from the electrical steam pressure boiler was adjustable
incrementally by setting heater rod toggle switches. The steamer was rated at
850-1b/hr steam production but a maximum steam rate of 420 1b/hr was
determined by a commercial-sized bucket and stopwatch technique. A 55-gallon
drum was filled with 40 gallons of water at 85 “F. Steam flow was timed from

2 minutes to 4 minutes, allowing the water to heat to no more than 135 °F. The
test procedure was repeated throughout the data gathering period to ensure
knowledge of the steam rate that was necessary for thermal multiple effect factor.
Quite frequently, the heater elements would burn out, thereby producing less
steam than the boiler was set to produce.

4.6.2 General Waste Water Feed Operation

Following the completion of construction, runs were initiated mainly by using
waste water secondary effluent as a feed source. During the fall period

(August 30, 2006, to February 9, 2007), the thermal efficiency of the towers was
improved by various physical changes in the equipment design. Changes such as:

Air input nozzle location

Tower top air seals

Feed pump rate increases and decreases
Air tower flow rate increase and decreases
Top sponge compaction

Tower leveling

Steam boiler pressure

From table 1, the thermal efficiency changed from an average of 1.7 (August to
November 2006) to an average of 2.9 (November to December 2006), with a
maximum of 3.3. During the fall 2006 period, all of the runs were constant feed
composition (1,000 mg/L TDS) and flow rate until steady state was achieved in
6 to 8 hours.

4.6.3 RO Concentrate Feed Operations

During March and April 2007, the TWPS supplied RO concentrate at 1,900 mg/L
of TDS to the pilot plant. In March and April, runs of high recovery were made
to demonstrate the dewvaporation tower’s ability to process high TDS
concentrates with high recoveries. The March 7 run was a steady state operation
that produced 4,300-mg/L TDS brine from a 1,500-mg/L TDS RO concentrate
feed. The recovery was 78 percent.
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From April 2 to April 4, a planned run to achieve 100-percent recovery was made.
In order to achieve 100-percent recovery, the brine discharge from the pilot plant
was routed back to the feed tank, while the pilot plant distillate was discharged.
The feed tank was initially filled with 785 gallons of 1,900-mg/L TDS

RO concentrate. With time, the saline concentration in the feed tank increased
from 1,900-mg/L TDS to 10,000-mg/L TDS, as the fed tank totally emptied at
100-percent recovery. The feed tank was simulated and matched plant data
(figure 20).

Analysis of the tower basins
£ 12000 showed brine salinity levels
as high as 45,000-mg/L TDS,
thereby accounting for all of
8000 the salt initially in the feed

/ tank that was fed to the pilot

oD / plant. Figure 21 shows the
4000 // process flow connections to
e and from each tower. It was
2000
assumed that the effluent
0 salinity from each tower was
0 5 10 15 the same as the salinity in that
time. hrs tower’s basin. However, the
tower connections were made
Figure 20. Feed tank salinity — semi batch run. in such a way that feed to a

tower continued to the next
tower in line, and the tower that received the feed used what was necessary for
distillate make only. Figure 21 is a schematic of a tower basin, showing two
basin compartments. The tower sat in the larger tower basin, while the smaller
pump basin hosted a tower feed pump and a brine discharge pump. The brine
stream from a previous tower shot directly at the brine discharge pump, thereby
allowing most of the brine from a previous tower to bypass the tower. In this
manner, the tower simply continued to use some of the liquid for distillate make,
allowing the basin brine to continue to increase in salinity throughout the run.

Figure 22 shows the simulated basin salinity concentration buildup for each tower
which agreed with the salinity data from each tower basin.
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43



5. Economics

Based on the pilot plant data, as presented in appendix B, a nominal 20,000-gpd
desalination facility was designed and priced for RO waste water concentrate
desalination. Fifty-six towers would be required. The towers can be compacted
and positioned as shown in figure 23. The tower air exhaust ears could be
mounted on a single side, while the air inlets would be mounted on the same face
liquid feed ports. In this manner, four towers would be positioned touching their
neighbors as shown. The dimension of the block of four towers would be 4 feet
by 4 feet. The tower blocks would be positioned 1/2 foot apart and would require
an 8-foot-wide walkway as shown. The footprint would be 77 square feet per
1,000 gpd, which is sizeable. The 20,000-gpd plant would cost $112,000, based
on the cost of the 25 towers purchased and located at the WWTP. If money were
borrowed at 8 percent with a life of 20 years, then the amortized capital charge for
water would be $3.40 per 1,000 gallons.

The cost of additional energy
would increase the total water
cost. Using the average multiple
effect value of the best three runs
of 3.2, then the heat needed for
1,000 gallons of distillate
production would be 2.6 million 48 ft
BTUs (764 kWh heat). Ata
natural gas cost of $0.80 per
therm, then the operating cost
would be $20.85 per

1,000 gallons. If waste heat or
solar heat were available, then
the operating cost would reduce
to the electrical cost of pumps
and fans, which was $0.05 per
1,000 gallons for 0.5 kWh per

1,000 gallons. Figure 23. 20,000-gpd dewvaporation plant
footprint.

