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ABSTRACT

The feasibility of developing and desalting saline waters stored in a deep artesian
aquifer, the Mt. Simon sandstone, in northeastern Illinois was determined as an aid in meet-
ing projected water deficits for the Chicago region. The aquifer is from 1200 to 2800 feet
thick. The total dissolved minerals (TDM) increase gradually with depth from less than 500
milligrams per liter (mg/l) to almost 90,000 mg/l at the bottom of the aquifer. Chlorides in-
crease to about 50,000 mg/l at the bottom of the aquifer.

The flow in a water-quality-hydraulic model of the aquifer was simulated by digital
computer analysis so that predictions of the mineral quality of water withdrawn from wells
(feedwater) could be made to aid in desalting plant design. Analyses made indicated that the
mineral concentration of feedwater increases with time of pumping, rapidly at first and then
at gradually slower rates, complicating well field and plant design and brine disposal. Impor-
tant characteristics of the feedwater for desalting plant design are its high hardness and high
concentration of iron and TDM. Injection of waste brine through wells open to the lower part
of the aquifer was selected as the most practical method of disposal.

The reverse osmosis and freezing processes were considered feasible for 1 million
gallons per day (mgd) capacity plants. The distillation process was considered feasible for 5
mgd plants. Costs, including wells, transmission lines, desalting plants, and brine disposal,
ranged from 133 cents per thousand gals (¢/1000 gal) for the 1 mgd reverse osmosis plant to
185 eVIOOO gal for the 5 mgd distillation plant. Costs, are much lower (74 171000 gal in one
area) when used in conjunction with available potable groundwater.

It is recommended a pilot plant be constructed to be used as a guideline for future
plants. The effects of disposal of waste brine by well injection on the quality of potable
groundwater in upper aquifers need to be studied further.

Indexing Terms: Saline-water aquifer, computer model, desalinization processes, water
costs, conjunctive use.
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INTRODUCTION

The Illinois State Water Survey is engaged in a comprehensive water supply study of
the metropolitan Chicago region (northeastern lllinois) (figure 1), an area of about 4000
square miles with a population of about seven million. It is expected that results of this study
will determine the state's strategy for meeting the demands for water for the metropolitan
Chicago region for this century and beyond. The State Water Survey's study will investigate
all alternatives and possibilities from all sources and the economics of each by systems analy-
sis. It is expected that the study will include the conjunctive use of desalted water with con-
ventional groundwater sources, artificial recharge, reuse, diversion of surface water, and
other refinements.

Phase | of the study (1), based on the physical analysis of the area, shows that some
parts of the region are experiencing water deficits now and that many parts of the region will
experience water deficits by the year 1990 unless additional water can be secured from Lake
Michigan or developed from new or presently unusable sources.

It may seem strange that Chicago and suburbs do not have unlimited supply of water
from Lake Michigan. But the Lake Michigan water supply is limited by the U.S. Supreme
Court decree of 1966 to 3200 cubic feet per second (cfs). The Supreme Court decree states:
"The State of Illinois may make application for a modification of this decree so as to permit
the diversion of additional water from Lake Michigan for domestic use when and if it appears
that the reasonable needs of the Northeastern lllinois Metropolitan Region (comprising
Cook, DuPage, Kane, Lake, McHenry, and Will Counties) for water for such use cannot be
met from the water resources available to the region, including both ground and surface
water and the water authorized by act of Congress and permitted by this' decree to be diverted
from Lake Michigan”, and if it further appears that all feasible means reasonably available to
the State of Illinois and its municipalities, political subdivision, agencies and instrumentali-
ties have been employed to improve the water quality of the Sanitary and Ship Canal and to
conserve and manage the water resources of the region and the use of water therein in accord-
ance with the best modern scientific knowledge and engineering practice.”

The purpose of this study is to determine the feasibility of developing and desalting
the brackish waters stored in the Mt. Simon aquifer. It appears that desalting technology has
progressed to the point where various desalting processes should be considered as a means of
converting the large quantities of brackish water into a water resource to meet future
demands in northeastern Illinois.

Hittman Associates, under subcontract to the Water Survey, carried out the feasi-
bility study of the technical and economic aspects related to the desalting of Mt. Simon
aquifer water. Close liaison between the staffs of Hittman Associates arid the Survey was
maintained during the preparation of this study. Data on water chemistry, feed rate, and cost
of water conveyance were provided by the Water Survey.

(1) Numbers refer to bibliography at the end of the appendix.
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Ground rules were established by the Water Survey and Hittman Associates as
follows:

1) Site — Aurora and DuPage County

2) Capacity — 1,5, and 10 mgd of product water

3) Capacity factor — 90 percent or 330 operating days per year

4) Pretreatment — acid injection

5) Interest rate — 53% or amortization factor of 0.0678

6) Insurance — 0.25 percent of capital cost

7) Plant life — 30 years

8) Product salinity — 500 mg/l maximum

9) Power cost — calculated from data supplied by Commonwealth Edison Company
of Illinois



SUMMARY AND CONCLUSIONS

The developing and desalting of large quantities of brackish water stored in the very
deep Mt. Simon sandstone aquifer is considered as one alternative to aid in meeting projected
water deficits forecast for the six counties in northeastern lIllinois that compose the Chicago
region.

The Mt. Simon aquifer is found at depths of 1500 to 1900 feet below ground surface
and consists of fine- to coarse-grained sandstone. Many wells penetrate the upper 200 to 300
feet of the aquifer which generally contains potable water in the northern two-thirds of north-
eastern Illinois. It was estimated in 1971 that of the 151 mgd pumped from deep wells, 26
mgd was contributed by the Mt. Simon. Deteriorating mineral quality has been reported in
many of these wells. Below the 200 to 300 foot level, the total dissolved minerals increase
gradually with depth to almost 90,000 mg/I at the bottom of the aquifer. Chlorides increase
to about 50,000 mg/l . The mineral quality varies with location as well as depth.

Groundwater in the aquifer occurs under artesian conditions. Hydrostatic heads in
the Mt. Simon are reported to be more than 50 feet higher than heads in the overlying
Cambrian-Ordovician aquifer. Groundwater movement is downdip from the recharge area in
southeastern Wisconsin southward. On the basis of available core analysis and well tests, the
average transmissivity and storage coefficient were estimated to be 10,000 gallons per day per
square foot (gpd/ft?) and 0.0004 respectively. The ratio of vertical to horizontal permeability
is 0.5.

The yields of wells and the mineral quality of water withdrawn from wells are
dependent primarily upon aquifer hydraulic properties and water quality-depth relation-
ships. The Mt. Simon aquifer was modeled from existing data so that the hydraulic properties
and the quality-depth profile could be determined for any given well field location. The flow
in the Mt. Simon model was simulated by digital computer analysis to enable predictions of
water quality and well field yields. A separate computer program was written to predict pH
values. Analyses made indicated that the mineral concentration of water withdrawn from the
Mt. Simon wells increases rapidly at first and then at gradually slower rates similar to draw-
downs within a pumped well. The ultimate mineral concentration of the water withdrawn will
depend not only on the well location but its depth of penetration. In a multiple-well system
the ultimate concentration would also depend upon spacing and total pumpage.

Desalting plants with capacities of 1, 5, and 10 mgd were selected for study. The
eastern part of Du Page County, an area of projected water deficiency, was selected as a site
for the desalting plants. To aid in plant design, predictions of water quality of the Mt. Simon
feedwater for different well field schemes were made by computer analysis. The important
characteristics of the feedwater are its high hardness, high concentration of iron, and large
amount of total dissolved minerals. For example, water from a well penetrating 50 percent of
the Mt. Simon contains 40,000 mg/l TDM, exceeding seawater which has 35,000 mg/l TDM.

Five different desalting processes were considered: ion exchange (IE), electrodialysis
(ED), reverse osmosis (RO), distillation, and freezing. The number of wells, each pumping at
a rate of 1 mgd, needed to ultimately supply the desalting plants varied from 3 wells



(including standby) to supply a 1 mgd plant to 54 wells (including standbys) to supply a 10
mgd plant. Well penetrations into the aquifer were 20, 31, and 50 percent. Well fields were
from 4 to 7 miles from the desalting plants.

The IE process was rejected because the high salinity water requires a very high
chemical cost. The electrodialysis process was rejected because of the prohibitively high cost
for electric power. The reverse osmosis process was applied only for 1 mgd plants with feed-
water from wells with 20 or 50 percent aquifer penetration.

Evaluation of brine disposal methods led to selection of brine disposal by injection
through wells open to the lower Mt. Simon aquifer. Depending upon the size of desalting
plant and the desalting process, from 2 to 42 wells (including standbys) were required for dis-
posal. Injection sites were at distances of less than 1 mile to 4 miles from desalting plants.

Costs of producing water for the 1 mgd RO plants ranged from 132.9¢/1000 gal for
water from wells with 50 percent aquifer penetration to 136.4¢/1000 gal for 20 percent pene-
trating wells. Costs of producing water for 1 mgd freezing plants ranged from 138.6¢/1000
gal for water from wells with 50 percent penetration to 142.1¢/1000 gal for water from wells
with 20 percent penetration. Costs of producing water for the 5 mgd distillation plants aver-
aged 184.6¢/1000 gal. Costs of desalting water by the freezing process for 5 and 10 mgd
plants were not estimated since the freezing process is still under development and it is diffi-
cult to estimate costs for plants larger than 1 mgd.

The costs are much higher than that of other alternatives but become more competi-
tive when used in conjunction with the available fresh groundwater. The cost to one area in
the region was estimated to be 74¢/1000 gal for a 15 mgd combined supply, in which 11 mgd
was available from conventional groundwater sources and 4 mgd was supplied from a
desalting plant.

Treated saline water from the Mt. Simon aquifer may be needed to aid in meeting
projected water deficits in the Chicago region. Because of difficulties expected in operating a
plant, a bench scale or pilot plant should be constructed to obtain data to be used as a guide-
line for future plants. Waste brine injection may have a harmful effect on the quality of water
being withdrawn from existing wells open to both the Cambrian-Ordovician and the Mt.
Simon aquifers. Any injection scheme should be approached with caution. A more practical
approach to utilizing Mt. Simon water may be desalting water from wells open to both the
Cambrian-Ordovician and the Mt. Simon aquifers.



DESCRIPTION OF MT. SIMON AQUIFER

GEOLOGY AND HYDROLOGY

The Mt. Simon sandstone derives its name from an exposure on Mount Simon near
Eau Claire, Wisconsin (2). There, 234 feet of coarse-grained, partly conglomeratic sandstone
overlies Precambrian granite and underlies a fine-grained, fossiliferous Eau Claire sandstone.
In northeastern Illinois the Mt. Simon consists of fine- to coarse-grained, unfossiliferous
sandstone underlying fossiliferous sandstone, shale, and dolomite of the Eau Claire (figure 2).

The Mt. Simon is present in all wells in northeastern Illinois that penetrate the
base of the Eau Claire. Over most of the area it is found at a depth of 1500 to 1900 feet.
Buschbach (2) estimated thicknesses of 1200 feet in northern McHenry County to 2800 feet in
western Will County, based on data from outside the area as well as penetration data within
the area (figure 3). One well subsequently has been drilled through the entire thickness of the
Mt. Simon (2200 feet) in DuPage County. This thickness compares with the estimated 2500
plus foot thickness for that location (figure 3). A gas storage well in Kankakee County pene-
trated 2460 feet of Mt. Simon and ended in an arkosic zone.

The Mt. Simon is generally coarser, more poorly sorted, and more angular than sand-
stones of the other Cambrian or Ordovician formations in northeastern Illinois. Cores exhibit
well developed cross-bedding, especially in the coarser grained beds. Red and green shales, a
few inches to 15 feet in thickness, occur in the upper 300 feet and lower 600 feet, although
they accounted for less than 5 percent of the total Mt. Simon sequence in any well studied by
Buschbach (2). A few zones contain very fine quartz pebbles, and an arkosic zone is common-
ly found at the base of the Mt. Simon.

Although it is gradational into the overlying marine sediments of the Eau Claire, no
marine fossils have been found in the Mt. Simon, suggesting its deposition in basins that had
an influx of fresh water (2). The source of the sediments is believed to have been to the north,
since the sandstones coarsen in that direction. Most of the Cambrian and Ordovician rocks
are less dolomitic to the north, forming in southeastern Wisconsin a more or less continuous
sandstone sequence from the Mt. Simon up through the St. Peter (Ordovician). This series of
sandstones plus the overlying Galena dolomite are collectively referred to as the "sandstone
aquifer” (4).

In northeastern Illinois the Mt. Simon sandstone and the lower incoherent sandstone
of the Eau Claire Formation are hydrologically connected and considered as one unit, the Mt.
Simon aquifer (5). In southeastern Wisconsin, the recharge area of the Mt. Simon, this
aquifer is the lowermost unit of the "sandstone aquifer,” which behaves hydrologically as one
unit (6). Recharge to the sandstone aquifer (and, therefore, to the Mt. Simon) takes place as
precipitation percolates down through the drift and, where present, overlying bedrock units.
As one traces the sandstone aquifer southward into Illinois, the Eau Claire Formation be-
comes more shaley and dolomitic (2) and acts as a barrier between the Mt. Simon and the
Cambrian-Ordovician aquifers. The top of the Mt. Simon generally dips northwest to south-
east at 10 feet per mile.

Groundwater in the Mt. Simon occurs under artesian conditions because the Eau Claire



) GROUP OR THICKNESS
SYSTEM SERIES FORMAT 10N {FEET} DESCRIPTION AQUIFERS
Unconsolidated ice ~ and water-laid deposits, ) o
N + jpebbly clay {tiN)}, silt, sand and gravel, gen- Glacial drift
(RIATERNARY FLEISTOCENE 0 - 400 erally discontinuous and interbedded; aituvial aquifers
silts and sands commonly. present along streams
PENRSYLVANIAR o - 175 Shale; sandstones, Fine grained; limestone; coal;
HISSISSIPPIAN clay
DEVON AN *
Dolomite, very pure ta very siity, cherty; shale
HIAGARAN 9 - 400+ |partings: thin shales and argi1laceous beds Fre-
quently present in lower parts of Silurian dolomite.] Shallow bedrock
SILURIAN aguifers
ALEXAMOR FAN 0 - 185 ’Epper and middie units - shale, light gray 1o \
green, plastic to brictle, some dolomite, silty;
dolomite, mastly silty, argillacecus; minor Nime-
CANCINNAT IAN MNaguoketa 0 - 250+ | stone
Lower unit - shale, dark gray, black, brown,
plastic to brittle; some dolomite in upper part;
k{ilty. argiVlaceous.
Galena
GROOVICIAN Platteville 150 = 3504 Jpalamite, cherty; sandy at base; limestone; shale
CHAMFPLA INVAN partings.
G lenmwood 75 - 650 Sandstone, fine to coarse grained; shale at top;
$t. Petar locally cherty red shale at base.
Do lomi dy, cherty, interbedded with canbrian-
. . omite, sandy, cherty, inferbedded wit Ordovician
CANAD | AW Prairie du Chien 0 340 | one. B
Emirtrce - 225 Dolewmite, white, fine grained sandy at base;
Porass 0 drusy quartz.
Franconia Sandsione, dolomite, and shale, glavconitic, -
green to red, micaceous. -
Ironton - 275 Sandstone, Fine to mediun grained, well sorted,
CAHBRI AN CROIXAN Galesville upper part dolomitic
- Lsg Shate and silrstone, dotomitic, glauconitic; sand-
Eau Claire stone, dolomitic, glauconitic; dolomite, sandy
Sandseone, coarse grained, white, red in 3
M. 8 ; L 20002 lower half; lenses of shale and siltstone, red, ""‘:"“"“
t. Simon A . i micaceous. aquifer
‘/ : '/ ‘/ Hot penctrated by wells in Chicage area,
PRECAMBR | AN

SIS

Hearby wells encounter red or gray granite
of similar rocks.

* Mississippian rocks present in Des Plaines Disturbance.
Devonian rocks present as crevice fillings in Silurian rocks.

after Hughes et at.

Figure 2. Geologic column and aquifer description of northeastern lllinois

©)




41

39

38

I

[La SALLE .
- L2800 T
- I
7 1
35 /// / \ } 1
Z ' |
R3E a 5 3 7 8
) / /i
I y
KEY “ / / / / !
' |
& Well penetraling complete - ....74_.. -
thickness of Mt Simon / 'KANKJ!K-:EBOO /
32
O Well reaching arkosic zone / T y 1
but not base of Mt Simon - 7 4
1
000~ Isopach, inferval 100 feet !;l / a "
_ 1y 10 I 12 i3 R 14E
Miles l/ Al rRvwaw 1% 12 R bW
o 5 10 15 30 N 0/ 1ot
|——— ——————
'. o D
after Buschbach (2) 29' y, /1' | i

IR Y S S S S S S
“,Boidzo;w;“ //// AKE;_‘_—-——- :
v d - L~ /‘ ey
45 o0 /
el o e
" [ —
|
// /‘6001///// ;;/I/ P MICHIGAN
// / 6] 007 /,/ _______A\
D KALE -\/“NE i /cc;_&'("/‘ - )
/ /}// r/l /,,.....--—"""" \
| 0 / e S
/4///: /; |DUPKG-E-£ _l \
A/ / /] /{/ /“"’—_ -___"'\\

Figure 3. Thickness of Mt. Simon sandstone



Formation acts as a confining layer and head differences exist between the Mt. Simon and
shallower aquifers. Walton and Csallany (7) reported that hydrostatic heads in the Mt. Simon
were more than 50 feet higher than those in overlying aquifers along the Fox River in 1960.
Groundwater movement is apparently downdip away from the recharge area and becomes
increasingly vertical further southward as conditions become favorable for upward move-
ment.

HYDRAULIC PROPERTIES

Although many Cambrian-Ordovician wells in northeastern Illinois also tap fresh
water in the upper portion ofthe Mt. Simon aquifer, well test data from wells open exclusively
to the Mt. Simon are scarce. Only one specific capacity value from such a well is available, all
others being from multi-aquifer wells. Thus, the hydraulic properties of the Mt. Simon in the
immediate study area could not be determined confidently from available data.

As described in the subsequent section, Geohydrologic Model, data from core analy-
ses and well tests associated with underground gas storage projects outside the study area
were collected and correlated with depth variables to describe a model of the hydraulic char-
acter of the Mt. Simon. On the basis of the application of this model to the geologic situation
in the study area, average coefficients of transmissivity and storage were estimated to be
10,000 gpd/ft and 107, respectively. The ratio of vertical to horizontal permeability is gener-
ally 0.5.

GROUNDWATER WITHDRAWALS

Pumpage from deep wells in northeastern Illinois began in Chicago in 1864 when an
industrial sandstone well was drilled. Withdrawals from deep sandstone wells increased from
200,000 gpd in 1864 to 151 mgd in 1971 (8,9). Since many deep wells penetrate the top of the
Mt. Simon aquifer, a portion of the pumpage from these wells comes from this unit. It is
estimated that ofthe 151 mgd pumped from deep wells in 1971, 25.8 mgd was contributed by
the Mt. Simon. Figure 4 shows the estmated growth of pumpage belived to be derived from
the Mt. Simon between 1864 and 1971. Since 1960, pumpage from the Mt. Simon has
increased approximately 4.4 percent each year. Pumpage derived from the Mt. Simon is con-
centrated in five major centers: Aurora, Chicago, Des Plaines, Elgin, and Elmhurst

WATER QUALITY

The mineral quality of water in the Mt. Simon aquifer of northeastern Illinois is only
briefly discussed in the literature. The paucity of mineral data exists because this aquifer is
either too deeply buried or too highly mineralized for extensive development to have taken
place economically. The wells which have tapped the Mt. Simon have almost always been
open to units of upper aquifers, resulting in blended water. Suter et al. (5) reported that a
rapid increase in chloride concentration with depth was the most notable characteristic of Mt.
Simon waters, and Zeizel et al. (10) observed that the average hardness in this aquifer was less
than that of water from the Cambrian-Ordovician aquifer.
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An example of the chemical character of water in the upper portion of the Mt. Simon
in the Chicago area is given in figure 5, plot B. The sample was taken from a well which was
cased to the top of the Mt. Simon and which penetrated 281 feet into the aquifer. This graph-
ical presentation of equivalents of chemical constituents is referred to as a Schoeller diagram
(11). The diagram reveals a feature of Mt. Simon waters in the area — the importance of Na*
+ K" and CI'. In this sample HCOi is also important, although generally it is a relatively
minor constituent in deep wells. As a comparison, figure 5 also shows an analysis that is typi-
cal of water from the recharge area of the Mt. Simon aquifer in southeastern Wisconsin (plot
A) The U -shaped Schoeller dlagram is characterlstlc of these waters, since they are high in
Ca'?, Mg*, and HCO; and low in Na*, CI', and SO,2 As shown in plot C of figure 5, the char-
acter of Mt Simon water to the south of the Chicago area (Well KNK31N13E-24.4dl) is,
conversely, quite saline, with Na" and CI” ions predominating. The shapes of plots A, B, and
C show a progression from recharge water, whose plot is typically U-shaped, to saline water
with its dominant NaCl peak and steep right limb.

The variation of mineral content with depth and penetration into the Mt. Simon
aquifer is illustrated in figure 6. Plots Ato F represent analyses of samples taken at progres-
sively deeper Ievels ina proposed waste disposal well in DuPage County (DUP 39N9E-9.2a).
In plot A the Ca'? and Mg are lumped together from hardness data, since their individual
concentrations were not known. As the sampling depth increased and the mineral concentra-
tion increased from a fresh water to a brine, the HCO3 content decreased, the anion side of
the diagrams shifted to a steep limb (CI/SQO, ratio between 55 and 60), and the typical NaCl
peak developed. The nearly constant slope of the Ca-Mg lines revealed that the Ca/Mg ratio
remained essentially unchanged with depth, varying between 3.2 and 3.8. The Ca/Cl ratio is
also one which remained very nearly constant, ranging from 0.31 to 0.37. Chloride became 60
percent by weight of the total mineral content, while the Na/Cl ratio approached 0.60 with
depth. Table 1 shows the complete mineral analysis of the sample taken at a depth of 4020
feet (plot F).

Temperatures of Mt. Simon waters in the Chicago area are known only from two of
the wells described above (COK38N12E-6.3a and DUP39N9E-9.2a). Temperatures of 51 and
55 F, respectively, were recorded from these wells. Temperatures in the "sandstone aquifer"
of southeastern Wisconsin averaged about 50 F, while those from the upper portion of the
Mt. Simon in LaSalle County (underground gas storage project) ranged rom 75 to 81 F.
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Iron (total)
Manganese
Calcium
Strontium
Magnesium
Ammonium
Sodium
Potassium
Copper
Zinc
Chromium
Turbidity (Jtu)
Color

Odor

pH(in lab)

*Distilled

Fe
Mn
Ca
Sr
Mg
NH,
Na

Cu
Zn
Cr

TABLE 1

MINERAL ANALYSIS OF WATER SAMPLE FROM DUP39N9E-9.2a
TAKEN AT DEPTH OF 4020 FEET

mag/l epm mag/l epm
129 Silica Si0, 4.5
9.9 Fluoride F 18*
8,855 442.54 Boron B 16
200 4.56 Chloride Cl 50,500 1424.10
1,592 130.90 Nitrate NO; 14 0.02
0.0 0.00 Sulfate S0, 1,133 23.57
19,500 847.83 Alkalinity (as CaCO03) 84 1.68
393 10.05
0.05
15
0.15
890 Hardness (as CaCOjz) 28,900 578.00
10
Ch
6.0 Total dissolved minerals 81,780
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WATER QUALITY MODEL

Basic to the selection of a suitable desalting process is the quality of feedwater which
is processed. An understanding of the variation in water quality with depth and location
throughout the Mt. Simon is essential, if one is to predict the transient nature of that quality
during pumping periods. A water quality model of the Mt. Simon is necessary — one which
defines the chemical character of the aquifer at any site in terms of a quality-depth profile.

This section describes the collection and computer analysis of Mt. Simon water
quality data and the resulting regression equations which constitute the water quality model
used in this study.

SAMPLING

As pointed out in the previous section, two of the wells described —
COK38N12E-6.3a and DUP39N9E-9.2a — are the only known wells in the Chicago area for
which water sample analyses from the Mt. Simon are available. Additional analyses of water
samples for study were available from wells outside the Chicago area in southeastern
Wisconsin and to the south and southwest of Chicago in Kankakee, LaSalle, Livingston, and
McLean Counties. Analyses were also available from a well in Champaign County and a well
in Putnam County. Water quality data from south and southwest of Chicago, with the excep-
tion of the Putnam County analysis, were obtained from analyses of water samples collected
during gas storage reservoir test borings. Samples were taken at specified depths by utilizing
inflatable packers to seal off upper and lower waters. The Putnam County analysis is for a
sample collected in a waste disposal well open to the entire Mt. Simon sequence above the
well bottom-hole depth. Data from southeastern Wisconsin represent samples taken from the
"sandstone aquifer” in the recharge area of the Mt. Simon.

Practically all of the water quality data, with the exception of the Cook and DuPage
County analyses, are from the "end points” of the water quality sequence which finds Mt.
Simon water "beginning" as a calcium-magnesium bicarbonate type and progressing to a
predominantly sodium chloride type.

Sample Distribution. A total of 68 mineral analyses of water samples from the Mt.
Simon aquifer were available. Figure 7 shows the distribution of samples by county and type.
The largest group of samples, 47, came from gas storage test boreholes, with 23 from McLean
County. Thirteen samples were from the recharge area, whereas only 7 samples (from 2 wells)
came from the Chicago area.

Sampling Technique. The compilation of mineral analyses was made by a search of
available data, thus no control was exercised over the collection of samples. Most of the
samples were collected during the early 1960s; however, the Wisconsin samples were collected
between the mid-1940s and the late 1960s. As described earlier, most Illinois samples were
point samples, wherein casing or inflatable packers isolated a specified collection point
depth. One sample from Putnam County represents water collected at the bottom of a well
which was open to all of the Mt. Simon penetrated to that point. The Wisconsin samples
generally represent water from the entire sequence of the "sandstone aquifer”; however, the
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variation of mineral quality with depth is not as great in the recharge area as it is in Illinois, so
each of these samples should be fairly representative of water quality at its sampling location.

Analyses of storage reservoir samples were conducted by Bradford Laboratories,
Evansville, Indiana. All other Illinois samples were analyzed by the Illinois State Water
Survey. Wisconsin samples were analyzed by the U.S. Geological Survey Water Resources
Division in Madison, Wisconsin.

Number of Samples. The detail of analysis from sample to sample was not uniform;
some constituents and physical properties were determined in some samples and not in
others. A summary of these analyses is presented in table 2.

TABLE 2
RESULTS OF SAMPLE ANALYSES

(Chemical constituents in milligrams per liter)

Constituent or property Number of samples Range of values
Na*+K* 68 2 t0 24,569 (as Na*)
Ca* 66 59 to 9023
Mg* 66 16 to 1713
Ccr 68 0 to 52,000
S0, 68 1 t0 2050
Alkalinity 67 26 to 336 (as CaC03)
Hardness 68 202 to 29,800 (as CaCO03)
Fe* 67 0 to 460
Mn*2 43 0to 10.8
Total dissolved minerals (TDM) 68 276 to 87,985
CO 40 4t096
pH 63 5.7t08.2
Temperature, °F 10 51 to 81F
Specific gravity 42 1.0040 to 1.0617

Although CO, and pH have been included in the presentation and analysis of avail-
able data, it is conceded that inherent difficulties exist in determining these two variables,
such as loss of CO, with time and the effects of time and temperature on pH. Caution should
be exercised, therefore, to avoid a strict interpretation of these data.

DATA ANALYSIS

In order to attempt a definition of the chemical character at any given location and
depth of Mt. Simon waters, it was necesary to determine the relationships between the
mineral constituents and physical properties (dependent variables) and the spacial distribu-
tion of the samples (independent variables). The dependent variables have been outlined in
table 2, while the independent variables were: well depth, bottom-hole elevation, elevation of
the top of the Mt. Simon, and penetration into the Mt. Simon. Values of each of these in-
dependent variables were obtained for each of the 68 locations where water samples were
collected. Independent-variable data were from reports prepared for gas storage hearings
conducted by the Illinois Commerce Commission and from the U.S. Geological Survey,
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Madison, Wisconsin. The ranges in value of the independent variables are shown in table 3.

TABLE 3
RANGES IN VALUE OF INDEPENDENT VARIABLES
Variable Range in value (ft
Depth 855 to 4843
Bottom-hole elevation -351t0-4316
Mt. Simon elevation 23510 -3195
Penetration 20 to 2190

Preliminary graphical analysis of the relationship between certain dependent vari-
ables, such as TDM and CI', and bottom-hole elevation revealed a good correlation for most
variables, prompting a more detailed investigation into the interrelationship between the in-
dependent and dependent variables.

A step-wise multiple regression analysis was done using the four independent vari-
ables and each dependent variable separately. The step-wise multiple regression is an analysis
whereby each independent variable is entered into the regression equation successively. The
desired response is to reduce the standard error of estimate, which is the measure of the
scatter or departure of the data points from the regression line, that is, the variance about the
regression. The F-ratio is the measure of that variance with respect to a particular
independent variable. If an F-ratio of 1.0 or less is obtained, the reduction in the standard
error of estimate is no more than what one would expect from the introduction of a purely
random independent variable into the regression analysis.

The relationship of each mineral constituent to the independent variables — depth,
bottom-hole elevation, Mt. Simon elevation, and penetration — was investigated by means of
the step-wise multiple regression technique described. Regression coefficients A;-A,, corre-
sponding to the independent variables X;-X,, respectively, were computed, as were the Y-
intercepts, the multiple-correlation coefficients, and standard errors of estimate. The results
of the regression analyses are summarized in table 4. Missing coefficients correspond to in-
dependent variables which were eliminated by one or more of the criteria: the F-ratio fell
below a specified level (usually 2.0), the multiple correlation was not significantly improved
by the additional variable, or the standard error of estimate was not significantly improved by
the additional variable.

Examples of regression equations generated by the results are given by the dependent
variables Na" + K" and CI'. Na" + K" (expressed as Na) showed the following relationship to
the independent variables:

Na'= 20.77X; + 12.94X; - 2.32X, - 22,541
Two variables were required to define CI:
Cl" = 56.42X; + 39.33X,-60,446

None of the regression equations required the use of all four independent variables.
In the case of iron, only bottom-hole elevation was found to be significant. Most equations re-
quired three independent variables, with X; and X, (depth and bottom-hole elevation) being
the most commonly selected variables. With the exceptions of iron and CO,, the multiple
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Dependent
variable

Na'+K*
Ca'
Mg*
cr
S0,”
Alkalinity
Hardness
Iron (total)
Manganese
TDM
CO,
pH
T,°F
Specific gravity

TABLE 4

SUMMARY OF RESULTS OF STEP-WISE MULTIPLE-REGRESSION ANALYSIS

Dependent Multiple

Regression coefficients variable correlation

A A, Az Ay intercept coefficient
20.77 12.94 -2.32 -22,541 mg/l  0.95
10.68 7.28 1.06 -11,117 mg/l  .0.92
2.10 1.49 0.14 -2,146  mg/l  0.90
56.42 39.33 -60,446 mg/l 0.94
1.50 1.21 -0.34 -1,573 mg/l  0.95
-0.18 -9.55x1072 0.13 488 mg/l 0.87
34.77 23.72 3.34 -36,202 mg/l  0.92
-2.47x1072 -6.22  mg/l 0.29
3.40x10° 2.79x10°® 4.24x10°® -451 mg/l  0.94
94.53 65.76 -100,756  mg/l  0.94
0.31 0.31 -0.32 -166  mg/l  0.57
-3.00X10°  -2.39X10° 10.56 0.88
-1.97X10°? -2.54X107? -1.75F 0.91
2.92x10°® -1.44x10° 0.9360 0.99

Coefficient
of
determination
(%)
90.2
84.6
81.0
88.4
90.2
75.7
84.6

8.4
88.4
88.4
325
77.4
82.8
98.0

Standard
error of
estimate
2632 mg/I
1077 mg/l
236 mg/I
6215 mg/I
197 mg/l
48 mg/I
3532mg/I
88.6 mg/I
0.95mg/I
10,204 mg/I
22.7mgl/l
0.32
51F
0.00325



correlation coefficients were high, ranging from 0.87 to 0.99 for alkalinity and specific
gravity, respectively. Manganese, which one might expect to behave somewhat similarly to
iron, had a correlation coefficient of 0.94, more than three times that for iron. Despite its
small sample size, temperature had a multiple correlation coefficient of 0.91.

When the multiple correlation coefficient is squared, one obtains the coefficient of
determination expressed in percent, which is the variation explained by the regression line
with respect to the dependent variable.

As may be noted, the standard error of estimate in many instances is substantial in
proportion to the lower end of the expected range of values for those constituents. Because of
these relatively large standard errors, it is quite probable that the regression equations would
have limited applicability in areas where mineralization is low.

Some measure of the predictability of the regression equations can be obtained by
observing the fit of the measured data to the equations. For example, the equation for total
dissolved minerals was used, along with the appropriate independent variables, to compute a
TDM value corresponding to each sample. The computed and measured TDM values were
then compared to determine how well the regression equation was able to predict TDM. As
expected, the predictability of the TDM equation was quite poor in the case of samples from
southeastern Wisconsin, because ofthe large standard error in proportion to the low mineral
content of those samples. The predictability of TDM generally improved with depth. Of the
Chicago area samples, the Cook County sample (2046-foot depth) had the smallest error in
prediction, 22.7 percent. The greatest accuracy (least error) of the equation occurred at
depths greater than 3000 feet, although 10 of the 17 samples from depths between 2000 and
3000 feet had computed TDM values within 25.3 percent of observed values. All of the 28
samples from depths below 3800 feet had computed values within 25.4 percent of measured
values, and 22 of these were predicted with errors smaller than 9 percent.

A similar level of predictability was observed in the regression equations for the other
dependent variables.
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GEOHYDROLOGIC MODEL

The availability of saline water from the Mt. Simon aquifer in northeastern Illinois is
dependent upon the hydraulic character of the aquifer as well as the density and viscosity of
the water. These latter two properties vary with solute concentration and temperature and
can be estimated for given conditions with appropriate tables. The hydraulic properties which
govern the flow of such waters — hydraulic conductivity and storage coefficient — must also
be determined, however, before reasonable estimates of expected water quality and quantity
can be made.

The hydraulic properties of the Mt. Simon were evaluated from three sources of infor-
mation on file at the State Water Survey: drill core analyses, well tests, and specific capacity
data.

DRILL CORE ANALYSES

The most detailed data came from laboratory analyses of 45 drill cores from test holes
at nine underground gas storage projects in northern Illinois (figure 8). Two additional core
tests were made on cores from an industrial waste disposal well in Putnam County and a
waste disposal test hole in DuPage County. All core analyses were conducted by private core
testing laboratories utilizing constant-head permeameters. Data for gas storage areas were
obtained from Illinois Commerce Commission testimony, while disposal well data were filed
with permit applications to the Illinois Sanitary Water Board, now the Illinois Environmental
Protection Agency. Copies of all the above data are on file at the State Water Survey.

Cores from the gas project test holes were taken from 48 to 598 feet into the Mt.
Simon, averaging 210 feet, while the Putnam County well core sampled 274 feet from several
intervals and the DuPage County well core sampled the lower 167 feet. All cores were tested
for porosity and horizontal permeability, and all but the disposal well cores were also tested
for their vertical permeability.

Permeability is a term often used synonymously with hydraulic conductivity. In this
report permeability refers to a constant which is characteristic of the aquifer and which has
the dimensions of length squared. It varies with the square of the mean grain diameter and
with a dimensionless constant that depends upon porosity and on the character and packing
of the grains (12). Permeability is a measure of the ease with which fluids can permeate the
aquifer in a given direction. The most commonly used units in the oil and gas industry are the
darcy and the millidarcy.

Hydraulic conductivity is a term which is dependent upon both the properties of the
aquifer (permeability) and those of the fluid (specific gravity and viscosity). It is defined as
the flow of a given fluid (usually water) in volume per unit of time through a unit cross section
of aquifer under a unit hydraulic gradient. Hydraulic conductivity has the dimensions of
velocity and the commonly used units of gallons per day per square foot.

Examination of the permeability data for each core revealed no apparent correlation
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with depth; permeabilities varied from 10"* to 10° millidarcies in a seemingly random
fashion. It was assumed, therefore, that the most meaningful quantitative measure for each
core would be an average value of permeability. Lovelock (13) suggested that the geometric
mean [X = (x;-%-%;. . .xn-)ilfn'] is the most representative mean value to use under such condi-
tions. The geometric mean permeability was computed for each of the cores with the results
shown plotted versus mean sea level elevation in figure 9. The line represents the regression
equation for all cores, while the points represent the averages of the data at each gas field (but
actual values for the waste disposal sites).

The ratio of vertical to horizontal permeability (P,/Py) was also computed for each
core by dividing their geometric mean values by one another. These results are shown plotted
versus mean sea level in figure 10, where the line again represents the regression equation for
all the data and the points show the averages at each gas field.

Figures 9 and 10 suggest that on a regional basis there is an apparent relationship of
these variables with depth. Correlation coefficients, however, were only 0.68 and 0.53 for
horizontal permeability and P, /Py, respectively. In addition, the scatter of data points (not
shown) about the regression lines was considerable, as evidenced by the standard errors of
estimate for these two variables —12.5 millidarcies and 0.13, respectively.

PUMPING TEST ANALYSES

Pumping test data from the Mt. Simon aquifer were available from three long-term
tests conducted in 1962,1965, and 1969 at gas storage project sites. The tests were conducted
at pumping rates of 80, 45, and 56 gpm for periods of 48, 40, and 18 days, respectively. At
least five observation wells were available at each site; however, because of the partial pene-
tration effects caused by the great thickness of the Mt. Simon aquifer, data from distant
(greater than 1.5 times the aquifer thickness) observation wells were given preference to those
from wells closer to the pumped well, in order to avoid distortions in data caused by partial
penetration of wells.

Data from the distant observation wells were analyzed by graphical techniques
described by Walton (14). The results are summarized below.

Gas storage Average transmissivity Average storage
site General location (gpd/ft) coefficient
Ancona NW LaSalle Co. 10,600 1.8x10™
Pontiac Central Livingston Co. 1,635 1.3x10™
Hudson NW McLean Co. 980 5.2x10°®

For comparison one can, by assuming an aquifer thickness of 2500 feet and using
estimated field temperatures, convert the above values of transmissivity into permeabilities of
180, 22.4, and 12.3 millidarcies, respectively. These compare with the geometric means
determined from cores at these sites of 39.6, 4.2, and 16.5 millidarcies, respectively. The
permeabilities compare reasonably well only at Hudson, whereas those at Ancona and
Pontiac are larger by factors of 4.5 and 5.3, respectively. The permeabilities are shown
plotted versus mean sea level elevation in figure 11. An additional test was reported in Illinois
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Commerce Commission testimony for the Herscher field in 1957. The permeability computed
from the test was reported to be 200 millidarcies and is included in figure 10.

SPECIFIC CAPACITY ANALYSES

Specific capacity data can often be useful for estimating aquifer transmissivity and,
therefore, hydraulic conductivity. The technique of constructing graphs of specific capacity
versus transmissivity for various values of time, well radius, and storage coefficient is
described by Walton (14). Application of such graphs transforms specific capacity data into
estimates of aquifer transmissivity.

In the four-county area of Cook, DuPage, Kane, and Will Counties, 38 values of
specific capacity were estimated from data in Water Survey files for wells penetrating the top
of the Mt. Simon aquifer. Only one specific capacity was for a well open only in the Mt.
Simon. The remaining specific capacities were for wells open to both the Mt. Simon and to
various higher bedrock units. The average depth of Mt. Simon penetration in these wells was
270 feet.

Walton and Csallany (7) estimated yields of individual units of the Cambrian-
Ordovician and Mt. Simon aquifers to selected wells in the Chicago area. Their estimates
were applied to the specific capacity data in the Chicago area and used in conjunction with
the specific capacity-transmissivity graph technique (14) to estimate the transmissivity of the
Mt. Simon aquifer at these well sites. Transmissivity was then divided by the depth of pene-
tration at the well to determine a coarse estimate of the hydraulic conductivity. No attempt
was made to correct these computed values for partial penetration; horizontal flow lines were
assumed, since P,/Py values for this area are rather low (0.3 to 0.4).

Values of hydraulic conductivity derived in this manner ranged from 1.2 to 450
gpd/ft? and averaged 68.1 gpd/ft®>. Their geometric mean was 18.9 gpd/ft?, which is in close
agreement with the value of 16 gpd/ft® estimated by Walton and Csallany (7) for the Mt.
Simon in northern Illinois. The geometric mean value, 18.9 gpd/ft?, corresponds to a perme-
ability of 1040 millidarcies. This value is plotted on figure 11, using the average elevation for
the wells described which is minus 1350 feet.

Analyses of the three sets of permeability data described above produce two main
findings. One is the apparent regional trend of decreasing permeability with depth, and the
other is the noticeable discrepancy between core permeabilities and permeabilities deter-
mined from well production and specific capacity tests.