F 3
v

32 ft.

Therefore, the total water cost

would be $24.30 per 1,000 gallons, assuming natural gas as the fuel source. The
total minimal water cost would be $3.45 per 1,000 gallons for waste heat
utilization.
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Other advantages of a sizeable plant include: single feed pump for feed to each
tower, single steam source with steam plenum to each tower, gravity flow of
brines, low maintenance, and modular construction allows incremental plant

expansion.
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Pilot Plant Operational



widB 5% 10 pa2) pdb g529 30 A12r0221 9,8 € e e nsip jo G gges s1jeoes

“iajea J0 sUeB 95 /f S WeSts 0 S0 0k 08| S0| ¥5 @ SUBBAL JS1A

el = EAET0T
£ L EEET
LT Adaanday
Yo 05 0%
L LR
212E]
Lol LG5S
Lo 20l
lagai agdng
22UIE3UR3 3ENE 2 |1 03 US040 1 aqun e
ooy £ze 9ol
Wy 0501 oy 0ac LAl
Wd 8zEl ik 0oc L9l
Wy 0501 E 2T =R
Wy Sl 9LT LAl
2123Ed aulig  pasd

05 02k FJUAWA J YIPAE Uiy EHean 021
FOF LEE EBWRE © YIYARE pUE =it 05 1
(pajeinagea hy painseal Jou),  50C EJAWA f YIPARE PUT EReind OF |
6L 049k SpalaE £ yapans do] EHein 07 1
JRIEM JO SUQ|EE) | WESE JO 2]
| IEETEER | IEEEER| | IEEEER| | IEEEER| ==
| ICEED | | EFEET | EEET | EFET ST
17ays 1] DEAMAD Buiyou Lol A0od atl Ho Gl Ho el =
ook A 2 ook A Ll pooh A a2l pook g9l T
R0k FLL R0k Lil pook Lil pook ol ol
aulig il
212Ed LT
paad U4
=aL Ahol4 Gl
21
0LEL aulg Ll
a2 a1gEIg aL
EGLL pa=d Gl
SaL Aol W 0501 Ho all 4o Fl pooh 21 pook a9l ¥l
pook g9l pook Ll poah A L2l ook 51 cl
COSL aulig Ho Ll pook all pook acl pook TSl Tl
EXAs 2121 400 2l 400 ZFl pook 9l pook 9l Ll
EFll pa=d ak
=aL Ahol4 Wd 352 L B
2
2851 aulig P
¥l a1gEId g
EflL pasd c
SaL A4 Y 0501 L I
[
CORL aulig Ho ac L pook g1 pooh 2l pooh Ll z
i apmsig|  pooh acl R0k il pooh il pooh ALl L
0aLL paad ENES duwia | ShiElS EITETR ShiElS EITETR ShiElS EITETR Hup
=aL Ahol4 Wy 5LiLL W Sk Wd BF T 1 Wy 05011 Wy oocll ]
BT EEEES awaas punduwind mau sy s1sig] 2104 A0 FT a1e]

A-1



o5 0ZF SUBWSE3 9 Yagahs Wi sHeAty 021
FOF  LEE EFJREE G YOPAE [T EReAany 051
(pEgenaled Iy paanseal jou) S0% EJIALEE f 4R pUZ EReAanM OF |
6L 091 SUAWE[E £ LORE oL EReAM 0T 1
widB e 10 paa) pdB p5za 1o A2aa0231 5,08 ¢ 2ensp o pdb gpos sieog 12BN |0 SUDJEY) | WESE 0 57
| EEIEEE]| SpuallEE g |IEEEER | =wawaE y| | =wswss ) =a]0p
SUCEINIED W sUz2|2 £ 101U .ub:_iu:_ wea)s pasy)
WD PAING JUBWS2 payadsns 3100 YT | Foll VEsE ] | EETE Larl | QMY
193U 12 desmad ook 2l ook =13 ADOGHO el auou L0} o] ZZh ST
R £91 [ Zal [ EEN [ =l (=R rl T
el L'0E Ea5807 ook L2l o0k 43 ook 291 ook a9l ook 51 £C
9g' L EETT orLl 0l auug T
55 AdBADD3Y 50T 5L =1 Lz
L20) 75T paad 0z
SaL A0 Wy 0CE Bl
Ldf 0508 2l
IEEE cral B auug il
L e SpE(=I0 a1
Ldf L'8s LZ0l LET pasd Sl
| =em=a | =L L El Wy 0EF pook L2L ook 3l ook £l ook 2L ook 191 ¥l
ook 3l pooE Zal ook 5l ook 3l ook LEL £l
Ldf 0l 1951 LR suug|  pooh Gl fook L) ook 591 ook 0Ll ook 551 Zl
| =uug | 9z £k ale=g|  pook Lil F0iok 0Lk ook 191 ook £9) ook 143 Ll
iy e paad ol
Ldf EEL =L andld g LEL g
IEZI g
layaw ETE ) 5091 459 auug =
¥5T JER aEuEg 9
AFUIERUE JERE 7 LIRS LEREFLRES LR, | mq_u_—. mmw ﬂ_mmL m
gLE a0l SEFRT =L Anold jwd ooiE kb ¥
£
GaLL LTEE suug|  pook 181 R =143 ook il ook 31 ook 921 [4
asal F52 Wy 0CE 59F G505 sl pooh g5 Fook FS L ook 151 ook L5 ) ook ZZh 3
LB LET |WWDEE call £HE paad ShiEls iz | SNiEls EIEN ShjElS s | ShjElS EIET SNiEls EIET wn
=g p=ad Sadl A4 W 0Z:0k W O£ W 082 W 0E°L Wd 002 L W 0z:0k S
|_._.mE EpUODas SLULXS MOl 11y MaL pUe 20225 @:_a_-:_:_ mMall 2] s1 S| 230l O-A0p-4 ale]