Figures 9 and 11 show that for both core and well tests, the permeabilities decrease as
the depth increases. Core permeabilities show a decrease of nearly 15 millidarcies for each
1000 feet of elevation loss, while well test permeabilities (plotted on semilog paper) decrease
approximately 1.4 log cycles per 1000 feet of elevation loss. The data in figure 11 are admit-
tedly sparse and, therefore, not conclusive; however, the depth-related trend is evident.

The discrepancy between core data and well tests is most reasonably accounted for by
a consideration of the lithology involved. Discussions held with geologists associated with the
Mt. Simon and other coring projects have resulted in general agreement concerning the
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matter. The cores may not be truly representative of the total thickness of the Mt. Simon or
even necessarily of the intervals sampled. Because of the lithologic character of the Mt. Simon
involving thin zones of silty material in the upper portion of the sandstone, and the non-
continuous nature of the coring, two things are believed to occur which could affect the samp-
ling. The more permeable zones of the Mt. Simon tend to be friable and are frequently not
amenable to coring. These zones are not included in the core intervals analyzed by laboratory
processes but are studied by stratigraphers from a descriptive standpoint. Thus, the sampling
would tend to be weighted toward the more cohesive (and less permeable) zones, since coring
would likely be more complete there. It is also possible that permeabilities from cores differ
from those of well tests, because cores might not reflect the weighted aquifer properties
(because of their non-continuous sampling) to the extent that flow toward a well does.

Since well tests tend to reflect actual performance characteristics, it seems reasonable
to place more weight on permeabilities derived from these tests rather than on those found in
laboratory tests of cores. Core data are probably most useful for providing estimates of P, /Py,
ratios for areas of interest by using figure 10 along with appropriate mean sea level elevations.
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DIGITAL COMPUTER MODEL

A digital computer model which has the capability of simulating pumping from wells
or well fields and tracing the movement of 14 different chemical constituents as a result of
changing pressures in the aquifer was developed for the Mt. Simon aquifer.

The digital model is based upon a finite difference approach to solve the equations
governing the flow of groundwater. The finite difference approach first involves replacing the
continuous aquifer system parameters by an equivalent set of discrete elements. In working
with digital computers both the space and time variables are treated as discrete parameters.
Secondly, the equations governing the flow of groundwater in the discretized model are
written in finite difference form. Finally, the resulting set of finite difference equations is
solved numerically with the aid of a digital computer.

In the Mt. Simon digital model the aquifer is subdivided by a finite-difference grid
into a two-dimensional cross section network with radial symmetry as shown in figure 12.
Thus the digital model is in effect a three-dimensional representation of the aquifer. The
finite-difference grid is variable in dimensions in the horizontal direction, with a fine spacing
near the well or well field and progressively larger spacings with distance from the center of
pumping. The finite-difference grid, in the vertical direction, is broken down into 20 separate
layers. Each of these layers initially represents 1/20th of the thickness of the aquifer and is
assigned a category number as shown in figure 12. The horizontal finite-difference grid lines
represent isochemical and constant aquifer property lines.

It should be noted that the vertical scale of figure 12 is greatly reduced compared with
the horizontal scale. For example, if the aquifer thickness equals 2600 feet and the well radius
equals 1.0 feet then the ratio of the vertical to horizontal scales is 52 to 1.

The equations governing the flow of groundwater in a discretized model such as that
discussed above have been given previously by Prickett and Lonnquist (15) and will not be re-
peated here; however, explanations will be provided where conditions are greatly different.

The following main assumptions have been made in designing the computer model.
These are based mainly upon the hydrogeologic and water quality studies described earlier.

1) All pumped water is derived from storage by the compaction of the aquifer and its
associated beds and by the expansion of the water itself, and as such no recharge is
included.

2) The vertical chemical profile within the cone of influence of pumping is everywhere
initially the same.

3) No chemical reactions take place as a result of water flowing in the aquifer system.

4) The effects of dispersion and diffusion on the chemical profile are negligible as a
result of the changing flow pattern over that existing initially.

5) No heat is exchanged between the flowing water and the aquifer as a result of
pumping.

6) The entire aquifer system is initially under steady state conditions.
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PROGRAM OPERATIONAL SEQUENCES

A brief description of the operation of the computer model follows. The flow chart is
shown in figure 13 and the example finite-difference grid in figure 14.

The program is composed of five main sections. In the first section the characteristics
of the well or well field are defined and chemical quality and aquifer property data are
assigned to each of the 20 layers of the model. During the entire simulation, the chemical
quality within each model layer stays the same. However, as will be explained later, the layers
are allowed to move vertically and to change size.

In the second section the pressure distribution in the aquifer is calculated as a result
of pumping for a given time interval. The iterative alternating direction implicit (1ADI)
method described by Prickett and Lonnquist (15) was used to compute the pressure distribu-
tion. As water is removed by pumping and pressures decline, the chemical quality distribu-
tion in the aquifer changes. This can be seen, for example, in figure 14. Near the well or well
field the lines of constant chemical quality begin to converge toward the point of discharge.
Water at the bottom of the aquifer is drawn mainly upward toward the well, whereas water at
the top of the aquifer moves laterally toward the well.

The third main section of the computer program computes the locations of the
horizontal grid lines of the model due to changing pressures and water movement in the
aquifer. Under ordinary circumstances the finite grid of groundwater models is regarded as
fixed in space. However, the computer model for the Mt. Simon aquifer incorporates grid
lines which are allowed to move in accordance with water movement. Only the horizontal
lines are allowed to move whereas the vertical lines remain fixed. This procedure was used
mainly because the prime interest of this project was to trace movement of waters of varying
chemical quality, and from a numerical standpoint, the moveable grid allows a much simpler
way of programming. In fixed grid line models it would be necessary to carry along two sets of
grids, one for the calculations of pressures and another one for tracing the movement of
isochemical lines. In the moveable grid model the pressures are calculated along a single set
of isochemical lines.

The fourth section of the program integrates the water quantity contributions from
individual layers of the model to the well or well field. Since the chemical quality of each layer
is known, the resultant chemical quality mixture of the pumped water can be calculated.

The last main section of the program adjusts the model aquifer properties to fit the
changes in size of the individual layers as time progresses. Some layers enlarge in size during
pumping (those at the bottom of the aquifer near the well) and others contract (those at the
top of the aquifer). The layers that enlarge in size have larger thicknesses than initially
defined and therefore are capable of transmitting and storing more water. The reverse is true
for the layers that contract. Before proceding to another time interval in the simulation,
adjustments in individual layer transmissivities and storage properties are made.

The total process of pumping, calculating pressure distribution, moving layer bound-
ary lines, computing chemical quality of pumped water, and adjusting model aquifer proper-
ties is repeated for the total number of time increments desired.
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THEORETICAL AND CASE HISTORY MODEL RESPONSE TO PUMPING

Several computer runs were made to check the validity of the programming. Unfortu-
nately, very few comparisons of theoretical solutions versus computer simulations could be
made since, except for relatively simple cases, theoretical solutions are nonexistent. There-
fore, the model response was checked against two known theoretical solutions for uniform
aquifer conditions; comparisons were made between aquifer response under uniform condi-
tions and model simulated distributions of specific gravity and temperature; and finally a
comparison was made between a model simulated and an actual field case history.

The first comparison between model response and theory is shown in figure 15. In this
case a fully penetrating well was pumped at a constant rate of 694 gallons per minute (gpm) in
an aquifer of uniform properties of transmissivity equaling 10,000 gpd/ft at 68.4 F, specific
gravity equaling 1, and an aquifer storage coefficient of 2.8x10™. An analysis made of the
model response to pumping under the above conditions is shown in figure 15. The agreement
with theory is excellent. By using a 100 percent penetrating well in this comparison, all water
flow is radial. Thus for this first comparison there was no vertical movement of layer bound-
aries and a separate check was needed.

Figure 16 shows the model response resulting from pumping a 31 percent penetrating
well in an aquifer that has a vertical to horizontal hydraulic conductivity ratio of 0.5. Again
the comparison of output response is in excellent agreement with theory.

In this case, a great deal of vertical flow is prevalent near the pumped well and there-
fore individual layer boundaries change significantly during the simulation. Thus, this simu-
lation is an independent check on the method of adjusting layer flow properties as a result of
the changing size of the finite-difference grid.

The reader will notice the fluctuations of the computer data around the solid line for
the pumped well curve of figure 16. These fluctuations (less than about 1 percent of the total
drawdown) are due to two phenomena; i.e., the slight inaccuracies in the assumptions made
in phasing in individual layers to the pumped well as time progresses and the effects of dis-
cretizing time. The layers begin moving upward toward the well when pumping starts. As
pumping continues, some layers begin contributing water to the well, whereas initially they
were located at some depth below the bottom of the well. As these layers move upward they
eventually become connected to the well. However, the layers, as they come into the well, are
themselves partially penetrated. Thus until a layer is fully contributing to the well an extra
adjustment must be included. This flow adjustment was somewhat empirical but was based
primarily on standard partial penetration corrections given in groundwater text books. Con-
siderable effort was made to take care of this effect properly.

It should be realized that the accuracy of the computations is dependent upon the
number of model layers. The more layers included in the model, the better the accuracy (and
the less fluctuation of output data). However, large numbers of model layers increase the cost
of the computer runs significantly. A reasonable compromise between accuracy and cost had
to be made.

The discretization of time also causes some fluctuations in drawdowns of the com-
puter model, and the only way found to minimize these was to reduce the time increments to
an acceptable size.
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A third simulation run was made to check the model response for the effects of
interaction of various temperatures in the model layers. The hydraulic conductivity of the
aquifer parts is a function of temperature (because it affects the viscosity of the flowing fluid)
and incorporating this feature in the model is not difficult. The temperature profile of table 5
was assigned to the model layers for this problem. Even though the theory is available to
describe fluid flow in the individual model layers, there is no known theoretical solution to
this problem for the entire aquifer to compare with the computer simulation. However, a
comparison can be made with the results of the pumped well response given in figure 16 since
the only difference here is that a temperature profile was added over and above that included
in the simulation shown in that figure. Figure 17 shows the comparison of drawdowns and the
temperature of the pumped water. A line was drawn through the computer drawdown data.
The exact position of that line is somewhat ill defined but the trend is obvious. At the
beginning of pumping, the water pumped from the well was colder than the constant 68.4 F
curve of figure 16, so the viscosity is greater causing a greater drawdown. However, as time
progresses the water becomes warmer, the viscosity decreases, and the time rate of decline in
water levels decreases.

The fluctuations in water levels in figure 17 are again evident. However, the fluctua-
tions are still about only 1 percent of the total drawdown and are considered acceptable. Even
though the drawdown data are fluctuating, the temperature curve is smooth, as shown in
figure 17. At this point it can be realized how insensitive the chemical quality of the pumped
water will be to the instantaneous head in the pumped well. It is only the long-term heads that
will affect water quality since there is a tremendous amount of water in storage in the aquifer
and it takes considerable time for water to travel from place to place in the system.

A fourth comparative analysis was made of the effects of a specific gravity distribu-
tion imposed on the computer model. Here again, there is no known theoretical solution to
compare with the computer response. The specific gravity profile of table 5 was assigned to
the model layers, and the computer model response to pumping is shown in figure 18 in com-
parison with the pumped well response of figure 16. All other coefficients of the two simula-
tions are the same. As indicated in figure 18 the specific gravity of the pumped water is
initially greater than 1.000, so a greater drawdown than in figure 16 is realized. As time pro-
gresses, the specific gravity of the pumped water steadily increases and causes greater and
greater drawdown in the well as would be expected with the heavier water.

Although the above theoretical and simulation comparisons lend confidence to the
validity of the computer model, an attempt was made at computer simulating past histories of
chemical quality changes under field conditions in a well field at Aurora, Illinois. This well
field consists of four wells which penetrate both the upper portion of the Mt. Simon aquifer
(about 500 feet) and the entire overlying Cambrian-Ordovician aquifer. Thus, pumpage from
this field represents a mixture of waters from the two aquifers. A study of individual yields of
wells penetrating these aquifers indicates that about 25 percent of the total pumpage from
this Aurora well field is derived from the Mt. Simon aquifer and the remainder from the
Cambrian-Ordovician aquifer. Pumpage from this well field began in the early 1900s when
the first two wells were drilled and generally increased with time. Two additional wells were
added to the field in the early 1930s. Pumpage records indicate that between 1941 and 1968
pumpage rates, as atotal, from the well field stabilized at about 2.8 mgd. However, consider-
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82
84
85
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89
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93
95

Specific

gravity TDM Na+K
1.000 500 50
1.000 1,000 200
1.001 1,500 250
1.002 3,500 800
1.004 6,200 1,500
1.007 11,500 2,800
1.012 19,500 4,800
1.016 25,500 6,300
1.020 30,500 7,600
1.024 35,500 8,800
1.027 39,500 9,800
1.033 46,500 11,600
1.037 51,500 12,800
1.042 58,000 14,400
1.045 62,000 15,500
1.048 65,500 16,300
1.04 73,000 17,800
1.057 77,000 18,600
1.062 83,000 19,900
1.066 88,000 21,000

Mg
30
40
45
60
80
920

250

420

580

720

850

1020
1150
1260
1350
1420
1550
1680
1730
1950

TABLE 5
CHEMICAL PROFILE FOR MT. SIMON AQUIFER AT AURORA
Alkalinity Hardness

Cl SO,

100
500
650
2,000
3,500
6,500
11,500
14,700
17,700
21,000
23,000
27,500
30,500
34,500
36,700
39,000
43,000
45,200
48,700
52,000

120
122
126
142
168
205
320
420
500
570
630
740
820
920
980
1030
1150
1220
1320
1400

Ca
90
100
140
350
470
520
1,320
2,200
3,000
3,700
4,300
5,400
6,100
7,100
7,700
8,200
9,200
9,800
10,600
11,500

(CaC0s)
280
275
269
250
235
215
205
195
187
175
170
160
147
135
130
125
108
100

90
80

(CaC0s)
145
450
600
900

1,200
2,500
4,200
7,200
9,800

12,000

14,200

17,500
19,800

22,700

24,600

26,700

29,700

32,700

33,700

36,700

81

_Mn
0.1
0.2
0.3
0.9
11
1.7
2.5
3.1
3.8
4.4
4.9
5.8
6.3
7.2
7.8
8.2
9.1
9.6

10.3

11.0

Inverseof Py P
viscosity pH (@68.4 F)
0.9 7.90 1.8 3.6
0.93 7.75 1.8 3.6
0.4 7.62 138 3.6
0.95 7.48 1.8 3.6
0.98 7.38 1.8 3.6
0.9 7.26 1.8 3.6
1.02 7.03 1.8 3.6
1.08 6.90 1.8 3.6
1.10 6.80 1.8 3.6
1.13 6.72 1.8 3.6
1.16 6.64 1.8 3.6
1.19 6.59 1.8 3.6
1.2 6.4 1.8 3.6
1.25 6.53 1.8 3.6
1.26 6.51 1.8 3.6
1.29 6.47 1.8 3.6
1.32 6.43 1.8 3.6
1.35 6.39 1.8 3.6
1.37 6.34 1.8 3.6
1.40 6.30 1.8 3.6
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able alternating of pumpage among the wells was practiced. Chemical quality analyses of
water pumped from the four wells have been conducted somewhat erratically over the years,
but a definite characteristic of increasing total dissolved minerals and chlorides has been
noted. In recent years total dissolved minerals of over 4000 mg/l and chlorides consistently
over 1000 mg/l have been measured. In the early 1940s chemical analyses showed TDM
values around 600 mg/l and chloride contents about 220 mg/l .

A computer simulation was set up for the above well field situation. The vertical
chemical profile for the Mt. Simon aquifer shown in table 5 was used as the main input data
to the computer model. The characteristics of the well field were taken into account and an
average pumpage rate of 700,000 gpd (25 percent of total pumping rate as explained above)
was used for the 27-year period between 1941 and 1968. The simulation was carried out with
the following results.

Total dissolved minerals ranged from about 900 mg/l initially to 4600 mg/I at the end
of 27 years of pumping. The chloride content varied from 350 mg/l initially to about 2400
mg/l at the end of pumping. In mixing the Mt. Simon water with the Cambrian-Ordovician
water it was assumed that the latter water had a TDM content equal to 300 mg/l and a chlo-
ride content of 10 mg/l and remained constant over the period of the simulation. The com-
parison between measured and simulated TDM and chloride levels for this case history is
encouraging in light of the lafge number of estimates needed as input to the computer model.

WELL FIELD DESIGN

Several studies were made initially to find a set of well and well field characteristics
that possibly would be reasonable and practical. Since the individual well drawdowns and
chemical quality output were not known in advance, a series of various well and well field
schemes were designed on the basis of theoretical estimates. Originally three different well
schemes were chosen for each of three constant feedwater rates of 1, 5, and 10 mgd. Thus
altogether nine different schemes were studied. As will be outlined later, these nine basic
schemes, in various combinations, were used to provide variable feedwater rates required as a
result of continuously declining desalinization plant efficiencies, which in turn were due to
the increasing TDM of the feedwater with time.

The nine well and well field schemes are as follows. First, the 1 mgd feedwater rate
can be supplied by a single well having a penetration into the Mt. Simon aquifer of 20, 31, or
50 percent ofthe aquifer's total thickness. The three simulated 5 mgd feedwater supplies are
made up of five 1 mgd wells having identical penetrations of 20, 31, or 50 percent. The
spacing of the five wells for the three penetrations is the same, as shown in figure 19A. The
three 10 mgd feedwater supplies are made up each of ten 1 mgd wells having identical pene-
trations, again of either 20, 31, or 50 percent penetration with a spacing as shown in figure
19B. All wells of all schemes are designed to yield 1 mgd and have the characteristics shown in
a later section in figure 43.

WATER QUALITY PREDICTIONS

The process by which the final water quality predictions were made (the results are
shown in tables 9 through 11) can be summarized by using the constant rate 5 mgd 31 percent
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penetration well scheme as an example. First, as with all simulations, the chemical profile of
table 5 was used as the main input data. The characteristics of the 5 mgd well spacing and
penetration were entered and the computer model simulation of 30 years of constant pumping
was carried out. Initially graphs were prepared of the variation in chemical quality of the
pumped water based on the computer output data for all constituents of interest except pH.
(A separate computer program was written, on the basis of modified equations derived by
Trussell and Thomas (16), for the predictions of pH values resulting from water mixtures.)

An example of TDM variation with time for the above 5 mgd 31 percent penetration
scheme is shown in table 6. As time proceeds the TDM values increase as waters of high
mineral content are progressively drawn up into the well field. As the mineral content of the
pumped feedwater increases, the ratio of brine waste water to product water increases. The
end effect is that increasing mineral content of the constant rate feedwater input results in a
decreasing output rate of the product water (see discussion in the section on Desalting
Processes).

TABLE 6
INITIAL TDM PREDICTION OF MT. SIMON AQUIFER
FEEDWATER FOR CONSTANT PUMPING 5 MGD
31 PERCENT WELL FIELD SCHEME

Years of TDM
pumping (mg/l)
0 9,000
1 15,400
2 19,200
3 22,000
4 24,000
5 25,400
10 30,000
15 32,800
20 34,400
25 35,600
30 35,900

The main goal of this feasibility report is based upon a constant product water rate.
Therefore a variable feedwater rate, increasing with time, must be supplied to the desaliniza-
tion plant to maintain the desired constant output. Unfortunately, a variable feedwater rate
changes the chemical quality of the feedwater and in turn changes the ratio of product to
brine water rates which results in a different needed feedwater rate, etc. etc.

The reader should realize that the needed feedwater rates were unknown until
the desalinization plant designers analyzed the water quality curves. Therefore the
Water Survey and Hittman initiated an iterative exchange of predicted chemical
quality curves for various feedwater rates and needed feedwater rates for constant
product water and continued this exchange until a satisfactory stable solution to the
problem was achieved. In this process, two of the original nine basic schemes were
eliminated from consideration, i.e., the 10 mgd 20 percent scheme, for lack of avail-
able drawdown, and the 1 mgd 31 percent scheme for lack of convergence of chemical
analysis results.
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Continuing with an explanation of the constant feedwater rate of the 5 mgd 31 per-
cent scheme, an initial set of chemical quality curves was sent to Hittman for analysis and the
iterative scheme described above began. The final variable feedwater rate chemical quality
values for all constituents are given later in tables 9 through 11. The final variable feedwater
rates for all schemes are given in table 7.