A-2



A-3

¥05 0Tt SR 9 LIS Uit EPeM 08 L
FOF | LEE SJIBWEE G LIPS PUg ERemH 051
(payenafeD g paunseaw ou))  S0g SIS f UIPAME PUT EPEM Ot L
ZEL 091 EJHAWE[E £ LIPAE do) SRemH 01
Wil £°F 10 paa) A6 0529 Jo A1aA0321 3,08 ¢ I 2aensp Jo i g5 s1jee JEEM 0 SUC|EY | WEA)S JO 5]
| |EEIEER | IEEIEER | IEEREER| | IEEEEER =3]0p
| Test | HEET |IEEET HEET DM
1aays e1e] deAmaq POk £4al pooky a5 auou FE] pocE =] F
pook 951 paook ook F5 1 el il ¥7
ydisl  5al £83507 pook N pook 05k pooh F5 1 pook = &7
ME EETT] aulg Zz
ord | AdEsooEd I _ Iz
paad if
=01 A0l Gl
LjclEs 0Z 6 al
I 005 0S5 auLg Il
90 0T A= gl
Lol 99 0'E56 paay Sl
=] =0l andld [Wd0gE POk BS1 pook S5 pooh i pocE FEL [
POk 2l pook Ikl POk Sl pOcE Btl £l
LclEs A 0ZELT ooe auug|  poob E ey ZEL ook GE | pook /51 zl
[wa ] Rz £7E apueg| pood £51 pooh Bh L [ Bl 1000 Lt
0’796 IHT pasy 0l
Lol TEL =0l andld [Wd 5L 6
eI #LnRdng 008k 096 aulg L
VET [ ==l 9
APUIE RN JIENE 2 |14 03 JPNES PS40 J9 QN iR _H_m.___um _H_.WN ﬂ_mmh_ m
04T ETPEE =0l adld Jid0zTL ¥
0ie EE Wd 0EE £
gez  |WdSLL 0'0EET oool aug|  pook nal. pook e pooh [ ook 0al z
Wd 0Z:Z | 57T (i ape=a|  pook LEL pook ¥EL POk BEL pOcE Skl L
W 0211 0EZ0L It paad ENJES EIET SNjEls EI=T B dwa) S chwz | wn
] suLg  pead S0l [ EE R [T W 0kl S|
|_._.mE Spuolasg S1e2 Ul DUulyngs pue sabuods S|Nop s p2Ujpoll semM 7 JUp) 210 QO-A0p- LT =)0y




Fos  |O2F EJAWSE g YIRS Ui EReM 021

FOr  |LEE EUBWBIE G YOPAE IS ERRAL 05|
[RalEnaed NG paanseal Ul 508 EULDE F LDPAE QUZ ERRAN OF |
26l |09k SRS 2P o) Epeany 07 |
Wil ££°F 10 paa) pdB 0520 J0 AR08 3,08 B 10 2SI Jo A0 0005 51 eos JAIEM 0 SUOJEY] | LRSS 0 5]
pooR 0} e = a1 4
| | HEEIEER IEEIEER | IEEIEER IEEEEER =a]ap
| oogl | |  verk | | HEET | ##rl | anMg
IEE G ERIEEER] I 29l [ Zal ald 25k Azl =1% ST
o
il/4] TG ZASE0T [5rd
05'E EEIT au.g e 25| I E] £S5l Ale) GGl el Fas oc
%59 Adasooay apm=gl  pook 09l [ LEL [ Ok | el 0EL [
paad 0z
Sa1 AR El
Lo 0z Gk al
[z ] USETh FEE auug il
£9 It ae|=g RIE| 0Ll pook 1al pook 291 poob EZ | gl
Lk FE9 096 g4l paad I S5l [ EFl ald £GL EEE 2L Gl
a12i=lg =01 AR Wd 00'E ¥l
£l
Ly ey = oog aug zl
[wa ] Sk 562 apElEIg 1!
0Gl6 LET paad e 29l pook 151 pook =15 pooh 2F L ol
Lk -3 =01 AR Wd SF 21 oo Zrl I E] rl ald ZEL el a9zl 5
e awpgdna 0 Lirl 099 auug L
el £ac FEI0 9
EELTCI LR T J PP S EECEFTREE DY T | D _...___um mmw B@MH_ m
er es , OVED =01 s E N L= Aood =13 pook ¥l ald =15 pooh Bu ¥
58T 0'og 27T |WdSFTL Aood Eu pook BbL paok I51 poak el £
£ee 0ag CET au.g T
5 BE ooe apeEd |
0945 =t paad ERIEe dwa) zhiels dwia] RIS dwia] ERIES dwa]
=] aulg,  paad S01 s El W 0oL L Wd 55 Wd OF-Z W Still W S0
BT SPUODES ao-AOR-0
Apbys paddoeap u npo g Sdn wiem o) panunuc? s1amo) 21 sagau bs g xoadde sem uonanpal puolas ayg

paddojs spun 2y youn "bs | 0} SeM UonINPa1 e 3s 0 24y bs £g xoadde s1aye [EWLIOU 21| "PAIILIISI] SEM ISMO] 2] 0 2HERN IE 3L “Buipeal pig ayy 194y :910H

A-4



FO5  DZF SR 3 YIUMSE Ui SHEAnY 031
FOF | LEE SJUBWEE 5 YIPARS IS SHeAhM 051
(p=3ein2)ea NG paansesw JoU) - S0 SR § YIRS pUT SHEANM OF L
TEL 09l SJUALISNE £ YIRS do ] SReah 071
w3 ££F 10 paay B g5z29 10 A1anoaad v, 0 e 1e 2eqnsip jo pdb gpos s1eog J2(EM JOSUD|ES | WENS J0 57 iood oppel = 414
ool o} de) = &1
| ENENEEE | | TR | SWalEE ] | IEIEEER | | =WalEE | =a)ap
arl | IEEE | ookl | | |IEEE OAY
129U5 eleg desAmad] Ay S Ay Szl A} FEL BEL pook 751 5z
(R 051 Ag) 0z L A} LT oLl A} 0Ll ¥Z
FOF wes|  pook z5 1 Aigy ZEL A} £fl LZ1 A} wZl £z
0ie i Lay auugl ook B [EE = paoh [ e 00 GEL fifd
EELL LBl EE agmsg  pook [ [EE GEL paok ¥l L iy £0l \z
w%Eaz | voE ] &¢ | %6E4 aorlL pasd [it4
vas | osasso | osandgng | Ades00sy B <dl Ah0]d d 0EE Bl
508 == gl
TER OFEEL FaL aung Ll
Log TIE £z apemEg] ook £91 ook L5l pook EED 551 4000 051 D
s [T i W L g0k 0'5F6 09elz 5z pasd]  pook 051 ook ¥l pook F5 L ¥l pook SEL 5l
EES Tama] | SO | Aeeoey [IT[4] <Al A Wd 077 Pk =30 oo a7 | o] +E L [=rl Ao Tl 1
S0E wesis|  pook ¥l = £0l 400 Il S 00 I3 £l
0oL o5halk L5 auugl pook 5L [EE Ll pook = E paok gEl Tk
ael EEH (14 2= I Ll ook [ pook [ Zrl pook BEL Ll
%2y | oEse | oFE | %W Sar | 42l v pasd]  pook £5) ook 751 R00k 0d} i po0k [=] i}
[EEE 0 BT [E SaL andld  wd OETL [T ZEL [T Y ROoD EEL azl ROoD E 3
S0E == g
] 0ZZ0E 059z !
05 EE i E]
%28 | T8 | ST | %FEd N 5 5Hliy pasd B
EEE 0 T SaL Andld T 0001E [EE Chl [EE LEL pook 5L [ paok gEl ¥
EE wess] ook iFl ook Shl pook £51 Bl pook S £
7Tk 0osaz il auug|  pook 751 ook 051 pook 0al £51 pook =D z
99 5GE [ apemEg] ook ZEL [ EZ poon SEL DEL pook 2Ll 5
EEED 962 [ WE 19 Ers 0'/96 5 5Hlir pazd SIS EIEN SRS EIEN ENPES EIEN SRS EIEN ENES EIEN N
PEES zasE0] | Encgne | Adesoaey e Sal N T W O7E kid 00F bid 0T 1 W7 00:LL W7 00:0l auny
aug _.,_Qm L AHrEUD|ES |_.__mE Fhuodas Q00T 2gudag g alkeq




wdi £ 10 pa2) pdB 9529 30 Aanoaaa 0,08 ¢ e aensp jo G poos

[pajenajen NG paanseaw o)

F0s
FOF
S0e
Bl

0Zf
LEE

=13

1AJE M O SUOEE) | WLEA)S JO S

SIUBWAI2 § LIPME Ui
SUASE G YIPARE PIE
SIUAWS|E + LIPAE LT
SIUaWE|a £ Youas do]