TABLE?7
VARIABLE FEEDWATER RATES NEEDED FOR CONSTANT PRODUCT WATER RATES
(Feedwater rates in million gallons per day)

20 Percent well 31 Percent well 50 Percent well

Years of penetration penetration penetration
pumping 1 mgd 5 mgd 5mgd 10 mgd 1 mgd 5 mgd 10 mgd
0 11 6.7 7.3 154 17 9.3 20.4
1 11 8.0 8.8 21.2 17 11.7 26.2
2 12 9.1 9.8 241 18 13.5 30.0
3 12 9.9 10.5 26.4 18 14.4 325
4 13 10.5 11.0 28.2 19 15.3 34.4
5 13 10.9 114 29.3 19 15.9 36.3
10 15 12.3 12.3 334 2.0 18.1 39.0
15 16 12.9 13.0 34.0 2.1 18.6 40.0
20 16 134 13.3 345 2.2 18.9 40.8
25 17 13.6 13.6 35.0 2.2 19.1 41.3
30 18 13.9 13.9 35.7 2.3 19.3 41.7

Data in table 7 and other geohydrologic data indicate that multiple well fields are
needed to produce the variable feedwater rates. This is primarily due to a lack of available
drawdown for pumping rates much in excess of 10 mgd in a single field with reasonable well
spacings. In addition, geographically concentrated pumpage results in excessive mineral con-
tent of the feedwater. A description of the multiple well field schemes follows in the next
section.

MULTIPLE WELL FIELD LAYOUT AND OPERATION

The scheme for 5 mgd product water with 50 percent penetrating wells will be given in
detail as an example of the operation of the multiple well fields. As shown in table 7, feed-
water rates have to vary from 9.3 mgd initially to 19.3 mgd after 30 years of pumping. Four 5
mgd well fields were selected to provide a source of the feedwater. The spacing of these well
fields (see figure 44 in a later section) was chosen on the basis of minimizing chemical content
of the feedwater, minimizing pumping lifts, and leaving sufficient space for construction of
possible injection well fields centered near the desalinization plant.

Since a feedwater rate of 9.3 mgd is necessary at the start, well field number 1 is
initially made fully operational and field number 2 is nearly at full capacity. At a time of
slightly less than one year from the beginning of pumping, well fields number 1 and 2 are fully
operational and well field number 3 begins to be phased into the total until fully operational
at about four years. Well field number 4 then is phased into operation as the needs for in-
creased feedwater rates continue during the remainder of the 30 year plant life. Similar phas-
ing of pumpage is carried out in well fields for all other schemes.
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Well field spacing layouts for the variable feedwater rates for the 5 mgd and 10 mgd
schemes of table 7 are shown in figures 20 and 21. The well layouts for the 1 mgd schemes are
composed of single wells spaced 4 miles on either side of the desalinization plant. Spacing of
individual wells within the well fields was shown in figure 19.

The total number of feedwater wells in any scheme is the sum of the 1 mgd wells
necessary to supply the ultimate feedwater requirement plus standby wells (a 20 percent
standby factor was utilized). Thus, the simplest scheme, requiring a 2 mgd feedwater supply,
uses two wells plus a single standby or a total of three wells; and the largest scheme, requiring
45 mgd of feedwater, uses 45 wells plus 9 standbys or a total of 54 wells.

PUMPING LEVEL PREDICTIONS WITHOUT INJECTION

Tables were prepared of estimated water level declines in pumped wells that would re-
sult from the variable feedwater rate demands and field spacings outlined above.

This was done by measuring the distances between well fields, preparing time-water
level decline graphs for these distances from the computer output data, and applying the
principle of superposition to account for the time-phasing of pumpage and mutual
interference effects between well fields. As an example, table 8 shows a water decline listing
with time for the individual well fields of the scheme for 5 mgd constant product water with 50
percent penetrating wells.

The water level declines in table 8 do not include the effects of turbulent well losses.
Total pumping lifts to the land surface were calculated from a series of tables such as table 8
for all schemes by adding in turbulance losses and the distance between the land surface and
the original static level.

TABLE 8

ESTIMATED AVERAGE WATER LEVEL DECLINE FOR 5 MGD
50 PERCENT SCHEME WITHOUT INJECTION

(In feet below original static level)

Years of
pumping Field 1 Field 2 Field 3 Field 4
0.27 560 540 70* 70*
1 640 638 160* 160*
2 730 729 460 260*
3 790 790 680 380*
4 850 850 805 560
5 910 910 880 730
10 1140 1140 1120 1100
15 1260 1260 1250 1230
20 1340 1340 1335 1315
25 1400 1400 1395 1385
30 1440 1440 1435 1425

*These water level declines are due only to inference from the other well fields, as pumpage here has not started
yet.
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It should be noted here that no effects of any injection scheme on the above pumping
levels were included in this first set of pumping level calculations. The effects of injection of
waste brine water were added in later when it was shown that deep well injection appeared to
be the most efficient way of brine waste disposal. An explanation of the injection schemes and
different pumping levels will be given later in the section on Brine Disposal.
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FEEDWATER QUALITY

Chemical analysis data supplied by the Water Survey indicated that the amount of
dissolved minerals in the water increases with increasing depth of well penetration into the
aquifer and with increasing drawdown as time goes on. The important characteristics of the
water from the Mt. Simon aquifer are its high hardness, high concentration of iron, and large
amount of total dissolved minerals. For example, the 40,000 mg/l TDM water from a 50
percent penetrating well at the end of 30 years exceeds even that of seawater which has about
35,000 mg/l TDM.

Figure 22 presents an example of the change of TDM with time for different desalting
plant production rates at 50 percent penetration in the Mt. Simon aquifer. The figure also
shows that the largest increase of TDM would occur during the first 10 years, after which the
rate of change would gradually diminish. Figure 23 was generated from the Mt. Simon
aquifer data. In this figure, the TDM value is presented as a function of production rate with
withdrawal year as a parameter. The changing water characteristic is clearly shown. [Note:
The desalting plant production rates and the well withdrawal rates are related by recovery
ratios determined by iteration of process and well data. See table 25 for final recovery ratios.]

The high concentration of Ca™ ions in the water can cause scale formation in certain
desalting processes. The removal of a large proportion of the calcium content by chemical
pretreatment is not practical because of the cost of chemicals. The practical method to desalt
the water is to select and design processes to operate under conditions such that the precipita-
tion of calcium salts will not occur. This restricts the choice of processes. Detailed discussion
is presented later.

Another problem is the high content of iron and manganese. lron is frequently
present in well water in the ferrous state which is more soluble than the ferric state. Ifiron is
precipitated, it will deposit on metal surfaces, thereby increasing frictional resistance to flow
through pipes, and requiring costly cleaning procedures. Therefore, iron must either be
removed from the water by oxidation to change from the ferrous to the ferric state before
entering the desalting process, or be retained in the water with suitable measures taken to
prevent precipitation, such as avoidance of oxidation or addition of antiprecipitation agents.
The choice of the proper method depends on the technical feasibility and the comparative
cost analysis. This also is discussed in later sections.

The characteristics of the Mt. Simon aquifer water can be listed as follows:

e The TDM content varies in a very large range, from 2000 mg/I at 20 percent pene-
tration, 1 mgd and 0 year, to 40,000 mg/l at 50 percent penetration, 10 mgd and
30 years.

» The concentrations of all ions (except alkalinity) increase as the withdrawing time
increases. The rate of increase is very large during the first 10 years, then gradual-
ly diminishes, so that the concentration approaches a constant value.

» For the same withdrawal rate, the deeper the penetration the more concentrated
the water.

» The water is relatively neutral. The pH value varies in the range of 6.5 to 7.5.
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e The pHvalue decreases as the withdrawal time increases; the water is gradually
changed to acidic with time.

< Water temperature increases with aquifer depth.

e The iron content is high.

Tables 9, 10, and 11 present detailed water analyses for different penetrations, pro-
duction rates, and years. The ever-increasing concentration of the constituents in the water
with time shows that the scale formation tendency increases and the recovery ratio decreases
as time goes on. Since the change inwater quality is so great and it is impractical to refinance
after only a few years operation of a plant, it is suggested that the plant be designed and
Financed on the basis of the 30th year water quality. In this case the plant would be operated
with low feed rate in the First few years, followed by a gradual increase in the feed rate uttil
the 30th year.

TABLE 9
WATER ANALYSIS OF MT. SIMON AQUIFER AT 20 PERCENT PENETRATION
Years of Aldlinity Hardhess
pmpig TDM T°F Fe Mn Na +K Mg Ca SO, CI (CaCOz) (Cadd) pH
1 mgd ProdLct*
0 2,000 634 92 040 400 43 180 130 1,000 267 650 7.%
1 3,600 64.2 144 0.66 800 60 280 145 2,000 256 1,000 7.0
2 5,200 649 18.0 0.8 1,200 80 390 160 3,000 250 1,450 7.18
3 6,400 65.5 20.0 0.9%5 1,50 M 480 175 3,800 246 1,700 7.10
4 7,600 66.0 2.0 1.10 1,700 110 570 180 4,500 243 2,000 7.04
5 8,400 66.5 23.2 123 1,90 130 660 200 5,000 240 2,280 7.0
10 11,900 679 27.2 168 2,860 207 980 248 7,100 230 3,630 6.90
15 13,800 68.3 29.5 1.92 3,400 250 1,200 275 8,200 226 4,020 6.86
20 15,100 68.7 30.9 205 3,760 275 1,360 295 8,800 224 4,550 6.79
25 16,000 69.1 3.0 216 4,020 298 1,480 308 9,400 221 4,950 6.77
30 17,000 69.4 33.0 226 4,20 314 1,580 320 9,700 220 5,300 6.76
5 mgd Product*
0 5,000 64.2 15 0.80 1,200 90 440 165 2,800 255 1,800 7.06
1 8,800 66.0 20 1.2 2,000 165 850 210 5,000 247 3,400 7.00
2 11,400 67.2 23.7 1.57 2,600 225 1,150 245 6,600 241 4,400 6.9
3 13,600 682 26.4 1.8 3,100 270 1,370 276 7,800 236 5,200 6.2
4 15,500 68.8 28.3 200 3,500 300 1,560 305 8,800 232 5,600 6.89
5 17,200 69.4 29.8 2.14 3,800 330 1,730 330 9,600 229 6,100 6.86
10 23,000 71.2 35.2 2.70 4,900 415 2,350 430 12,600 214 7,800 6.74
15 27,200 72.4 38.8 3.14 5,700 465 2,800 485 14,900 204 9,200 6.66
20 30,700 735 415 350 6,700 545 3,150 520 16,700 196 10,200 6.62
25 32,500 744 435 3.8 7,400 620 3,420 540 18,300 191 11,200 6.59
30 3B,400 7.1 45.0 4.15 8,000 670 3,660 550 19,700 186 12,000 6.57
*See table 25 for recovery ratiocs.
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TABLE 10
WATER ANALYSIS OF MT. SIMON AQUIFER AT 31 PERCENT PENETRATION

Years of Aldinity Hadess

puping TDM T°F Fe Mh Na+K Mg Ca SO, A (Catoy)) (Cally)
5 mgd Product*

0 9,000 66.5 23.0 130 2,200 140 800 210 5,000 240 2,500

1 12,600 67.7 27.5 2.00 3,400 290 1,500 280 8,400 227 4,500

2 16,000 68.8 1.0 2.35 4,300 360 1,870 330 10,500 220 6,000

3 18,800 69.6 33.8 2.65 5,000 420 2,170 370 12,200 214 7,000

4 21,000 70.3 35.8 2.85 5,500 460 2,420 400 13,400 210 7,700

5 22,800 70.9 37.2 3.00 5,90 495 2,630 420 14,400 206 8,300

10 28,000 72.8 41.5 353 6,800 575 3,250 480 16,800 194 10,200

15 31,200 73.9 43.8 3.8 7,700 622 3,630 520 18,200 186 11,300

20 33,300 746 451 4.0/ 8,00 660 3,820 550 19,100 183 12,000

25 34,600 75.2 46.0 4.20 8,300 682 3,920 560 19,700 181 12,500

30 35,400 7.5 46.5 4.32 8,40 710 3,950 570 20,200 181 12,800
10 mgd Product*

0 11,000 67.1 25.4 15 3,100 200 1,000 240 6,800 232 3,500
1 18,800 70.3 34.5 250 5,000 375 1,950 335 11,300 218 6,500
2 22,200 71.5 38.0 2.90 5,900 450 2,370 390 13,600 210 7,900
3 24,600 72.4 39.5 3.25 6,400 505 2,670 430 15,200 204 8,900
4 26,400 73.0 41.0 3.50 6,800 548 2,900 455 16,300 200 9,700
5 27,800 73,5 41.8 3.7/ 7,100 578 3,0/0 480 17,200 198 10,300
10 32,000 748 445 417 7,90 668 3,650 520 19,400 186 12,000
15 34,400 75.5 46.1 4.30 8,400 703 4,000 565 20,200 176 12,600
20 36,000 76.1 47.1 45 8,800 735 4,250 600 20,600 175 13,100
25 37,200 76.5 478 465 9,20 770 4,400 620 21,200 174 13,900
30 38,200 76.8 48.0 4.80 9,400 800 4,600 640 21,700 172 14,500
*See table 25 for recovery ratics.
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TABLE11
WATER ANALYSIS OF MT. SIMON AQUIFER AT 50 PERCENT PENETRATION

Years of Aldinity Hadess
purping  TDM TF Fe Mn Na+K Mg Ca SO, CI (CaC0y) (Cally)
1 mgd Product*
0 15,600 69.0 316 2.10 3,850 290 1,400 298 9,000 223 4,700
1 17,400 69.4 3.5 2.25 4,160 310 1,600 310 9,800 221 5,300
2 18,300 67.4 333 2.3 4,460 330 1,770 326 10,500 218 5,740
3 19,00 701 #.0 246 470 35 1,90 340 11,00 217 6,130
4 19,700 704 348 25 4,880 375 2,000 352 11,500 215 6,480
5 20,500 70.7 3.4 265 500 39 2,000 365 11,900 214 6,780
10 23,400 71.6 37.8 294 5,700 459 2,400 410 13,300 208 7,770
15 25,000 722 39.4 320 6,20 507 2,720 440 14,800 203 8,670
20 26,100 72.6 404 3.37 6,550 530 2,880 460 15,500 201 9,270
25 27,00 73.0 412 35 6,750 550 2,990 474 16,000 199 9,680
30 27,600 73.3 41.8 357 6,910 566 3,080 482 16,400 198 9,950
5 mgd Prodct*
0 20,000 7.7 3$6.0 26 500 400 2,000 370 11,80 213 6,700
1 23,20 720 3B2 3.®8 6,00 460 2,50 410 14,20 207 8,100
2 25600 727 402 32 660 520 2,880 440 1560 202 9,30
3 27, A0 71 4.6 35 7,00 580 3,080 470 16,80 198 10,000
4 28,80 734 428 36 7,20 590 3,20 495 17,60 195 10,500
5 30,00 7WB7 435 38 740 62 340 515 18,20 193 10,900
10 #,00 748 467 425 820 710 3,990 570 20,000 185 12,400
15 36,40 7HB6 485 45 870 765 4,20 55 21,000 177 13,400
20 350 72 495 470 910 M 4,40 620 2,50 174 14,000
5 B0 7B6 499 48 930 812 450 640 21,80 173 14,400
P B0 7.0 500 490 950 80 450 60 21,90 172 14,900
10 mgd Prodict*
0 250 715 0.0 29 550 450 2,40 400 13,20 209 7,800
1 2620 730 B5 34 60 540 2,80 460 16,20 204 9,600
2 2860 737 48 37 7,30 600 3,10 490 17,40 19 10,700
3 040 743 432 39 7,70 640 340 520 18,20 19% 11,400
4 R0 748 438 41 790 6/0 3,60 540 18,90 1R 11,90
5 R0 Bl 43 45 810 60 3,70 55 19,40 190 12,400
10 3,60 76O 463 46 880 750 4,10 613 20,90 181 13,800
15 38,000 75 48.0 475 910 7/0 440 650 21,40 175 14,500
2 B, 769 492 4% 940 70 4,60 667 21,80 172 15,000
5 N0 771 502 506 9,0 80 4,70 630 2,30 170 15,400
*Seeal)able % 77.3 E%Z 510 9,90 8% 4,80 690 2,50 168 15,700
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DESALTING PROCESSES

Five different desalting processes are discussed in this section. They are electro-
dialysis (ED), ion exchange (IE), reverse osmosis (RO), vapor compression-vertical tube
evaporation-multistage flash (VC-VTE-MSF), and freezing processes. On the basis of data
supplied by the Water Survey, both technical and economic aspects of the processes were
studied and some recommendations have been made for each process. Because of the salinity
increase with time ofthe Mt. Simon aquifer water, the ED and IE processes were found to be
unsuitable.

In the RO process, two desalting stages were used with a salt rejection ratio of 90 per-
cent in each stage. The RO process is still under rapid development and it is expected that, in
the future, a one-stage process may be available for the water salinity range encountered in
this study.

The choice of the VC-VTE-MSF distillation process was based on the following:

* It has relatively high thermal efficiency.

» Energy sources other than steam (for example: electricity) can be used.

e Communication with Commonwealth Edison Company indicated that no steam
will be available for purchase from their plants in the area.

Although there has been some commercial operation of freezing plants, freezing
processes are still in the development stage. They have the advantage of operating at low
temperatures where most scale formation can be avoided. This is of particular importance for
the Mt. Simon aquifer water which has a high content of scale-forming compounds in
solution.

ELECTRODIALYSIS

Electrodialysis (ED) has been established as an efficient and reliable method for
desalting brackish water. At present, there are many plants in commercial operation
throughout the world, the largest ED plant in the United States being a 1.2 mgd plant located
at Siesta Key, Florida. The cost of water produced by an ED system is very sensitive to the
water salinity since the power consumption increases rapidly with an increase in feed salinity.
Figure 24 shows typical electrodialysis process power costs as a function of feed salinity (17).
The rapid increase of power cost with increasing feed salinity is clearly indicated in this
figure.

Process Description

Electrodialysis is a process which, under the influence of electric potential, extracts
salts from water by using ion exchange membranes that are permeable either to positively
charged ions or to negatively charged ions. They are called cation or anion membranes. The
membranes are installed in alternating fashion in a stack. When a voltage is imposed across
the stack, ions migrate toward the electrode opposite in charge to their own through the
membrane which is permeable to them. Alternate compartments are then enriched or
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depleted in ions. The depleted compartment produces desalted water and the enriched com-
partment produces a brine stream. The principle of electrodialysis is shown in figure 25.

The desired characteristics of ion exchange membranes used in ED plants include:

1) High ion permeability and low water transfer

2) High electrical conductivity

3) Homogeneous quality and low degree of swelling
4) High mechanical strength

5) Chemical stability in different solutions

6) Low deflection under pressure

Of all the membrane properties, the most important one is electrical conductivity. A
membrane with high electrical conductivity can transport more ions by its high electrical cur-
rent density, but there are upper limits on current density for an ED stack. Concentration
polarization on the surface of the membrane and the heating of the membrane play major
roles in limiting the current density.

The ions are transported to the membrane surface from the bulk solution by electrical
current and also by natural diffusion. As the current density in the electrodialysis stack is in-
creased, the rate of transfer of ions through the membrane increases, until a point is reached
at which the rate of transfer through the membrane is greater than the rate of arrival of ions
at the interface between membrane and solution. The solution film next to the membrane
then becomes depleted of ions and electrical resistance increases sharply in this region. This
phenomenon is called polarization. The large voltage drop across the ion depleted film may
cause dissociation of water molecules, and hydroxyl and hydrogen ions may be formed. The
formation of hydroxyl and hydrogen ions increases the precipitation of calcium carbonate and
magnesium hydroxide scale. The scale will cause additional electrical resistance.

The membrane usually contributes a large part of electrical resistance in the stack.
Therefore, most of the voltage drop across an electrolysis stack goes into heating the
membranes. The current density must be limited at a certain value which does not overheat
the membrane.

Scale formation on the surface of the membrane causes a decrease in stack efficiency
and an increase in pumping power requirement. To minimize the scale formation, an in-
crease of turbulence is usually employed. The effect of turbulence on an ED system can be
listed as follows:

1) Turbulence decreases the thickness of the stagnant fluid sublayer.

2) Turbulence increases the rate of diffusion of ions toward the membrane. This
allows a high current density to be used in the process.

3) Turbulence washes the membrane surfaces and holds precipitates in suspension
until discharge from the stack.

High fluid velocities and specially designed membrane separators are used to ensure
turbulence in the fluid streams. These separators typically have flow deflectors, either in the
form of mesh or regularly spaced obstructions which break up flow profiles to establish a high
degree of turbulence for any given fluid velocity.



Application to the Mt. Simon Aquifer

The ED process is very sasitive 1o the water salinity. When the concertratiion of feed-
water is low, the process is carpetitive with other processes. With high salinity feedwater, two
restrictias may make the ED system both tedmnically and economically inggplicable. These
restrictias are power aost and scale formation.