Jood of ey = 4] 4
oo 0} el =S4

EHeary
SHeANY
EHeary
SHeANM

[al=]
=13
oFl
0zl

| EEEEE]| | IR | EETEEEE | | EEEEEE | | sw=wsE | 230N
EEE || [T | | EETI | corl | DAT
188Us el desmad EED (L B51 (=& ¥l el 9zl [ZE Er E4
ikl pook EED ook 2Fl poak 2kl [EE] [ #Z
¥ 0F == Ll pook #51 pook FE | el 1EL ook vzl £z
16 s 851 aung 55 pook £9l pook EED pook 051 ook Stl 4
¥Fanl Fil EED A= Trl paok 151 R ¥l R BEL [EE 0EL \z
VI A T ozl £95 54709 1E pasd [it4
waik | osasso | osandgng | Adesoday yda =l Ah0]d Wid 00:E Bl
¥ b == gl
PX:] 00ZLL 00z aung Ll
2L 08l =1 2= zal pook zil pook 191 pook £9l Ay z51 D
P T A T Tl 096 0'ETE Bz pasd = paok 0al R Ef L R Ebl [EE £ L
wak ] o=assoq | | Adasooay Ll =01 Adld Jid 5017 251 pook EED R F5 L pooi = [EE E ¥l
¥ 0F M=) Bl pook 251 poak Thl ook il [EE 2E1 £l
542 05ELL R auug =R ook 03l [ Al ook Zhl [ 3E1 zL
2400 ) £l E pook A5l pook ¥l pook zhl ook FEL Ll
%L TT L LE [ £azl 0696 L ATIE BT EED pook EED pook £51 pook 151 ook it i
IEES $a2207 Adaanday Ll =01 [EE] LEL pook ] EE GEL e} EZL [EE E 3
¥ or g
= e ] 2
=L 98 8l g
A £5Z %t §9 L 0ti6 0 1ElS EE 5
IEES EEEEE AdBADDE N ol W 5L ¥l pook 351 pook EIl pook £tk [EE orl ¥
¥or M= 05| paok cal [ EF L R Ebl [EE ] £
oor [T s AUl ¥5 | [EEL] 281 R ¥5 1 L] D [EE EE 4
LEB DER El aQEIiE] e ook irl pook ZEL ook - [EE FEL L
W TE £8E %ol 15 91ZL 016 58zl 1E pasd ENES EIEN SNJES duiz] ENPS EIEN SNYES EIEN SRS EIEN un
PEES £28807 Adganaay PEL Sal A4 T Wd O0°E Wid 00T Wl 0L W7 00l W7 00:01 auny
adug :Qm L AHrEUD| By J__a EpUOIaT qoo7 AgUdag o alkeq

A-6



FO05 0ZF FaaE g YaganE W EReAnM 08
For LEE EUallia)a § YIPANE UL SR 05 L
(pagnajen g paunseaw Jou)| 508 S)IBlEE t Y2Yahe pUT PN OF |
ZEL 091 SawaEE £ YaYanE do] SREANM OZ |
widB g 10 paap pdb 9529 10 A12A0221 4,08 © 3¢ :ensip jo pdb gpeg st Lo 189E M JO SUCYEY) | WESYS JO 547
_ BT m_ _ BIEINETE] m_ _ SIEIETE m_ _ FJULEE m_ SEJ0p
TESL FEFL Fivrl | | w21 | DAY
19345 Ele] deAma] [ 991 pook =1 ook L5} pook £S5 =5
el =1’ Bu 0sh Eu Sl T weals
winj=d
ZhL [EE R EFl [ E¥ L [ EFl £T
aulg T
it S0F Efi=a L2
AN AR 54 paay 0z
FEES 2507 IEEIEEE BEGEER T[] Sl v Gl
Zhl Eags gl
5e osg6ll 125 aulig L1
2 SEL Z'oF A=l L
%5 8L LFE £T Wl TR 218 aules 0Zz paad Sl
TS zazz0] | Jandiynp | Adsaodsy DLl 5L anold id OFE ey e [EEZYE sl ooy ey il ¥l J2jean
paseslaap
TGl =TS I ¥l Joocd b Jood = £l Jie aEEaol)|
L' AT skl a9 aulig pook £81 A} Fad3 pookydie) Fa [ Etl Cl
g 99l 5 FE apEg]  pook 251 pook Fids e LFL POOE.IE] 9l Ll
Yl 2L VET LT Wl 05 gzg 0096 g1 paad ol
EES =ATE07 IETENTET ESEEGEER T[] =l ARO[ Wd 00:F B
ZhL weals 8
55F 0zEel 9BE aulg &
PSS il FEE 2Ei=a 9
F955 GG ¥ Hl 5T 218 0596 0ce P ]
IEES B BEEGEE BEEEER SL adld  poougoiE) [
Zhl eags £
LE5 OOLEL EEE aug|  pook 03l pook 951 ook ) =L pook 651 4
EEF 05 0L Rl =l Bu s Bu Tl BU okl oo F0I I
%l 29 g0 £T Wt v F6L 0'596 I paad ENRIS EIET ENELS EEN ENRIS EIEN =hiEls EIEN N
FIETES EREE07 Aandiyngy | Adsaooay [ SaL E | W 0oLl Wd OF £ Wd 002 uoou 0oL Wy 0oLl |
auug I 4 o AHrEUOES RT] SpU0IaS, WEa)5 aqned FREEEER A aleq