Power Cost., As shown In figure 24, the power cost would be prohibitively high as feed
salinity increases above 10,000 mg/1. The chemical amalysis of Mt. Simon aguifer water
shows that the salinity is mostly higher than 10,000 mg/1 . For the most favorable case of 20
percent penetration and 1 mgd plant capecity, figure 26 gives the power cost as a function of
withdranal year. A sample calaulation s shown in Appendix A. The figure shows that the
power acost risss 1o more than 6i¢ /1000 gal within 10 years of plant operation and approxi-
mately 9(¢ /1000 gal at 30 years. The high power aost makes the ED process nonconpetitive
wirth other processes.

Scalle Formation. An ED plant can be operated without extensive scale control pre-
treatment if the calcium concentration in the brine discharge is less than 440 my/l1 (18). Also,
the calcium concentration in the brine discharge can be increased to 900 my/1 with the addi-
tion of a sequestering agent such as sodium hexametaphosphate. The water analyses given iIn
tables 9, 10, and 11 show that the calciun concentration in the Tfeedwater alreedy exceeds this
calciun limitation. Extensive chemical treatment would be necessary to reduce calcium con-
centration, resulting in high chemical aosts.

These two factors, high power oost and scale formation, indicate that the ED process
is not practical for desalting Mt . Simon aguifer water .

Application to Low Slinity Water

For very low sallinity water, the ED process is conpetitive with other processes. As an
example, the aost of using the ED process to desalt a groundwater in the Aurora area, which
has the amalysis presented In table 12, was computed to be 40 to 5 /1000 gal . The process
and economic calaulatios were performed by use of References 18, 19, and 20. Plant
cgecities of 1, 5, and 10 mgd were assumed. Figure 27 gives the unit water aost as a function
of plant capecity. In the calaulation, 500 mg/1 product salinity and 1.25¢ /kwh power cost
were assumed.

TABLE 12
GROUNDWATER ANALYSIS FROM AURORA AREA

In mg/ 1 In mg/1
Fe®? 06 S0, 80
Mn*2 0.2 Alalinity A
Ca* 1% Hardess 52
Mg*2 40 TDM 2001
NH, 07 pH 73
Na’* HBl Tarperature 65F
o Iy 64
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ION EXCHANGE

lon exchange (IE) is not a new process. It has been used for many years in softening
hard water. The most important example is the use of zeolite to remove calcium and magne-
sium hardness from water, the regeneration being done with common brine.

As the need for low cost, high quality, potable water increases, the ion exchange
process may be considered as a water desalting method in addition to its use in softening hard
water. Today resin manufacturers can produce resins tailor-made for specific applications, so
the ion exchange process may be competitive with distillation, reverse osmosis, electro-
dialysis, and other desalting processes for some feedwaters. The choice of a favorable process
involves many factors. One of the most important factors is, of course, the unit water cost of
the process.

The ion exchange process is very sensitive in its economics to water quality. Since
each plant is an individual case, it is impossible to generalize on the economics of the ion ex-
change process, but generally the lower the total dissolved minerals the more economical the
ion exchange process becomes.

Process Description

lon exchange resins are synthetic polymers which can remove salts from solution in
water. These polymers are of two types, those which remove positive ions such as sodium,
calcium, and magnesium, and those which remove negative ions such as chloride, sulfate,
and bicarbonate. If saline water is passed through beds of both types of resin, most of the
dissolved ions can be removed from the water. Very pure water can usually be produced with
this process.

The resins eventually become exhausted, but they can be quite simply regenerated by
chemical treatment, in which the cation exchanger is washed with acid solution and the anion
exchanger with alkali. The chemical consumption is proportional to the amount of impurity
removed from the water, but the resins may be used an infinite number of times, except that a
certain amount of loss by attrition must be replaced.

Several ion exchange processes have been characterized as practical for water demin-
eralization. In general, all the processes can be put into two categories: fixed-bed systems and
moving-bed systems. The most important feature of the ion exchange process is the choice of
resins. As an example, a three unit fixed-bed system is analyzed to show the chemical re-
actions in an ion exchange process.

The basic process consists of three units in series (21). The first unit is the alkliniza-
tion unit and contains resin of the bicarbonate form. As the influent passes through the unit,
all the anionic constituents are converted to the bicarbonate salts of sodium, calcium, and
magnesium. The reaction in the unit takes place in accordance with the following equation:

(R"-HN)H’C'O;_+ NaCl~(R-HN)Cl+ NaHCO; )
The second unit, called the dealkalinization unit, contains weak acid resins in the

hydrogen form. The bicarbonate salts produced in the first exchanger are converted to
carbonic acid in the reaction:

(R-COOH) + NaHCO,—~ (R-COONa) + CO, + H,0 . 7))
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The third unit is the carbonate unit. It contains resin of the free base form. This resin
absorbs the carbonic acid effluent from the previous unit and converts it to the bicarbonate
form as shown in the equation:

(R-N) + CO, + H,0—(R-HN)HCO, @A)

The last unit now contains resin in the bicarbonate form which is identical to the
anion exchanger at the beginning of the treatment process. Therefore, a reverse flow is
possible except for the second exchanger which must be regenerated to the hydrogen form
again and the first exchanger which must be regenerated to the free base form.

The regeneration reactions are:

(R-HN)C1+ NH,OH~(R-N) + NH,C1+ H,0 @)

and

2(R-COONa) + H,;S0,~2(R-COOH) + Na,S0O, S

The regenerants used here are ammonium hydroxide and sulfuric acid respectively.
After the regeneration, the flow pattern can be reversed for the next cycle (i.e., through the
third unit first), the third unit now acting as the alkalinization unit and the first unit now act-
ing as the carbonation unit. A schematic flow sheet of the process is shown in figure 28.

Application to the Mt. Simon Aquifer

As in the case of the electrodialysis process, the cost of ion exchange desalting is also
very much dependent on the salinity of the feedwater. Both the chemical cost and capital cost
increase with increasing water salinity. Figure 29 presents the capital cost of the ion exchange
process as a function of water salinity (21). When the total salinity is increased from 2000
mg/l to 4000 mg/1, the capital cost is also doubled. Of course, the concentration of different
ions in the water also plays an important role in determining the capital cost. TDM alone
cannot very accurately determine the capital cost. Therefore, figure 29 gives only an
approximation of capital cost.

The chemical cost plays an important role in determining the water cost in the ion ex-
change process. Since ion exchange is essentially a process of chemical substitution, each
mole of certain constituents removed from water requires a mole of chemical regenerants in
the regeneration cycle. Therefore, the chemical cost varies approximately linearly with the
salinity of the feedwater. Appendix B gives a sample calculation of the chemical cost for 20
percent penetration, 1 mgd, and 30 years withdrawal. The chemical cost is approximately
$4.13/1000 gal at the end of 30 years. The chemical cost alone makes the ion exchange
process impractical for application to Mt. Simon aquifer water.

Application to Low Salinity Water

For very low salinity water, the chemical cost of the ion exchange process may be in
the range which makes the process competitive with other processes. Again, the groundwater
analysis in the Aurora area as presented in table 12 was used to determine the water cost by
the ion exchange process.

Figure 30 presents the unit water cost as a function of plant capacity. The costs are in
the range of 50 to 60¢/1000 gal. The calculations were based on data presented in References
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21 and 22. The costs of NH; and H,SO, were assumed to be $62.55/ton and $34.60/ton
respectively.

REVERSE OSMOSIS

Reverse osmosis (RO) is a relatively new process. At present (1972), the salt rejection
of the membranes is not high enough to desalt very high salinity water, such as seawater or
the Mt. Simon aquifer water, in a single stage. Therefore, a two-stage RO process has been
assumed for desalting the Mt. Simon aquifer water. However, research on membranes for
seawater desalting is in progress and it is expected that a single-stage RO process for desalt-
ing very high salinity water will be available in the future.

Process Description

Osmosis and reverse osmosis processes depend on a membrane that selectively con-
trols the components of a solution which can pass through it. In the case of saline water, the
water can pass through the membrane but the salt ions cannot. This property of the mem-
brane is known as semipermeability. When a semipermeable membrane is used to separate
fresh water from saltwater, there will be a tendency to equalize the salt concentrations by a
flow of water from the fresh water side into the saltwater. This flow of water is called osmosis.
If a pressure is gradually applied to the salt side, it will first impede the flow and finally the
flow stops at certain applied pressure which is called osmotic pressure. When the applied
pressure exceeds the osmotic pressure, the flow is reversed so that water flows from the salt-
water into the fresh water, thereby accomplishing desalting of the saltwater.

The rate of water production in the RO process depends on the applied pressure, the
osmotic presure, and the membrane characteristics. A simple mathematical expression for
the process is (23, 24):

Wy, = K(Ap- An) ®)

where K is the membrane constant which is a function of pressure; Ap is the applied pressure
across the membrane; and An is the net osmotic pressure. The value of osmotic pressure
depends on the concentration difference across the membrane — the higher the concentra-
tion of the feed water, the higher the osmotic pressure in the system. According to the above
equation, the applied pressure must be greater than the osmotic pressure in order to produce
low salinity water. Therefore, high pressure systems must be used for high salinity water.

A simplified model ofthe RO process is shown below to demonstrate the relationship
between feed, product, and brine:

Wi, Cf ——| REVERSE OSMOSIS MODULE  }——>W,.C,

!

W5 Cp
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In this model, W and C represent flow rate and concentration respectively. The subscripts f,
p, and b indicate feed, product, and brine respectively. The feedwater in the model is grad-
ually concentrated along the length of the flow passages since product water is extracted
along the length of the module. Therefore, the osmotic pressure is not constant in the system.
An average value of concentration is usually adopted for practical use and it is defined as:

Ce+ Gy
C= 3 ()
A set of equations based on the above equation has been developed as follows:
AC= % (Cg+ Cp) - ®
Cp="57 (Ce+ Cp) | | CY
An =0.0115AC _ (10)
| 1+R+ 1;2" R |
Cp=Cr i (11)
1+-—-2
5

where n) is the salt rejectioh ratio which is defined as the fraction of salt rejected by the mem-
brane and R is the ratio of the product flow rate to the brine flow rate (Wy/W,). The re-
covery ratio is defined as W,/W;= R/R +1.

Pretreatment

The feedwater for a reverse osmosis desalting plant requires some form of pretreat-
ment to prevent fouling of the membranes which would seriously decrease the quality and
quantity of the product water. The treatment costs could add a significant amount to product
water costs. Therefore, only the required minimum pretreatment should be performed.

The water analysis of the Mt. Simon aquifer indicates that deterioration of the reverse
osmosis membrane performance may be expected because of the presence of the following
substances:

1) Iron and manganese which form oxides that deposit on the membrane surfaces
2) Scale-forming constituents, primarily calcium sulfate and calcium carbonate

Iron and Manganese Control. The concentrations of iron and manganese in the water
are initially very high and they also increase with withdrawal time. Two different methods are
considered here to avoid the precipitation of iron and manganese oxides. One is to remove the
iron and manganese from the water; the other is to prevent the entry of oxygen into the system
to avoid the oxidation of iron and manganese. [Note: The method to treat manganese is
essentially the same as to treat iron; therefore, only iron is mentioned hereafter.]

1) Aeration, Sedimentation, and Filtration. Aeration is a process which consists of intimately
mixing water and air to accelerate the oxidation of the iron in the water with precipitation of the highly
insoluble ferric hydroxide. The chemical reaction is illustrated by the following equation:

4Fe(HCO,); + O, + 2H,0 —~ 4Fe(OH) ; + 8CO, ' (12)

Iron is frequently present in well water in the ferrous state which is more soluble than is the
ferric state. Therefore, complete iron removal requires oxidation of the ferrous iron to the ferric state.
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Since the precipitation is not instantaneous, a retention or sedimentation tank following the aerator is
necessary to provide time for the precipitation and settling of ferric hydroxide.

A low pH value of the water usually prevents the precipitation of ferric hydroxide even with an
adequate supply of oxygen. For effective iron removal by aeration, the pH should be at least approxi-
mately 7.5. The release of carbon dioxide during aeration tends to increase the pH of the water, but the
increase is not enough to accelerate the precipitation. The supplemental feed of an alkali is sometimes
required to complete the precipitation of ferric hydroxide after aeration.

It is convenient to follow the aeration by lime softening. As the pH of the water is increased by
the feeding of lime, oxidation of the iron is rapid. Precipitation and sedimentation can take place in the
same unit, followed by filtration. Lime treatment can accelerate the iron precipitation and partially
improve the quality of the water as well.

2) Iron Retention. The alternative to iron removal is iron retention. As mentioned before, iron
in well water is in the ferrous state which is soluble in water. If the entry of oxygen into the system is
avoided, the oxidation from the ferrous to the ferric state cannot take place. Because of the relatively
high solubility of the ferrous state, the iron is retained in the solution without precipitation. Figure 31
shows the solubility of Fe*?in water as a function of the pH value (25). Points in the area below or to the
left of the solubility line represent unsaturated solutions of Fe*?, whereas points in the area above or to
the right represent temporary conditions of supersaturation that will result in precipitation until the con-
centration is reduced to some point on the line. For example, at a pH value of 7.5, the solubility of Fe*?
can be 550 mg/l . Data for the Mt. Simon aquifer water show that its pH value is always less than 7.5 and
its iron concentration is in the range of 9.2 to 52 mg/l . The concentration of iron in the ferrous state is
well below the solubility limit in the water provided no oxidation occurs to change from the ferrous to
ferric state.

The operation of an RO system is under high pressure, so it is not possible for air to leak into
the system. If an airtight system, including the pipelines from the well field and to the brine disposal
well, is maintained in the plant, iron retention in the water can be successfully achieved without diffi-
culty. To ensure the retention of iron in the system, a small amount of polyphosphate may be added. A
complex is formed between iron and the added polyphosphates. This complex formation prevents or
delays any iron precipitation.

Comparing the above two methods, iron retention is preferable as iron control for the

RO process. The reasons for this choice are:

1) The investment in equipment for iron removal is avoided.

2) The disposal of large amounts of iron sludge is avoided.

3) The iron concentration increases with the withdrawal time. This would make the
design and process control difficult for an iron removal system.

4) The iron concentration and pH value of the water are in the range in which no
ferrous precipitation is possible.

5) The RO system is a high pressure system, so that there is no leakage of air into the
plant and consequently no iron precipitation.

Prevention of Scale Formation. The major scale-forming components in the water
are CaCOj; and CaSO, due to the high concentration of calcium. Two methods for controlling
the scale are considered here. One is to inject acid into the feed water for alkaline scale control
and then operate the plant at the recovery rate which will avoid CaSO, precipitation. The
other is to use a lime or lime-soda process to remove part of the calcium and magnesium.

1) Acid Injection. The acid injected into the water reacts with bicarbonate according to the
following equations:

H,S0, + 2HCO; =~ SO, 2+ 2C0, + 2H,0 (13

HC1 +:HCOy — Ci* + H,0 + CO, ' (14)
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Here either H,SO,4 or HCI can be used for the removal of HCO3™ from the water. However, the addition
of H,S0, will increase the SO, concentration which in turn will increase the possibility of CaSO, pre-
cipitation and decrease the recovery ratio in the RO process. For example, in the case of 20 percent
penetration and 1 mgd plant capacity, the recovery ratio is 40 percent compared with 54.5 percent
recovery ratio for HCI injection. The HCI removes bicarbonate without increasing the S0, concentra-
tion. Therefore, HCI is the preferable choice as the chemical for acid injection pretreatment. Tables 13
and 14 present comparisons of the raw water and pretreated water after acid injection.

TABLE 13
COMPARISON OF CANDIDATE RAW WATER
AND H,SO, INJECTION PRETREATED WATER

(At 20% penetration and 1 mgd)

0 Year 30 Years
Raw water Treated water Raw water Treated water
Mg* 43 43 314 314
Na* 400 400 4220 4220
Ca*? 180 180 1580 1580
CrI 1000 1000 9700 9700
50,7 130 384 320 531
Alkalinity (as CaCOs) 267 0 220 0
Fe' 9.2 9.2 33.0 33.0
Mn*2 0.4 0.4 2.3 2.3
TABLE 14
COMPARISON OF CANDIDATE RAW WATER
AND HCI INJECTION PRETREATED WATER
(At 20% penetration and 1 mgd)
0 Year' 30 Years
Raw water Treated water Raw water Treated water
Mg*? 43 43 314 314
Na* 400 400 4220 4220
Ca* 180 180 1580 1580
CrI 1000 1189 9700 9856
50,72 130 130 320 320
Alkalinity (as CaCO;) 267 0 220 0
Fe*? 9.2 9.2 33.0 33.0
Mn*2 0.4 0.4 2.3 2.3

After acid injection, the bicarbonate concentration in the water is essentially equal to zero.
Therefore, the CaCOj; scale is avoided. The precipitation of CaSO,4 then becomes the limiting factor on
the operation of an RO system. On the basis of the data of Marshall and Slusher (26), figure 32 was
plotted to show the solubility product of CaSO, (gypsum) as a function of ionic strength. The solid line is
the solubility product (Ksp) of Ca and SO, at saturation. The dotted line represents the maximum allow-
able bulk stream molarity product of Ca and SO, to avoid precipitation at the membrane due to concen-
tration polarization. The ratio between wall concentration and bulk concentration is taken as 1.43 for
CaSO, (27). The curve of Ksp' = 0.5 Ksp is derived from this value.

During concentration of the feedwater in an RO system, the ionic strength and molal calcium
sulfate product increase along a line with a slope of 1/2 as plotted in figure 32. The intercept of such a
line with the solubility product saturation curve then gives the ionic strength at saturation. The ratio of
the ionic strength at saturation to the initial ionic strength gives the concentration ratio which can be
achieved without CaSQ, scale formation. As an example, at 20 percent penetration, 1 mgd, and 0 year,
the total ionic strength after HCI pretreatment is 0.04 and the solubility product is 6.075 x 10°. This is
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the starting point in figure 32. During concentration, the ionic strength and the solubility product in-
crease along a line with a slope of 1/2 until intercepting the dotted line of Ksp'. The interception gives an
ionic strength of 0.33. The ratio of this ionic strength at maximum concentration to the original ionic
strength gives a concentration ratio (C,/C¢) of 8.2. From equation 11, the recovery ratio, R, is approxi-
mately 0.92 if the salt rejection ratio, n, is 0.9. Table 15 gives a sample calculation for 20 percent pene-
tration and 1 mgd plant capacity by the interception method.

TABLE 15

THE DETERMINATION OF CONCENTRATION RATIO BY THE INTERCEPTION

METHOD FOR HCI PRETREATMENT WATER
(20% penetration, 1 mgd)

Total
Tonic strength ionic strength Molarity  (€a)($O,)  Intercept  Molar concentration
mg/1 (x 103) {x 103) (x 103 {(x 108) Ix 103 ratio
43 32 1.8

400 8.7 : 17.4

180 9.0 40.3 4.5 6.075 330 8.19
1189 16.7 33.5 (88%)

130 2.7 1.55

314 25.8 12.9
4220 91.75 . 1835
1580 79 341.71 39.5 131.5 750 2.3
9856 138.5 277 (56%)

320 6.66 33

2) Lime or Lime-Soda Treatment. The cold lime process is a proven method for removal of
calcium and magnesium hardness as well as iron and manganese. One advantage of this treatment is
that it is possible to be selective and precipitate the calcium and/or magnesium to the desired level by
controlling the type and amount of chemical added. The basic chemical reactions are as follows:

Removal of calcium bicarbonate:

Ca(HCO,), + Ca(OH),~>2CaC0,+ 2H,0 (15)
Removal of magnesium bicarbonate:

Mg(HCOy), + 2Ca(OH),~>Mg(OH), + 2CaCO, + 2H,0 (16}
Removal of calcium noncarbonate hardness:

CaS0, + Na,CO,~Na, SO, + CaCO, ’ )
CaCl, + Na,CO;—~CaCO; + 2NaCl ' (18)
Removal of magnesium noncarbonate hardness:

MgSO, +Na,CO; + Ca(OH), = Mg(OH), + CaCQ, + Na,50, 19
MgCl, + Na,CO, + Ca(OH), = Mg(OH), + CaCO; + 2NaCl 20

The cost of soda ash is higher than that of lime and its dosage to remove magnesium non-
carbonate hardness is large; therefore, it is economical to remove only the absolutely necessary amount
of hardness.

The water analysis of the Mt. Simon aquifer shows relatively low concentration of alkalinity, so
most of the hardness is of the noncarbonate form. To remove a large amount of hardness, a costly lime
and soda treatment is necessary since lime is used to remove carbonate hardness and soda to remove
noncarbonate hardness.
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Table 16 presents a comparison of raw water and lime treated water at 20 percent penetration
and 1 mgd capacity. Table 17 is constructed on the basis of these data. In figure 32, operation lines for
the lime treated water are shown. At 0 year, the recovery ratio is 0.96 for lime treatment compared with
0.92 for HC1 treatment. The results for other cases are shown in Appendix C.