12JEM PAIINSIY 1 SMOY TIE PASED I 17 S 1D LU0 1) WE2)s BULI 0} SPNo IS g SWea)s anog Y (SaqUeA moy yum Gunuswiiadxg



afelany

afelany

e
zia L5E CLS 05+ 059
£E°L CoE arf 09t 0Fs
[E701 1= JEEa == JEEa
SPN0AYS LIRJa) WSS FE UM
99’9
a9 EFE EEE OFr 0zk
nsg LI'E CEE 0ot 0ck
[E701 1= JEEa == JEEa
JU 40 £ N
29 ge's SeE =1y 9L
0] 1288 1zea == JzEa
A2JEAN DRINPREY FLAUN
aE" | Bl L EL0 051 oL
[E701 1= JEEa =T JEEa
ALyr|ek ALyf|eR ALyi|eR LI 7] LI 7y
ARD| A paSESADL)| oL U

SPUSLLLINSE 3L [ENHAIPU]

A-8



CES  OFF EBWRE 9 YIPMNE i PRy 02
LFr |ELE LB S YIPAE [IC PRy 05|
[pajenales g painseaw 1ou0) FEE |0ZE EAWRR F YIPAE QUE PRy OF |
V'AE - |9EE SJUAIEE £ YIYanE do] EPeany 07 |
widi £ 10 paa) pdb §529 10 Adano3al o,0g ¢ 1e REnsp jo MG pges S0 eog 13E# JOSUD|EE] | WES)E JO 507
IEEIEERE | =wawa= o] | =wawa= ) S3]0p
| o | T girl | DAY
193LS Bl deAman pook Lk T
s
weals [l
aulg fiis
== [l
paad|  pook = ook il ook gl i
TS SESE0T IETENTI I ELGEED e} <Al And) 4 POk ogl [Aalal4] FI=TR POk FS El
wizaps | ook =13 ook 8el Az azl gl
auug|  pook zal ook gl ook ] 2l
== gl
paad Cl
TEES EASE0T Jagdigngy | Adsaooay I3 =l A4 ¥l
L'LE Weals £l
0Ze ale auug Zl
(o a0r == Ll
%I 0E ELE al E BT LFT paad ol
TS zazs0 Jandigngpy | Adasaooay Lk =l A0 [EFAHN [
L 4T weags|  pook 99l ook A5 ook 05l 2
g2z &0 auug|  pook 251 pook 05k pook Ll L
L ¥F &0k apEm=ig]  pook £4l ook 05k pook #5 1 9
%0ec T.LE aL e 0z 0so pesd] pooh =13 ook acl pook 2Ll G
ETES SASE0] dadiyngy | Adaaooay =l a04 [d 0501 F
VAT weals £
@Le qLr aulg il
LLE olr =] L
%2 EF 9.LE ¥l %5 aE 5L LET pasd =njels EIET =njels dwia | el dia | n
wa 38807 Azcigng | Adaacosy [EE =adl A0l [INd 0221 Wd SFE Wd OF: | Wd 002 L ay
aug [N [4] T JHrEuoea]  bw FpU0Ias A0-Uer-g aped

A-9



CES  OFF EBWRE 9 YIPMNE i PRy 02
LFr |ELE LB S YIPAE [IC PRy 05|
(pajenales NG painseaw o) #25 0ZE EAWRR F YIPAE QUE PRy OF |
V'AE - |9EE SJUAIEE £ YIYanE do] EPeany 07 |
widi £ 10 paa) pdb §529 10 Adano3al o,0g ¢ 1e REnsp jo MG pges S0 eog 13E# JOSUD|EE] | WES)E JO 507
IEEIEERE | =wawa= o] | =wawa= ) S3]0p
| owar | | r291 | IEEETE DAY
193LS Bl deAman pook a9l ook 0Ll ook B9l T
pook 1al ook ¥al ook £51 ¥z
wesls]  pook Fal ook a1 ook 991 £T
aulg fiis
== [l
paad oz
ya| fet=F==ul | ._m___QE_..___.___ ___n.._m......_un_m_w_ _.._lm <adl A4 Bl
weals 21
aulg Ll
== gl
paad Cl
TS zazs0 Jandigngpy | Adasaooay I3 =l A0 pook == pooh = pooh L= ¥l
[V wesls]  poob cal pook £91l poob 951 £l
gal 995 auug|  pook 59l ook a1 ook ¥al zl
499 (i apmsg]|  pook S9l ook EEL! ook 551 Ll
WEFE Zal ST %55a LFL LFT paad ol
TS zazs0 Jandigngpy | Adasaooay Lk =l A0 Wd 00:F [
4T Weals a
SEe ol aulg L
L9 Lag ap=|n=] q
%L LE 2Ll S %959 9c aeg paad G
ETES SASE0] dadiyngy | Adaaooay =l Mod [Nd 05T L F
VAT weals £
L0z 2ae auug|  pook cal pook 0Ll pook 991 z
£5a 74T apmeg|  pooh 09l pook ¥al ook 151 L
%S LT £al ¥ %2e9 £GL BET pasd =njels EIET =njels dwia | el dia | n
wa 38807 Azcigng | Adaacosy e =adl A0l [N 0ELL Wd 00E Wd SFZL W 020 L ay
aulig Lclk % JHisuoes] bW EpuUoaas L0022 4-6 aled

A-10



(palgndjen g paanseaw o) 4y G6E EUELEE 5 SAYIPME F EHeaty 051
99€ S0E EMAUIE f FRIPANS £ EReand OF |
=TS EUaaE & ARG T Eheaty 02 1
widii £ 10 pa2) pdB g5z9 Jo Adano221 5,08 e :2pegnsp jo pdi goos s1eog J3QEM JO SUDIEE) | WEAS JO 57
| | sauEE v | swawss +) | swswss ¢ =3)0p
[TEeES |IEEET | | IEEET | | EEET| DAT
19345 EJE] deAMAT] 851 651 EET EH
951 351 051 ¥
9'9e eals 551 £S5 Z51 £
oic .59 993 =ulig [t
fgon ] S0l 587 =] L2
ol 05 09e s ol 05 968 LTFT [ p=a4 0Z
NEES zazzoT] | By | AdSacds] el =dl Ain] | WA 0ETL EL
EES eals 2l
e 0'8FES LTL aulig Ll
L'Z9 0'r8 062 =] gl
F5 9T ey L) Yol LT £E6 0 8r0F £6L p=24 Sl
PRES 2523077 | AN | AdSandEy Ll = A W 0511 =D 851 851 ¥l
EES eals 651 £l
£t 0'SZES 90F aulig 551 Gl £S51 Zl
L49 1’84 98T ajElEg £91 591 291 b
Yo BE _ L LE _ =l _ Yok SF STkl 0596 09l p=24 ol
uain | oEass0n | ossndpng | Amaoday b =l An0]d W 0c:al [
EES eals 8
905 0rlis 958 aulig £
ZEd 198 58T apEEg 9
R T T [S=19" 9528 S5 pasy El
sl | omass0] | ossndpng | ASaoday =l N ) +
99€ =15 £
R ] 00268 BT aulig EET z9l EETS 4
9Eeq 0'Eg 28T agEg £51 Bl Bl b
Sl 55 R L el L LaLl 02062 55 pasd SRS EIEN SNElS LI ENjELS EIEN SNl EIE SNiEls diaL Bun
[EE3 EEEEER T R b = Adld WY OS2 Jild 02T 1 Wy 0211 W 0201 W 022 W 022 auig
aulg Lok Fa AHrEU| e b ERUOIS W 002 HEls TR 9227 = SL IBIUlHUE) paad Hue] pa=d o) sulg L0-ER-F 23]

A-11



(5168 1) pRIRINTed SEah An)L SOREIR 241

"SAL UL LAIY Bdaah LIYAL PRIDEUL0IEIN alaah SIS, £ INd 057 % Wd 0E1) v 210K (pajeinoa N panseal Jou). LM B6E EJallaE G FAYIPME SHeaM 05|
PRANSEAW 3 J0U RIN0D § J2Ws OF Sean sh0l) USuas Ulind 000000 | 290m 99€ S0E EMAUIE f FRIPANS £ EReand OF |
BT IFE EJalliajE & FalIPMmE 7 SHead OZ |
widii £ 10 pa2) pdB g5z9 Jo Adano221 5,08 e :2pegnsp jo pdi goos s1eog J3QEM JO SUDIEE) | WEAS JO 57
| | sauEE v | swawss +) | swswss ¢ =3)0p
| ] ] ] ] |  onw
19845 Ele] deamag Erd
L4
99e \eals £Z
=ulig [t
=] L2
99E oo p=a4 0Z
FEES 235807 | A=ndiynp [ AdsacdEy yelk =tk Aidi| Bl
EES \eals 2
oo 0050k | 0'ooo000 - aulg L
545 0scl £ LE =] gl
S0 [ gL Yol £8 0Ze 05648 <95 p=24 Sl
FTEES zas80T | A=ndiynp [ AdsacdEy yelk [=all Aidl| Wd S0 tl
EES \eals £l
0'BE 0'ogee 9 aulg Zh
5Ze oogk e =] L
I A T £'95 07589 28l paz i’
uain | oEass0n | ossndpng | Amaoday b =l An0]d Wd 05iE [
EES \eals 2
s O'ZEEL 0Zs auug 2
265 oogk Vg =g 9
wese | osor ] 9L | %Etk 26 05845 T pasy El
s | o=ass0] | ossndpng | ABaoday =l aold [Wwd 0SE +
99€ =15 £
oo 0gZZs | 0000000k auug 4
L1 osok [ =g b
%00 £S5 0z At 88 0 1E6F 0T paad =gl dwa) =npels duwia] =niEls diia ) =njels EIE=T =Njels dwia] n
[ sass07 | 4endignp | Adasooay b 5L Al Jid DETL Wd 50 Wd D52 ld 022 Wd 021 auny
aulig Ll % JHisuaen] vk SpU0daS TR 9227 = SOL [ HUE] pa3d Hue ] paaq o) aullg 20-4ER-f 2)eq