TABLE 16

COMPARISON OF CANDIDATE RAW WATER
AND LIME TREATMENT WATER

(20% penetration, 1 mgd)

" Raw water
(after coagulant correction)
OYear
Fe 9.2
Mn 0.4
Ca(as CaCo0s;) 180 x 2.5=450
Mg(as CaCO03) 43 x4,12=177
Na 400
Cl 1000
SO, (CaCo0s,) 130 x 1.04=135+9=144
Alkalinity (as CaCo0,) 267-9=258
30 Yeats

Fe 33
Mn 2.3
Ca (as CaCo0s3) 3950
Mg (as CaCOy) 1290
Na 4220
Cl 9700
SO, (as CaCo0y) 333 +9 =342
Alkalinity (as CaCOy) 220-9=211

TABLE 17

Treated water

0
0
450+35-258=227
177 x 0.9=160

400
1000

144

35

0
0
3950 +35 - 211 =3774
1160
4220
9700
342
35

THE DETERMINATION OF CONCENTRATION RATIO BY THE INTERCEPTION
METHOD FOR LIME PRETREATMENT WATER

0 Year
Ca
Mg
Na

<l
504
HCO,

30 Years
Ca
Mg
Na

cl
SO,
HCO,

Ionic strength

mg/I (x 109)
90.8 4.54
39 32

400 - 8.7

1000 14.1
137 2.86
42.7 0.35

1510 75.48
282 23.2

4220 . 91,75

9700 137.5
329 6.66
427 0.35

(20% penetration, 1 mgd)

Total
ionic strength Molarity (Ca)(504) Intercept Molar concentration
(x 10%) x10%)  x109 Ix103 ratio
2.27
1.6
17.4
33.75 .24 410 2.1
28.2 {96% recovery)
1.43
y 0.7
37.74
11.6
")183.5 : .
234.94 * 125.7 495 2.15
' 75 - (55% recovery)
3.33 C
0.7
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By comparison of the above two methods, it iIs suggested that HC1 pretreatment be
chosen as scale corol for the RO process. The reasons for this choilce are:

1) The Investment in equipment for lime tratment, which is much more expensive
than acid Injection equipment, is avoided.

2) The disposal of large amounts of lime sludge iIs avoided.

3) Water amalysis shows that the allalinity decreases and calcium concentration in-
creaeses wirth the withdrawing time, so that HC1 pretreatment would become less
aostly and lime pretreatment more aostly as time goes on.

4) The recovery ratics for both pretreatment methods are essmtally the same.

Application to the Mt. Simon Aquifer

Since the water guality changes with penetration, with plant capecity, and with time
in the Mt. Simon aquifer, the practicality of applying the RO process to these different waters
must be considered. Table 18 presents the recovery ratics (RR) at differant penetrations and
different plant cgeecities. The detailed graphical method to dotain the results is shown In
Appendix C.

TABLE 18
MAXTMUM RECOVERY RATIOS AT DIFFERENT PENETRATIONS
AND PLANT CAPACITIES FOR RO PROCESS
1 mgd 5 mgd 10 mgd

Penetration Years _RR Yeats _RR Years _RR
0 X 0 : .
20% N 2 9 o Notapplicable
. 0 .74
1% Not applicable 0 0.13 0 .10
0 0.60
0% 30 0.44 30 <D.10 0 <0.10

From table 18, it can be seen that the recovery ratics decrease rapidly as the Teednater
becomes more concentrated at deeper penetrations and higher plant cgeecities. Thus, the RO
process appears 1o be practicable only for 1 mgd plants since the loner recovery ratics at other
caecities make the process Inpractical for a 30-year plant.

Two-Stage RO Process

Because of the high concentration feedwater, a one-stage RO process cannot be
employed to produce potable water which meets the 500 mg/1 T DM standard. A two-stage
RO system must be used. A flow diagram for a two-stage RO plant is shown in figure 33. The
Teednater from the well field first undergoes a pretreatment prior o passing through the de-
salting section. The pretreatment, as suggested before, 1sHC1 injection. The feednater, We, ,
Trom the well Field is then pressurized and mixed with the recycle brine from the second RO
stage. The mixed feednater, WT, then enters the first RO stage. The brine, Wy, from the
first stage is sat through a filter to the brine disposal vell Field. The product water, We,
from the First RO stage is again pressurized and sent to the second RO stage as feedwater. In
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the second stage the concentrated brine is recycled to the first stage as feedwater. The product
water from the second stage is then conveyed to product storage or distribution. The calcula-
tion for the two-stage RO system is shown in Appendix D.

The salt rejection factor of the RO membranes is assumed here to be 0.9. Future
improvements in membranes may increase this value to the point that a one-stage RO system
can be used. At this time, a two-stage RO system is necessary for desalting the Mt. Simon
aquifer water.

Brine Disposal

The RO process evaluation gives the following ranges for operation over a 30-year

period:
1 mgd, 20 percent penetration
0 year 30 years

Concentration ratio 8.19 2.3
Brine to feed ratio 0.09 0.44
Brine TDM 21,200 mg/| 39,100 mg/I

1 mgd, 50 percent penetration
Concentration ratio 2.52 1.79
Brine to feed ratio 0.40 0.56
Brine TDM 39,000 mg/| 49,400 mg/I

The brine is injected into deep wells (discussed in detail in a later section). Several
important points are to be considered in designing this deep well injection method:

1) The system should be airtight to prevent any air in-leakage. Any oxygen leaking
into the system would oxidize iron from the ferrous to the ferric state and precipita-
tion would occur. This precipitation would tend to block the well, causing in-
creased pumping power or, more seriously, stopping the flow of brine into the well.

2) The brine flow rate at the 30-year condition should be used in the design and sizing
of the well and injection equipment.

3) A filter should be included ahead of the disposal well to remove any precipitates
which may have formed during the concentration of the brine.

Economic Evaluation

The cost centers for an RO plant are grouped into two major categories: capital cost
centers and operation and maintenance cost centers. Because of the developmental status of
the RO process, an accuracy of about £20 percent can be expected for plant capital costs
(28). The annual fixed cost is obtained by use of carrying charge multipliers on the capital
costs. Table 19 presents the cost summary for an RO plant with 1 mgd capacity. These costs
apply for 20 percent and 50 percent penetrations in the Mt. Simon aquifer. The brine dispos-
al cost is not included. This cost is considered in a later section.

Capital Cost Centers. The capital costs include the costs for equipment, construc-
tion, land, insurance, working capital, and taxes. The capital costs are estimated by use of
References 29, 30, and 31. The cost of installation is estimated at 35 percent of the equipment
cost.
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TABLE 19
COST SUMMARY FOR REVERSE OSMOSIS DESALTING PLANT

Inaest rate: 5 % % Water pladt 1 mgd
Plat i D yers Gyecity fado: 09
Besis: . 1972 dias; Process: RO
Cpital Cnryig Anual
ast dae costWate rast
@) mitiplier  (irtH) é/100el %
Goital ast atas
1. Total Plant Cost 1,010,000 0.076 70,500 2.7 2.8
2. Working Cpital 31,00 0.088 2,100 0.64 08
Toal Cpital Cost 1,041,000 72,600 3.4 0.6
Qreration and mainterence ast ates
3. Labor Cost (Ircl. G&A and payroll extras) 24,80 75 9.8
4. Membrane replacement 33,000 10.0 131
5. Qyplies and maintenance 10,100 31 4.0
6. Chemical ast 33,300 101 131
7. Poner ax¢¢ @ 127 /kh) 73,20 22 2.0
Total goeration and maintenance ast 174,420 2.9 .4
Tomal fixed plls O0&M aosts 247,00 76.2 100.0

Operation and Maintenance Cost Centers.

1) Operationand maintenance labor cost. This cost depends on the crewwage rate
and crew size. An average rate of $4.00 per hour is used, and two crew members
are assumed for operation of a 1 mgd plant.

2) General and administrative overhead. This cost is estimated as 30 percent of the
operation and maintenance labor cost (18).

3) Payroll extras. This cost is estimated at 15 percent of the sum of the operation and
maintenance labor cost and the G & A cost.

4) Suppliesandmaintenance materials. This cost includes all expendable materials
other than fuel, chemicals, and membranes. It is estimated as 1 percent of capital
cost.

5) Membrane assembly replacement. A cost of 10¢ /1000 gal of product water is
assumed for membrane assembly replacement (18).

6) Chemical cost. This ismainly the HC1 cost for acid pretreatment.

7) Power cost. This includes cell pumping power and power for the transport of
product water and for plant auxiliary equipment.

The cost estimation in table 19 is based on water quality at the end of 30 years. Itcan
be applied to both 20 percent and 50 percent penetrations since the water qualities are similar
at the end of 30 years. The unit cost of HC1 is estimated as 1.'%¥ /1b (32) (20° Be", correspond-
ing to 31.45 percent of HC1) . The unit power cost is estimated on the basis of the Aurora local
power rate for a demand of 666 kw and a consumption of 16,000 kwh/day (33). The table
shows awater cost of 76.:¢ /1000 gal . A reduction from this unit cost may be attainable in the
future by the use of singlerstage seawater membranes which are being developed by several
manufacturers.
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VAPOR COMPRESSION-VERTICAL TUBE EVAPORATION-
MULTISTAGE FLASH DISTILLATION

The vapor compression distillation process converts mechaniical energy to heat energy
by the campression of vapor produced by boiling feednater. The high pressure and high
temperature steam then passes through the tubes in the evaporator—condenser, giving up its
heat to the saltwater and, thereby, condensing into fresh water. The process is a well-
established desalting method that has been used extarsively for small capecity marine gopli-
cations. Figure 34 shows the principle of the vapor campression process. The vapor com-
pressor takes water vapor from the evaporator-condenser and compresses It. The campression
of the vapor increases the pressure and temperature. The vapor is then retumed to the
evaporator-condenser to sene as the heating medium for the incoming feednater. After
giving up enough heat to boil more feedwater, the vapor is condensed into fresh water. The
Teednater is preheated in the heat exchanger by the brine discharge and product water
streans.

The vapor compression process is particularly goplicable to requirements for com-
pact, low capecity desalting plants. Because of its relatively small cooling water requirement,
which is an advantage at inland sites, the vapor compression process can be advaritageously
combined with ather thermal processes, such as multistage flash (MSF) and \ertical tube
evgporator (VTE) .

The chemical anallysis of the Mt . Simon aguifer shows that the water has high salinity
and high hardness initially and that the water quality will deteriorate as time goes on. The
high salinity watter makes the distillation processes gpplicable, but the high content of scalle-
forming constituents makes the scale problem serious. A detailled investigation with respect to
scalle control is necessary for the goplication of a distillation process to desalt this water .

Process Description

A schematic flov diagram of a VC-VTE-MSF distillation process is shown in figure
35. Feedwater is pumped into an MS F unit after undergoing pretreatment. In the MSF unit,
the feednater is preheated by condensing vapor flashed in the unit, and then it enters a heat-
exchanger 1o raise its temperature to a few degrees below the operating temperature of the
vertical tube evaporator. The preheated water is now introduced into the VTE unit where 1t is
evaporated by exchanging heat with the compressed vapor. The newly formed vapor from the
VTE wit is st to the vapor compressor for recycling and the brine floas to the MS F unit for
further flashing and firal discharge.

The prime mover used to drive the vapor compressor may be an electric motor, a
steam turbine, or a gas turbine. Communications with local power and gas companies indi-
cated that no large amounts of gas and steam are available In the area (33); therefore, an elec-
tric motor drive must be selected as the prime mover for this goplication.

Pretreatment

The formation of scalle and sludge deposits on heat trasfer surfaces is a serious prob-
lem encountered in distllation plants. Pretreatment for removing dojectioneble substances
Trom the feednater is necessary. The scale-forming constituents are the same in a disallation
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plant as in an RO plant, but the problem is much more serious in distillation processes be-
cause of the effect of temperature on scale-forming salts. The solubilities of the scale-forming
salts usually decrease with increase in temperature. Consequently, the higher the temperature
of operation is, the more insoluble are the scale-forming salts. Therefore, the effect of temp-
erature on the different constituents in the water must be taken into consideration in the
selection of a pretreatment method. As mentioned before, only the required minimum treat-
ment would be used to avoid a high pretreatment cost.

As discussed for the RO process, three different precipitates should be dealt with in
the water pretreatment: 1) Iron and manganese compounds, 2) CaCOs, and 3) CaSOs,.

Iron and Manganese Control. The discussion with respect to iron and manganese
treatment in the RO system indicates that the economical way to avoid iron precipitation is
iron retention, but application of this method to distillation processes requires consideration
of two points. The first is the effect of temperature on iron precipitation, and the second is the
fact that oxygen can leak into the system because the system is operated at pressures lower
than atmospheric pressure.

The solubility line of Fe*? at a temperature of 77 F was previously shown in figure 31.
The solubility of iron in the ferrous state increases as the temperature increases. The reason is
that the pH value of the water decreases as the temperature increases. For example, the pH
value of pure water decreases from 7 to 6 as the temperature increases from 25 C to 120 C
(34). Figure 31 indicates that the solubility of Fe*? in water increases with decreasing pH
value; therefore, Fe*? becomes more soluble in water as the temperature increases.

Unlike the RO process, which is operated at high pressure, distillation processes are
operated at pressures below atmospheric pressure. Oxygen can enter the system by air infil-
tration. Therefore, chemical deaeration is necessary, in addition to mechanical deaeration,
for the removal of the last traces of dissolved oxygen in order to prevent the precipitation of
iron compounds.

Sodium sulfite is the chemical agent favored for chemical deaeration because of its
low cost, ease in handling, and its lack of scale formation. The chemical reaction of sodium
sulfite with oxygen is illustrated by the following reaction:

2Na,80; + O,—2Na,50, (21)

The removal of 1 mg/l dissolved oxygen theoretically requires 7.88 mg/l of chemically
pure sodium sulfite (35). For a reasonably tight system an oxygen infiltration of about 0.5
mg/l may be expected. A sodium sulfite dosage of 5 mg/l would be adequate for the removal
of dissolved oxygen.

The introduction of sulfite ion (SO3?) has the tendency to produce sulfur dioxide,
which is a very corrosive gas, by the following chemical reactions:

SO, 2+ H' — HSO, _ 22)
HSO," + H* = SO, + H,0 (23)
As shown in Appendix E, only 0.168 mg/l of SO, forms at the conditions of pH 5 and
25 C. This is negligibly small. If the pH value increases above 5, the formation of SO, de-

creases. Thus, the retention of iron in the water by avoiding the oxidation of the ferrous into
the ferric state may be achieved by mechanical deaeration and by the addition of Na,SOj; for
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the removal of infiltration or residual oxygen in the water.

Prevention of Scale Formation. As mentioned before, the major scale-forming con-
stituents in the water are CaCO; and CaSO,. The same method proposed for the RO system
can be used here — use of HC1 treatment for the prevention of CaCOj; precipitation and oper-
ation of the plant at a concentration ratio below that at which CaSO, precipitates. However,
the temperature effect on CaSQO, scaling must also be taken into consideration.

There are three different crystalline forms of calcium sulfate: dihydrate or gypsum
(CaSO, * 2H,0), hemihydrate (CaSO,4 * 1/2H,0), and anhydrite (CaSO,). The solubilities of
these three different CaSO, forms depend on temperature and also on the other ionic constit-
uents present in the water. Their solubility curves in pure water are shown in figure 36. The
higher the temperature is, the less soluble the CaSO, is. The presence of other ionic constitu-
ents increases the solubility of CaSO,. For example, it is considerably more soluble in sea-
water than in pure water. Because its solubility is so dependent upon the other ions present in
the water, the maximum temperature to which plant feedwater can be heated without exceed-
ing the solubility limit depends upon the chemical composition. Since the constituents and
their concentrations in Mt. Simon aquifer water change with time, percent penetration, and
plant capacity, each water analysis must be treated as an individual case in considering scale
formation.

Figures 37 and 38 present the solubility curves as functions of temperature at differ-
ent penetrations and plant capacities. The equation developed by Marshall (36) is used for
the calculation of solubility product in waters of different ionic strength. Appendix F gives
detailed calculations applied to the Mt. Simon aquifer water. Figure 37 presents the solubility
curves of CaSO, for 20 percent penetration and 1 mgd plant capacity. The solid lines are the
solubility lines of anhydrite and gypsum. The anhydrite solubility is the limiting factor for
attainable temperature. For example, at O year, the limiting temperature for HC1 treated
water is 300 F as shown by the intersection point of the 0 year horizontal line and the O year
anhydrite solubility line. At 5 years, the limiting temperature decreases to 280 F. At the end
of 30 years, the limiting temperature is only 244 F. The dotted line parallel to the anhydrite
solubility lines represents the allowable supersaturation line which is about 2.25 Ksp. The
supersaturation line is the actual operation temperature which can be reached without pre-
cipitation. The reason for the supersaturation is that the anhydrite nucleation is very slow so
that it takes a significant exposure time for precipitation to occur. Thus, without anhydrite
seed crystals present, it is possible to operate above the anhydrite solubility limit for short
periods of time (38).

The solid lines at the top of figure 37 represent gypsum solubility lines at 0, 5, and 30
years. The gypsum solubility is nearly constant over the temperature range of 50 to 150 F.
These lines establish the limits of concentration ratios attainable in the water. For example,
at 0 year the highest concentration ratio is approximately equal to 1.6x10*/6x10° = 26.6,
but at 30 years it is equal to 7.4x10%/1.3x10™ = 5.7. There are no hemihydrate solubility
lines shown in figures 37 and 38. Since hemihydrate is more soluble than anhydrite and
gypsum, it poses no limiting factor with respect to scale formation.

In summary, the anhydrite solubility determines the maximum temperature for a dis-
tillation process and the gypsum solubility determines the maximum concentration ratio.
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Removal of Dissolved Gases. Dissolved gases must be removed from the feednater
before it enters the evaporation section of the plant. 1T present, dissolhved gases cause lonver
heat trarsfer effectiveness and cause corrosion problems.

The removal of dissolved gases from feedwater is usually accomplished by stripping
the water with Iine steam. The process is based on the fact that 1T the vapor pressure of any
dissohved component in the liguid phase is higher than its partial pressure in the vapor con-
tacting this liguid, the dissolved gas willl tend to vaporize until the two partial pressures are
equal . The process involves contacting the feednatter with steam under vacuum. The amount
of steam must be limited so that the partial pressure of the gases mixed with the steanm is be-
low the partial pressure of the dissolvad gases in the feednater .

In summary, the pretreatment of the feednater for the VC-VTE-MSF process would
aosist of the folloving:

1) Use of HCI injection to remove allkalinity for the prevention of CaCO; scale.

2) Retention of iron and manganese in solution by cottrolling the pH value and
avoiding oxygen in-leakage. A small dosage of Na,SO; injected into the feednater
neutralizes residual oxygen.

3) Use of a vacuum deaerator to remove dissolhved gases.

Application to the Mt. Simon Aquifer

As shown in figures 37 and 38, the max i mum gperating temperature and the recovery
ratio decrease as the penetration and plant capecity increase. In the case of 50 percent pene-
tration and 5 mgd withdrawal rate, the gperating temperature is 234 F as dotained from
aurves similar to those in figures 37 and 38. In distallation processes, high thermal efficiecy
can be dbtained by operating at high temperature. Therefore, 250 F is chosen as the loner
limiting gperation temperature for the distillation process. Since the limiting temperature for
50 percent pernetration and 5 mgd capecity is only 234 F, the use of a distilllation process is
inpractical for these conditions. This is also the case for 10 mgd plants.

Tablle 20 summarizes gperating temperatures and recovery ratics for different pene-
trations and plant capecities. The detailed method of calaulating CaSo, solubillity as shown
in figures 37 and 38 is presated in Appendix F.

At 31 percent penetration and 5 mgd withdrawal the operating temperature is 250 F
at 30 years, so it is possible to gpply a distillation process for these conditions. For a1 mgd
plant, a distillation process is fessible at 20 percent and 50 percent penetrations, although the
recovery ratiics decrease as the penetration increases.

Brine Disposal
The distillation process evaluation gives the folloving data:
5mgd, 20 percent penetration

0 year 30years
Concentration ratio 3. 1.57
Brine to feed ratio 0.25 0.9
Brine TDM 19,200 mg/ 1 52,400 mg/1
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5mgd, 31 percent penetration

Oyear 30years
Concentration ratio 3.23 1.5
Brine to fead ratio 0.31 0.64
Brine TDM 29,000 mg/1 55,200 mg/1

Brine digposal methods are discussed in a later section.