A-12



SES 9FF EARE 9 YParE L EHeand 021
LFF ELE EA=2 5 U2PAAE RUE EHeand 05|
(pajgnded g paunseal 0] FEE OZE EFIUE § YaParE AUZ EHeAnd Ot |
[ TR Tt SpUaWaa £ Lojass dof EHeand 02 |
widi £ 10 paa) pdb §529 10 Adano3al o,0g ¢ 1e REnsp jo MG pges S0 eog 13E# JOSUD|EE] | WES)E JO 507
IEEIEER IEEIEER IEEIEER S3]0p
HETE IET | iwage ) DAY
199U EIE] deAmad] sl 591l ST
891 =1 L4
LEals £51 GE | ET
aulg Fal GF | [
21=l=I] 25l 921 &
pa=4 02
e SaEn0 T IREEGEED ydh =l A4 Bl
MEER gL
aulig £k
21=lEI] 921 F21 9k
pa=4 3l gl Sl
EEES EaEE0] Jandyni | Adaaodsy PR =al AnD|4 2L LA ¥l
Fac LEals P21 L1 £l
L4 0'0LER 0oL aulig V5 | SFl Zl
g L6 LET ¥ el 2= 413 Pl Ll
ol 502 SE 084 048 0Zlsl ¥ I pa=4 [4:13 £l 0k
13 E3FE07 daneliyngy | Adasoasy Lk S0l A0 |ld Sl £91 551 G
Fac weals g
[ 0 ZF0F ) =Tt aug Fa
£'88 56T £0T 21El=1] g
%58 LFE o e 44 g6 00zst g8 pa=4 5
13 E3FE07 Jancing | Adaaoday S0l A0l JWd DEE | L |- ZEl ¥
F et Leals | 921 £
5 2F 0EEas 9L aulg 261 241 i
gLt FEF T ET 219l=1] gLl 291 3
N 53 0z i 85 056 0EGt 5 LE fra=4 =nlels cllla | =nlels dlia | =nlels dlia | B
13 E3FE07] aanciyngy | Adanoday Lol S0l A4 [ 00 L Wd 5| Wd 0E-C 1 W 00| L 2l
aug [ITe[5] % ENGES] R SRUDIES LSO alen

A-13



(palgndjed g paanseaw o) 4y G6E SJUAIIAIE 5 SAUINAE b EHeany 05 )
989c [ SOE SJUAUSIE ¢ EEUIRAMS £ SHeAM OF |
9BT IbT SJUAIIAIE £ SAUINAE T EReany OF |

widf +£F 10 pa2y pdB §529 10 Aanorald 9,08 & 1e :2aensp jo pdb go0s s1 je0g JEE 0 SUD|EE) | WESE JO S0

| | | | | | spauiEE v | IEEEER | swswas ¢ =3)0p
| || R | | ETTT | | EFET| OAT

| 241 5T

| D EELY ¥

251 £91 [

| [

[

1o 556 ECECL | [if4

pasoWal 2)es 24| |___.mE Sal N0 SYESIAN SUO|ES EL

| gl

2l

| gl

200 [ [ 662 E

PEACILIE] S)jes S0 T i SYESAN SUDJESD | 04l 241 ¥l

£4l 251 £l

| 0rel | 026 | R | | FEL 02l zh

| s¥es 1o spunog ol | o 5dL]  (EU0jen) aunos, Heiz) [ 121 L

| i’

5

EES = ]

oo T auLg 2

499 286 04z ageiE] E]

EST B T T 15 [ 058 pasy El

sl | omass0] | ossndpng | AdBaoday =l a0ld [wd 00E +

EEE M= 3

oo 07846 | 0000000k auLg Gil g4l 4

e TTh [ aQE|12i] [ B51 !
%00 EE Ll %585 97 09502 o+ paag IS EIEN SNl LI IS EIEN ShEls EIE Shiels dia L un
IEES sass0T | 4endgnp | Adasooay b il Andld Jid 0001 lid 00 I 00:1 aung
aulg [EE % AHrEudes| bW SOUCIAS W7 SFiLL MRS VR 076 L SOL HEIS Hue | paaq o) 2ung 204y 2)eq

A-14



Appendix B

City of Phoenix Water Analysis
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Appendix C

Metric Conversions



Metric Conversions

From To Multiply
inch cm 2.54
inch mm 25.4
ft m 0.3048
ft* m? 0.0929
°F °c °C = (°F-32)/1.8
psia |bar |0.06895
Ibmole/sec lgmole/sec 453.59
BTU/Ibmole °F Jigmole K 4.184
BTU/Ibmole J/igmole 2.326
BTU/hr ft* °F W/m* K 5.6783
BTU/hr ft °F W/m K 1.73073
BTU/hr w 0.29307
BTU/hr ft° w/m? 3.1546
Ib kg 0.45359
Ib g 453.59
Ib/hr g/hr 453.59
Ib/hr ft kg/hr m 1.488
Ib/hr ft* kg/hr m? 4.8826
Ib/ft? g/mL 0.016
gal m° 0.003785
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