TABLE 20
OPERATION TEMPERATURES AND RECOVERY RATIOS AT DIFFERENT
PENETRATIONS AND PLANT CAPACITIES FOR DISTILLATION PROCESS

" '1{'mgd “Smed Tomgd
Penetration Years T, RR Years T, RR Years T
T>250F T>250F '
0 , 0
_ RR =0.80 RR =0.75
20% : ) - Not
T =29F T =2%F appficable
30 .30
RR=0.60 RR = 0.;'7,5_
| T>250F
0 - .
= 0.68
31% Not RR=
applicable
T =250F T<250F
30 , 30
IRR =0.34
0 s T>25F T>230F
{ RR = 0.60 RR = 0.53
50%
T =260F T<20F T<250F
30 30 30 _
. RR = (.44 RR =025 -
T - Maximum qoarating tenperature
RR = Reoary ratio

Economic Bvaluation

The economiic evaluation of the distillation plant folloas that previausly discussed for
the RO plant. The capital cost is estimated on the besis of References 39 and 40. A unit ellec-
tric power aost of 1¢) Z/kwh, based on a demand of 10,000 kw and a consumption of 240,000
kwh/day (33), is used in the computation of the annual power cost.

Tablle 21 gives a cost summary for the VC-VTE-MSF plarit with 5 mgd capacity. The
estimated unit water cost is 100¢5 /1000 gal, based on the water quality at the end of 30 years
and either 20 or 31 percent penetration. The aost of brine disposal is not included.
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TABLE 21

COST SUMMARY FOR VAPOR COMPRESSION-VERTICAL TUBE
EVAPORATION-MULTISTAGE FLASH DESALTING PLANT

Interest rate: 5 ¥% % Water plant: 5 mgd
Plant life: 30 years Capacity factor: 0.9
Basis: 1972 dollars  Process: VC-VTE-MSF
Capital Carrying Annual Water cost
cost charge cost
in$ multiplier (in $) £/1000 gal %_
Capital cost centers
1. Capital Cost 7,250,000 0.0705 511,000 31.0 30.7
2. Working capital 151,000 0.068 10,280 0.6 0.6
Total capital cost 7,401,000 521,280 31.6 313
Operation and maintenance cost centers
3. Labor cost (Incl. G&A and payroll extras) 74,590 4.5 4.5
4. Supplies and maintenance 36,200 2.2 2.2
5. Chemical cost 165,000 10.0 10.0
6. Power cost (@ 1.0¢/kwh) 863,000 52.2 52.0
Total operation and maintenance cost 1,138,790 68.9 68.7
Total fixed plus O&M costs 1,660,070 100.5 100.0

FREEZING PROCESSES

The conversion of saline water to fresh water by freezing is based on the fact that ice
crystals, which form when saltwater is cooled below the freezing point, are essentially salt-
free. Thus, freezing processes are analogous to distillation in that both ice crystals and vapor
are salt-free. Because of the low temperatures at which freezing processes operate, they have
the advantage, relative to distillation processes, of minimal scale and corrosion problems.

Freezing processes are based on several well-known physical phenomena:

1) When saltwater is partially frozen, the ice crystals are essentially salt-free.

2) The specific gravity of ice is less than that of brine at the same temperature, which
provides a basis for the washing of residual brine from the ice crystals.

3) The freezing point of saltwater is not affected by small pressure changes.

4) Ice crystals can be formed by evaporative freezing at or below the triple point, or by
contacting the saltwater with an evaporating immiscible refrigerant.

The commercial use of freezing processes has been limited to a few small plants oper-
ated for relatively short periods of time. New processes currently under development look very
promising, and it is expected that these processes will be competitive with other desalting
processes, especially for feed water of high salinity.

The analysis of Mt. Simon aquifer water shows that the total TDM values at the end
of 30 years will be equal to or higher than that of seawater, in the range of 34,000 to 38,000
mg/l . Also, some of the ions contributing to scale formation have higher concentrations than
in seawater. For these conditions, freezing processes may prove to be more suitable than other
processes.
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Process Description
Two basic freezing methods may be distinguished:

1) Indirect freezing in which the heat of crystallization is removed from the saltwater
through a solid barrier.

2) Direct freezing in which the heat of crystallization is removed by partial evapora-
tion of the water at or below the triple point, or by the evaporation of an immiscible
refrigerant in contact with the saltwater.

Only direct freezing processes will be considered here. Although processes using im-
miscible refrigerants, called secondary refrigerant processes, are currently under develop-
ment, only vacuum freezing processes have thus far been in commercial service, so the discus-
sion will be limited to these. One such process is the Vacuum Freezing Vapor-Compression
(VFVC) (41,42). In this process, ice crystals are formed in a freezing chamber, or crystallizer,
by reducing the vapor pressure below the triple point. The ice-brine slurry is then pumped
into a counterwasher where the buoyant ice crystals rise and are washed by a stream of wash-
water flowing downward. The washed ice crystals are then sent to a melter where compressed
water vapor is used to melt the ice into product water.

A flexible blade compressor compresses the vapor from the freezer to the melter. The
vapor mass flow from the freezer is small relative to the ice mass flow. However, the low dens-
ity of the vapor near the triple point results in a very large volumetric flow. A very large com-
pressor must therefore be used to compress the water vapor from 3.4 mm Hg absolute to 4.9
mm Hg absolute. For desalting plants of 5 mgd capacity and up, there does not appear to be
any practical way to scale up the compressors to the necessary size (43).

Hence, the search for an alternative to solve this problem has resulted in a new freez-
ing process which uses a low pressure steam ejector rather than a compressor. The ejector has
the advantage of no moving parts and is capable of being designed for large size plants. The
process is called Vacuum Freezing-Ejector Absorption (VFEA) (43).

A schematic diagram for a VFEA process is shown in figure 39. The feedwater is
pumped from an intake through a deaerator which removes any air or dissolved gases which,
if allowed to remain in the system, reduce the heat transfer efficiency and may cause corro-
sion in the vessels.

The deaerated water is then pumped to a heat exchanger where the feedwater is
cooled by outgoing product water and brine which are close to the freezing point temperature.
From the heat exchanger, the cold feedwater flows into the freezer where a pressure of about
3.4 mm Hg absolute is maintained. When the entering feedwater is subjected to this reduced
pressure, a portion of it is evaporated. The heat of evaporation required for formation of the
vapor is given up by the feedwater and the consequent reduction of enthalpy causes ice
crystals to form.

Theoretically, about seven and one-half pounds of ice are produced for each pound of
vapor formed. The ice crystals and concentrated brine are continuously removed from the
freezer and injected into the bottom of the counterwasher where the separation of ice and
brine takes place. A density difference between ice and brine causes the ice to rise and form
an ice bed. Concurrently, the top of the ice bed is washed with pure water to remove the re-
maining brine film from the ice. The brine-free ice at the top is continuously harvested by
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means of a mechanical scraper and is then admitted to the melter. The melter is maintained
at conditions slightly above the triple point of pure water to allow a transfer of heat between
ice and the water vapor compressed by the ejector.

The vapor formed in the freezer is divided into two streams, one of which flows to the
ejector and the other to the absorber. In the ejector, the water vapor from the freezer, called
secondary steam, is entrained and compressed by the primary steam flow which is produced
in the concentrator. From the ejector, the combined mixture of primary and secondary steam
is passed to the melter where direct contact condensing of this vapor takes place by impinge-
ment onto the ice to produce product water. This cold product water is then passed through
the heat exchanger, the absorber, and the direct contact condenser as a coolant, and finally is
discharged from the process.

The absorber and concentrator use a solution of sodium hydroxide to absorb water
vapor from the freezer and to produce primary steam to the steam ejector nozzle. In the
absorber, the solution of sodium hydroxide is sprayed over cooling coils and absorbs water
vapor introduced from the freezer. Outgoing brine and product water flow through the cool-
ing coils to remove the heat of absorption from the absorbent. The diluted sodium hydroxide
solution is pumped through an absorbent heat exchanger where it is heated by the concen-
trated sodium hydroxide solution and admitted into the concentrator. In the concentrator,
steam is introduced to heat the diluted sodium hydroxide, and water vapor is produced and
directed to the ejector as primary steam. Concentrated sodium hydroxide is then recycled
back to the absorber.

The amount of vapor generated in the concentrator exceeds the ejector primary steam
requirement because of mechanical and thermal process inefficiencies. The excess vapor
must be removed to maintain the process in thermal equilibrium. The vapor is condensed by
outflowing product water in a direct contact condenser where the vapor is recovered as addi-
tional product water. In addition, waste heat is removed in the brine stream and by the use of
a cooling water stream. The ultimate heat rejection may be by either discharge to a body of
water or to a cooling tower. For the Mt. Simon aquifer application, a water cooling tower
would be necessary for the heat rejection.

A freezing process using a secondary refrigerant instead of water vapor is also cur-
rently under development (44). A nontoxic, nonflammable refrigerant is used in this process,
which appears to be competitive in cost with the vacuum freezing process described above.
Scale Control

One of the advantages of the freezing processes is the elimination or reduction of scale
formation. As the temperature becomes lower, the solubility of scale-forming constituents in
the water becomes higher and the nucleation time becomes longer (supersaturation can be
sustained). The need for pretreatment for most brackish waters and seawater can generally be
avoided in the freezing processes. However, analysis of the Mt. Simon aquifer water shows a
much higher Ca* concentration than exists in seawater. Scale may be formed in the brine as
it is concentrated in the process and as the temperature is raised to about 80 F. Two major
scale formations are analyzed in the following paragraphs.

CaS0O, Scale. Since the freezing process is operated in the temperature range between
25 F and 80 F, calcium sulfate scale may be expected to take the form of gypsum (CaSO,
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2H,0) because it has the lowest solubility of the three crystalline forms of calcium sulfate in
this temperature range. The saturated solubility product of (Ca)(SQ,) as presented earlier in
figure 32 gives the limitation to which the CaSO, can be concentrated. In the freezing process
the concentration polarization effect can be neglected. However, the dotted line for Ksp'
should be used as a safety factor in freezing processes. The corresponding concentration
ratios for application of a freezing process to different feedwaters are presented in table 22.
These are the maximum values which can be safely used in the process.

TABLE 22

MAXIMUM CONCENTRATION RATIOS OF FREEZING PROCESSES
TO AVOID PRECIPITATION OF CaSO,

1 mgd 5 mgd 10 mgd
0 Year 30 Years 0 Year 30 Years 0 Year 30 Years
20% 10.6 2.30 3.92 157
31% 3.23 1.56 2.82 1.39
50% 2.52 1.78 2.16 1.35 1.97 1.32

CaCO; Scale. The formation of CaCOs scale depends on Ca™ concentration, alkalin-
ity, pH value, temperature, and total TDM. Figure 40 presents the stability diagram of
CaCO; in seawater. This diagram was developed from Reference 45. From this diagram, a
saturation pH value, pHs, can be found and compared with the actual pH value of the water.
The saturation index can then be calculated to determine whether the scale will tend to form.
The following example gives a method for finding the saturation index:

For the case of 31 percent penetration, 10 mgd, and 30 years, the concentration ratio is 1.39 as shown in
table 22. The calcium and alkalinity concentrations in the brine are

Ca™ = 16,000 mg/l as CaCOs
Alk = 239 mg/l as CaCO;
pH =6.5
The saturation pH value is found from figure 40 to be 6.53. Then
Saturation Index = 6.5 - 6.53 = -0.03

The negative saturation index implies that no scale-forming tendency exists, but for the purpose of
safety, a partial acid treatment may be employed.

Application to the Mt. Simon Aquifer

Technically, the freezing process can be applied to the Mt. Simon aquifer in the
whole range of 1 to 10 mgd capacities and 20 percent to 50 percent penetrations, but the con-
centration ratio (and recovery ratio) decreases as the plant capacity and penetration increase.
The concentration ratios were presented earlier in table 22.

Economic Evaluation

The economic analysis procedure follows that used for the RO process. The cost esti-
mation is based on Reference 43. Table 23 gives the cost estimation for a freezing plant of 1
mgd capacity. Since the freezing process is still under development, it is difficult to estimate
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Figure 40. Calcium carbonate stability diagram in seawater
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TABLE 23
COST SUMMARY FOR FREEZING PROCESS DESALTING PLANT

haet e 5 % % Water planc 1 mgd
Pat e 3 yas Gedty fda: 09
Bsiss 192 dlbs Roes: VWEA

Carlaicaryrgﬁrrual \\ater ast

date
(r_ﬁs mutilier (rﬁ» /10D A %
Cpital axt artas
1. Gpital ast 830,000 0.07 60,100 182 22
2. Working @otal 41,00 0038 2,30 038 10
Total pital ast 01,000 2,90 19.0 232
Qeeration ad nainterene ast aas
3. Labor ast (rd. G&A ad mydll edras) 60,60 184 25
4. Syplies ad mainternence 4,100 12 15
5. Chemical ast 500 02 02

6. Poer a¢ @ 13 /kh) 48,80 1438 180
7. Seam as¢ @ 03 /10Btw) 9132(1) 283 345
Total gqeration ad mairtenance ast
aost for plentsqmper iyl magls For e 1 pad plaﬁg,laje estlr@tgd m@\@ter aost Is
81.%¢ /1000 gal, basedonﬁewaterqahtyatﬁeerﬂofBOyearsandZOorSOperoentpene—
tration. The aost of brine digposal is not included. A unit electric power oost of 1¢34 /kwh is
used, based on a demand of 420 kw and a consumption of 10,100 kwh/day . A steam cost of

50¢/10° Btu is assumed.

CONCLUSIONS

Five different desalting processes have been investigated for desalting the Mt. Simon

aguifer water. The results can be summarized as folloas:

1) The i1on exchange process is rejected because the high salinity water reguires a\ery
high chemical cost

2) The electradialysis process is rejected because of the prohibrtively high oost for
electric power .

3) The raverse osmosis process can be goplied only to 1 mgd plants at 20 percent
peretration. The CaS0, scale formation prevents the goplication of the RO process
in other cases.

4) The distillation process can be goplied to both the 1 and 5 mgd cases. In the cases
of 5 mgd at 50 percent penetration and 10 mgd at all penetrations, the CaS0, scale
formation limits the max i mumworking temperature to values below 250 F, which
is st in this study as the minimum value for the working temperature. Therefore,
the distillation process is rejected in the case of 5 mgd at 50 peroent penetration
and in all 10 mgd cases.

5) The freezing process is goplicable to all cases, but the concentration ratio decreases
o low values for large capecity plants, thereby aggravating the brine disposal
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problem.

Table 24 presents the feasible desalting processes applicable to the Mt. Simon
aquifer. Table 25 gives the waste brine characteristics for the different cases.

TABLE 24
FEASIBLE DESALTING PROCESSES FOR MT. SIMON AQUIFER
) Plant capacity
Penetration 1 mgd Smpd 10 mgd
RO Distillation .
20% Distillation Freezing Not applicable
Freezing
1% Not applicable ?’“‘_'?a‘g“’“ . Freeding
Distillation Freezin, Freezi
0% -Freezing & e

As shown in table 25, for plants of large capacity, the allonable concentration ratios
at the end of 30 years are so small that brine flow rates reach approximately three-fourths of
the feed water flow rate.

The difficulaes in desalting the Mt . Simon aguifer water are:

1) The feednater salinity will change greatly during the 30-year gperation and thus

the water flow rate and concentration ratio will vary acoordingly. The desiign and
operation of a desalting plant with such large variatians will pose some challenging
problems.
2) The high content of Ca*? and S0,~? increases the scale-forming tendency and thus
puts limitations on the recovery ratio.
3) The high Fe*™? and Mn*? concertrattions require special procedures to prevent the
formation of precipitates.
In spite of all diffiauldies, a bench scale or pilot plant study for desalting the Mt.
Simon aguifer water is considered desirable. Since It Is an enormous water resource, and a
water shortage is predicted in the near future in the rapid population growth area of north-
eastem Ilirois, continued early planning for augmentation of the water supply is necessary.
Since the watter daracteristics differ so greatly from those of ordinary groundwater and sea-
water, a pilot plant is considered to be a necessary first step. As a starting point, it Is sug-
gested that a small scalle RO or freezing pillot plant be constructed and the data dotained from
the pilot plant be used as a guideline for the construction of future plants.

89



TABLE 25
WASTE BRINE CHARACTERISTICS

" Plant capacity

Penetration 1 mgd Smgd 10 mgd
20% Process: RO Pracess:  Distillation ‘Not Applicable
CR =8.19t0 2.3 CR = 3.92101.57 _

Wy, /Wi.= 0.094 10 0.435 Wy /W= 025t 0.64
TDM =21,200t039,100 TDM = 19,200 to 52,400

pH =6.0=0.5 pH =6.0 0.5
3% Not applicable Process:  Distillation Process:  Freezing
CR  =323t01.5 CR  =282t01.39
Wi/ We = 0.31t0 0.64 Wy, /We =0.35100.72
TDM = 29,000t055,200 TDM = 31,000¢t0 53,100
pH =6.0t0.5 pH = 6.0+0.5
0% Process: RO Process:  Freezing - Process:  Freezing
CR  =252tel.79 CR  =216t01.35 CR =1.97t01.32
W,/ W = 0.4t00.56 . W /Wp =0.46t00.74 Wy /Ws=0.51t00.76
TDOM  =39,0001049,400 TOM =43,2001051,300 (DM = 44,3000 51,900
pH = 6.0+0.5 pH =6.0%0.5 pH =6.0£0.5

NOTES: Where a range is given, the first value is for 0 year, and the second value is for 30 years.

W,/W;¢ = Brine flow rate/feed flow rate
CR = Concentration ratio (concentration of brine/concentration of feed)
TDM = Total dissolved minerals in brine
The feedwater rate (W) changes with time when product rate (W) is kept the same. The relation is as
follows: Wp _
We=
f W,
Q Wf)
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BRINE DISPOSAL

DISPOSAL METHODS

As environmental regulations become more and more stringent, brine disposal from
inland desalting plants may be considered as a critical factor in determining the economic
feasibility of desalting. For many years, waste disposal has been a problem in industry, and
various disposal methods have been developed and used. Some of these methods can be
applied to the disposal of brine from desalting plants. In this study, three different methods
of brine disposal were considered: deep well injection, evaporative ponds, and crystallizer and.
evaporator. As discussed below, deep well injection was considered to be the most suitable
method.

Deep Well Injection

The petroleum industry has used deep well injection as a method of oil field brine dis-
posal for over 60 years (46). In determining the feasibility of deep well injection, the following
factors are to be considered: state regulations, the geological structure, brine mineral con-
tent, and the cost of the injection system.

State Regulations At the present time, there does not appear to be any state regula-
tion which prohibits the use of deep well injection in the state of Illinois. Several injection
wells have been used for industrial waste disposal in the state. Therefore, it is assumed that
there is no legal problem in using deep well injection as a brine disposal method in the state of
Ilinois provided that it poses no danger of polluting the natural water resources.

Geological Structure. Most deep well injection waste disposal systems use sandstone
or limestone formations. These formations have sufficient porosity and permeability to act as
storage reservoirs. The formation used should be deep enough to prevent communication of
fluids between the injection zone and aquifers containing usable groundwater, and it should
have sufficient capacity to receive and contain the brine from the desalting plant over the life
of the plant. A thorough geological and hydrological investigation would be necessary to
select a suitable site for deep well injection.

Water Mineral Content. The water analysis data for the Mt. Simon aquifer show high
iron and calcium contents. Precautions should be taken to protect the deep well disposal for-
mation against damage by fracturing or plugging. The injection system should be airtight to
avoid the oxidation of iron in the brine. Since the desalting plant would be operated in a con-
centration range where no scale formation is possible, theoretically the brine would be scale
free. However, a sudden change of concentration or nonuniform mixing may cause some scale
formation in the brine. Careful monitoring of the system would be necessary so that corrective
chemical treatment could be applied when warranted.

Evaporative Pond

Evaporative ponds may offer an effective method of brine disposal if the net evapora-
tion rate (gross annual evaporation minus annual rainfall) exceeds approximately 40 inches
per year. The net evaporation rate in the northeastern part of lllinois is estimated at only 30
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inches per year, which indicates that an evaporative pond is not suitable for brine disposal in
the area.

Crystallizers and Evaporators

Crystallizers and evaporators are widely used in industry for reclaiming solids from
solution. Applying this method to a desalting plant would reduce the waste brine to residual
solids that may more easily be stored or shipped away for dumping.

Preliminary estimates indicate disposal costs by this method to be several times as
large as those for injection wells, so this method would not be economically feasible.

INJECTION WELL AND WELL FIELD DESIGN

Well Design

Design criteria were investigated for waste brine injection wells in connection with de-
salting processes. Well designs were based on the use of standard materials consistent with
criteria of the Illinois Environmental Protection Agency.

For a maximum design injection rate of 1 mgd per well, each well would include 16
inch outer casing to a point below the depth at which Mt. Simon water quality reaches 10,000
mg/l of dissolved minerals and a 12 inch long-string to the top of the injection zone in the
lower portion of the Mt. Simon (figure 41). Both casings would be run with suitable centering
devices and would be cemented from the bottom up to the surface. An 8 inch injection string
would run inside the 12 inch long-string, and the annulus between the two strings would be
filled with oil or fresh water. A seal would be placed at the bottom of the annulus, and at the
surface a monitoring device would be used to detect changes in the annulus fluid pressure.

A 10 inch borehole would continue below the long-string to the bottom of the Mt.
Simon and would constitute the injection zone. The length of the injection zone must accom-
modate the following constraints: 1) flow into the well borehole must not exceed 2 ft/min, 2)
injection pressure must not exceed 0.65 psi per foot of depth at the injection zone, and 3) the
mineral concentration of the injected brine must not exceed that of the native water in the in-
jection zone.

On the basis of the above constraints and design parameters a determination was
made of the required length of open borehole for injection purposes. The average open area
per lineal foot of borehole was calculated, with use of an effective porosity of 10 percent (aver-
age porosity of drill cores was 11 to 13 percent), to be 0.0547 ft?/ft. For Q = 1 mgd (694 gpm)
and V = 2 ft/min, the required length of borehole is:

L = Q/7.48AV = 850 feet
Thus, as shown in figure 41, injection wells were designed with an 850 foot injection zone.

Injection Well Field Schemes

Schemes for deep well injection of waste brine were investigated. An example of one
disposal well scheme is given in figure 42. Several computer runs were made with the same
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Figure 41. Injection well construction features
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model as described in the sections on the Digital Computer Model by injecting (negative
pumping) instead of pumping. The design of all 1 mgd capacity individual injection wells
used was identical, as shown in figure 41. In addition, multiple injection well fields were laid
out in such a way as to accommodate the variable waste brine rates, to eliminate possible
contamination of pumped feed water, and to keep injection pressures within acceptable
limits.

The injection well field layouts for the 1 mgd and 5 mgd product water schemes in-
corporated injection wells spaced 500 feet apart in a square pattern centrally located around
the desalinization plant. The number of wells varies for these schemes according to the waste
brine rates.

The total number of brine injection wells in any scheme is the sum of the 1 mgd wells
necessary to dispose of the ultimate wastewater brine flow from the desalting plant plus
standby wells (utilizing a 20 percent standby factor). Thus, the simplest scheme, which dis-
poses of 1 mgd of brine, requires one injection well plus a standby or a total of two wells; and
the largest scheme, which ultimately disposes of 35 mgd of brine, uses 35 injection wells plus
7 standbys for a total of 42 wells.

The injection well field layouts for the 10 mgd product water schemes were shown
earlier in figure 21. The spacing of injection wells within these particular fields is the same as
that for the pumping wells shown in figure 19.

Tables were prepared of estimated water level declines in pumped wells and pressure
buildups in injection wells for the variable feedwater and brine disposal rates. This was done
by measuring distances between pumping and injecting well fields, preparing time-water level
decline or buildup graphs for these distances from the computer output data, and applying
the principle of superposition to account for the time phasing of pumping and mutual
interference effects between well fields.

Tables 26 and 27 illustrate an example of the above calculated water level declines
and pressure buildups in the 50 percent penetration 5 mgd product water scheme. A com-
parison of tables 8 and 26 shows the large effects of reducing water level declines in the
pumping fields as a result of injection. Also, note that the injection buildup reaches a peak at
about 15 years and then declines slowly thereafter. This is due to time delay of interference
from pumping wells at a distance and the fact that, as a total, the rate of water withdrawal is
greater than the injection rate. Therefore, with time, the injection pressure declines, since
water levels recede because of continuing withdrawal of water from storage in the aquifer.

It should be pointed out that heads in the immediate vicinity of the injection wells will
be several feet above land surface as a result of pressure buildup. Thus, any wells drilled into
the Mt. Simon aquifer, near the injection wells, should be designed against the possibility of
flowing. In addition, although the injection and pumping wells have been spaced so that no
contamination of the feedwater will take place, any wells drilled into the Mt. Simon aquifer
near the injection wells may experience some deterioration in water quality. The degree of any
deterioration of water quality under these circumstances should be the subject for further
research.
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TABLE 26
ESTIMATED AVERAGE WATER LEVEL DECLINE FOR 5 MGD
50 PERCENT SCHEME WITH INJECTION
(In feet below original static level)

Years of
pumping Field 1 Field 2 Field 3 Field 4
0.27 480 470 -8* -8*
1 485 480 27* 27*
2 488 487 420 70*
3 490 490 470 160*
4 492 492 485 320
5 495 495 490 380
10 505 505 500 480
15 525 525 520 510
20 535 535 530 520
25 550 550 545 535
30 570 570 565 560

*These water level declines (- denotes a rise) are due only to interference from
other pumping or injecting wells, as pumpage here has not started yet.

TABLE 27
ESTIMATED AVERAGE INJECTION PRESSURE BUILDUP
FOR 5 MGD 50 PERCENT SCHEME
(In feet of water above original static level)

Years of Pressure buildup in
injecting injection well field
0.27 460
1 530
2 590
3 640
4 710
5 800
10 1000
15 1020
20 980
25 960
30 950



ECONOMICS

WELLS

Well Designs

Feedwater production wells, designed for a maximum development of 1 mgd per well,
utilize 12 inch diameter boreholes penetrating 20, 31, and 50 percent of the Mt. Simon
aquifer. For an estimated aquifer thickness of 2600 feet and a depth of 1800 feet to the top of
the Mt. Simon in the DuPage County area, these penetration values correspond to well depths
of approximately 2300, 2600, and 3100 feet, respectively. Feedwater wells were designed to
include 20 inch surface casing through the drift and the Silurian dolomite and a 13%s inch
long-string to the top of the Mt. Simon. Both casings would be cemented by forcing grout
material up from the bottom of the cased section to the surface. Construction features are
shown in figure 43.

Brine injection wells were designed as discussed on page 92 and shown in figure 41.

WellCosts

Well construction costs for feedwater production wells and brine injection wells are
the same. Gibb and Sanderson (47) collected cost data for deep sandstone wells in northern
lllinois and by regression analysis developed the following cost-depth relationship:

Cw=0.0294"% (24)
where Cyy is well construction cost in 1966 dollars and d is well depth in feet. Equation 24
was adjusted to 1972 prices for this report by applying Engineering News-Record Cost
Indexes for 1966 and 1972. Construction cost for production and brine injection wells then
becomes:

Cw = 0.0497d"¥ | (25)

Annual costs for wells were obtained by amortizing capital costs at 5% percent

interest over an assumed 30-year service life. When the capital recovery factor (CRF) for n =
30, i = 5% percent is applied, the annual cost becomes:

Caw = 0.00337d1¢7 ' (26)

To insure continuous operation during periods of well maintenance and repair,
standby feedwater and injection wells are provided for under the following schedule:

Rate Total number of wells
(mgd) including standby
1 2
5 6
10 12

For pumping and injection rates in excess of 10 mgd, well fields were separated into units of 5
and 10 mgd capacity, for which the above schedule applied.
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PUMP COSTS

Feedwater Pumps

Gibb and Sanderson (47) determined pump costs for submersible and vertical turbine
pumps in Illimis. Their oost equation for submersible pumps was modified for use in a study
of aost comparisons for alterrative water supplies in northeastem liois by Moench and
Visocky (48). The latter study included the folloving modifications:

1) Cost of switches, wiring, and miscellaneous appurtenances increased pump aosts

by 50 percent.

2) The number of wells (pumps) was increased by 50 percent to allow for peaking

supply.

3) For standby, the number of vwells (pumps) was increased an additional 20 percent.

4) Costs were presarted in 1970 dollars.

I'tem 2 was not considered in this report and item 4 was adjusted upward to 1972
dollars. Standby wells (pumps) were provided for as listed above. Individual pump costs, In-
cluding 1ten 1, are as folloas:

Co = 500 HO-658 for H< 800 ft @0

Cp = 452H°-"% for H> 800 ft @
where H is total pumping Iift (s discussion under electrical costs).

Brine Injection Pumps

On the basis of a recent study by Singh et al. (49), the cost of brine injection pumps,
including equipment and housing, can be expressed as:

Cgyp = 31,770 (%EH 252 P; ‘ (29)
where ) - ,

Gap = aost of brine injection pumps in 1972 dollars
H = total pumping head in fest
P; = irstallad horsepower

P; is defined by the relation:

Pi = 0.17546 QHJ/E (€9))
inwhich
Q = flov in mgd

J = fiming factor or standby factor
E = efficiaxy at peak load (assured as 0.5)

The value of J is dependent upon Q as:

Q< 2.0 mgd J=2.08-0.18Q
2.0<Q<5.0mgd J=1.9666-0.1233 Q
5.0<Q< 10.0 mgd J=1.42-0.014Q

Annual Injectian pump costs were ootained by amortizing cspital aosts at 5% percent
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over an assumed service life of 15 years. Thus,

CAB|p=0.0988CB|p (31)

The cost of routine operation, maintenance, and repair of pump stations, in 1972
dollars, is given as

COMRBIP= 1590 (330) 32)

ELECTRICAL COSTS

Electrical cost determinations for feedwater wells and injection wells were made on
the basis of an assumed unit power charge of 1.0¢/kwh and the expression for pumping
energy presented by Ackermann (50):

kwh=1.88x10-*QGht/E (33)
where

Q = flow in gpm

G = specific gravity of fluid

h = total pumping head in feet

t = time in hours

E = wire-to-water efficiency (assumed to be 0.5)

On the basis of a plant capacity factor of 90 percent (330 days per year) and an assumed wire-
to-water efficiency of 0.5, annual power costs may be expressed as:

Ce = 0.0297 QGh (34)

Total pumping head for feedwater wells is the sum of drawdown, well loss, static lift,
friction head, and delivery pressure at the plant. Drawdowns were computed by the digital
model for each pumping scheme. Well losses for 1 mgd pumping rates were estimated from
empirical studies at the State Water Survey to be 100, 80, and 50 feet, respectively, for wells
penetrating 20, 31, and 50 percent into the Mt. Simon. Static lift, the depth from land sur-
face to nonpumping water levels, was estimated from gas storage field information to be ap-
proximately 150 feet. Friction head was computed for each well scheme by applying the
Bernoulli equation to the appropriate pipe diameter and flow velocity. It was assumed that
water delivered to the plant would be under a nominal pressure head of 25 feet.

Total pumping head for brine injection wells is the sum of injection pressure buildup,
well loss, static lift (negative), and friction head. Pressure buildups were computed by the
digital model as in the case for feedwater wells. Well losses for 1 mgd injection rates were esti-
mated as above to be 80 feet, and static lift was taken to be minus 150 feet. Friction head was
computed as described above.

TRANSMISSION COSTS

The construction cost of pipe, transportation, installation, valves, and other appurte-
nances that are integral parts of a transmission line is expressed (51) in 1972 dollars as

C+=4038D*%L (35)
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where

Cr = transmission cost in dollars
D = pipe diameter in inches
L = length of pipe in miles

The annual cost of operation, maintenance, and repair for transmission lines (49) is:
ComrT=10DL (36)
The placement of transmission lines along the-right-of-way of highways or rail lines
incurs an additional cost for easements. Singh et al. (49) estimated such cost to be:
CrowT 1700L 37)

The total annual cost of transmission lines is the sum of OM&R and amortized
capital costs (amortized at 5°-5 percent interest over the 30 year project life):

CAT:COMRT+CRF(n:30,i:5?/8%)Z(CT+CROWT) (38)

Pipe diameters used in equations 35 and 36 are chosen from considerations of pipe
flow and unit conveyance cost. Singh (52) determined optimum diameters for pipes which re-
sulted in minimizing unit conveyance costs.

Figure 44 illustrates the transmission lines for a 20 mgd feedwater pumping scheme
which utilizes four 5 mgd well fields with 50 percent penetrating wells. The pumping scheme
is designed to furnish feedwater for a 5 mgd desalting operation.
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COST SUMMARY

The cost of producing water of 500 mg/| total dissolved minerals from the Mt. Simon
is summarized in table 28. Costs are shown as unit costs (¢/1000 gal) and their totals range
from 132.9¢/1000 gal for a 1 mgd RO plant to 184.9¢/1000 gal for a 5 mgd distillation plant.
In this table, "not feasible™ indicates the desalting process cannot be applied economically to
the particular feedwater; "not determined" indicates the process is feasible but the cost was
not determined for other reasons. For example, in the freezing process, plant costs are given
only for 1 mgd capacity plants, since it is difficult to estimate costs for larger plants because
of the continuing development of this process. In addition to these exceptions, the 31 percent
well penetration 1 mgd scheme is not included because of lack of convergence of chemical
analysis results, and the 20 percent 10 mgd scheme is not included because of lack of avail-
able drawdown.

TABLE 28
COST OF PRODUCING WATER (INCLUDING BRINE INJECTION)
FOR FEASIBLE DESALTING PROCESSES

1 mgd Plant 5 mgd Plant 10 mgd Plant
Cost element 20% 50% 20% 31% 50% 31% " 50%
Non-plant costs
Feedwater 43.0 38.5 50.3 48.5 62.1 73.0 86.5
Brine injection 17.2 18.2 34.1 35.4 58.2 56.2 75.3
Total non-plant cost 60.2 56.7 84.4 83.9 120.3 129.2 161.8
RO plant costs
Capital 23.3 233
OM&R 52.9 52.9 Not feasible Not feasible
Total, plant 76.2 76.2
Non-plant 60.2 56.7
Total, process 136.4 132.9
VC-VTE-MSF plant costs
Capital 31.6 31.6 Not
OM&R Not determined 68.9 68.9 feasible Not feasible
Total, plant 100.5 100.5
Non-plant 84.4 83.9
Total, process 184.9 184.4
VFEA plant costs
Capital 19.0 19.0
OM&R 62.9 62.9 Not determined Not determined
Total, plant 81.9 81.9
Non-plant 60.2 56.7
Total, process 142.1 138.6

Percentages are well penetrations, and costs are given in £/1000 gal of product water

All costs shown are based on conditions after 30 years of operation, with the use of
1972 dollars and a plant capacity factor of 0.9 (330 operating days per year). Capital costs are
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104

Cost element

Feedwater

Wells

Pumps

Transmission

Power

Total feed-
water cost

Brine injection
Weils

Pumps
Transmission
Power

Total brine
injection cost

COST ELEMENTS OF FEEDWATER AND BRINE INJECTION

1 mgd Plant
20% Pen. 50% Pen.
/1000 %of ¢/1000 % of
@l ol gl toa)
592 138 1035 26.9
832 193 401 10.4
1654 385 1654 43.0
1220 284 758 19.7
4298 100.0 38.48 100.0
11.11 646 11.11 61.0
473 275 535 294
1.36 79 175 9.6
17.20 100.0 1821 100.0

TABLE 29

20% Pen.

¢/1000 % of
gl tonl
7.11 14.1
10.88 21.6
10.20 20.3
22.06 44.0
50.25 100.0
13.33  39.1
10.66 31.2
0.62 18
9.52 27.9
34.13 100.0

5 mgd Plant
31% Pen.
e/1000 % of
gal total

894 184

9.74 20.1
10.20 21.0
19.61  40.5
48.49 100.0
1333 376
1126 318

0.62 17
10.24  28.9
35.45 100.0

50% Pen.

€/1000 % of
gl toul
16.56  26.7
11.03 177
13.60 21.9
20.89 337
62.08 100.0
20.01 34.4
20.42 35.1
0.66 11
17.12 294
58.21 100.0

10 mgd Plant
31% Pen. 50% Pen.

£/1000 % of €/1000 %o of
gal total 31' " total
14.82 20.3 18.63 21.6
13.17 18.0 15.64 18.1
18.21 249 19.75 22.8
26.84 36.8 32.44 375
73.04 100.0 86.46 100.0
20.01 356 23.34 31.0
14.79 26.3 21.45 28.5
461 8.2 6.61 8.8
16.77 29.9 23.87 31.7
56.18 100.0 75.27 100.0



amortized at 5% percent interest over the expected life of each cost element. Plant life is
assumed to be 30 years.

Plant power costs (included in OM&R) are computed from unit electrical charges of
10 -1.23¢/kwh, depending on power requirements, while electrical costs for well pumps and
brine injection pumps assume a uniform charge of 1.0é/kwh.

Individual cost elements of producing feedwater and injecting brine are shown in
table 29. The largest individual cost elements of producing feedwater are transmission (20.3
to 43.0 percent) and power (19.7 to 44.0 percent), while those for injecting brine are well con-
struction (31.0 to 64.6 percent) and pumps (26.3 to 35.1 percent). Ordinarily one might
expect economies of scale to affect unit costs. However, no such effect is seen in unit costs of
feedwater production or brine injection. This is because worsening feedwater quality at
higher pumping rates causes decreasing concentration ratios and increasing brine/feedwater
flow ratios for all of the desalting processes studied so that proportionately much greater
amounts of feedwater must then be procured. It cannot be concluded from the data whether
or not unit costs of plants exhibit a decline with increasing plant capacity.

Plant costs range from 54.4 to 59.0 percent of the total costs (see tables 19, 21, 23). Of
the individual plant cost elements, OM&R costs were the largest, ranging from 68.5 to 76.9
percent. Power costs amounted to 52 percent of the total plant cost for the distillation process
(table 21) but only 18.1 percent of the freezing process cost (table 23). On the other hand,
labor costs were lowest (4.5 percent) for the distillation process and highest (22.5 percent) for
the freezing process.

Costs of desalted water are apparently higher than costs of other alternatives but be-
come more competitive when used in conjunction with the fresh groundwater. Table 30 shows
a comparison of costs and the total cost for the combined waters from four selected townships
which will have groundwater deficits by 1980. The township numbers and the deficits are
shown in figure 45.

TABLE 30
COSTS OF MEETING WATER DEFICITS WITH DESALTED WATER
Treated water Desalted Total combined
produced locally water waters
Townshi Demand Deficit Quantity Cost Quantity Cost Quantity Cost
::n.::aelrp {mél; {mgd} (mgd)  (¢/1000 gal) {mgd) (¢/1000 gal} (mgd) (¢/1000 gal)
1 14 6 8 34* 6 185 14 99
2 10 6 4 34 6 185 10 125
3 1 6 5 34 6 185 1 116
4 15 4 11 34 4 185 15 74
*Costs from (48)
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APPENDIX A

CALCULATION OF ED PLANT ELECTRIC POWER COST
(20 PERCENT PENETRATION, 1 MGD, 30 YEARS)

1) To determine rating factor F, (an index denoting the effectiveness of each individual
stack based on the feedwater temperature and the chemical composition of dissolved solids):

a) Calculate the percent of Na, K, and Cl in the total dissolved solids in the feedwater
(Na + K = 4220 mg/l, Cl = 9700 mg/l, TDM = 17,000 mg/l)

4220+ 9700 _ 13,920

17,000 17,000 05
b) Obtain F, from figure 4, p. 11, Reference 18
F.= 0.9
2) To determine stages required:

a) Assume stack throughput to be 0.216 mgd. From figure 5 in Reference 18, the
decimal fraction of dissolved solids remaining (FSR) after each stage is 0.55.
b) For 17,000 TDM feedwater, the reduction will be

1st Stage 0.55x 17,000 = 9350
2nd Stage 0.55 x 9,350 = 5140
3rd Stage 0.55 x 5,140 = 2820
4th Stage 0.55 x 2,820=1550
5th Stage 0.55 x 1,550= 850
6th Stage 0.55 x 850= 467

So six stages will be needed in the ED process to obtain a product with less than
500 mg/1 TDM.
3) To determine electric power cost:

a) Pumping power

(1 kwh/1000 gal x number of stages) + 1 kwh/1000 gal
= 1x6+1 = 7 kwh/1000 gal

b) Stack power. The stack power is about 5 kwh per thousand gallons of product
water and per thousand mg/1 of dissolved minerals removed.

kwh _ __17,000-467
000 gal X 000 - 82.7 kwh/1000 gal

¢) The total electric power requirement is 7+82.7 = 89.7 kwh/1000 gal. If the power
cost is assumed to be 1¢/kwh, the power cost alone would be 89.7¢/1000 gal.

Because of this high electric power cost, the ED process is not economically feasible
for desalting Mt. Simon aquifer water.
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APPENDIX B

SAMPLE CALCULATIONS FOR ION EXCHANGE PLANT
OF 1 MGD CAPACITY (20 PERCENT PENETRATION)

Water analysis at 20 percent penetration, 1 mgd feed, and 30 years:

Cations mg/I mg/l (as CaCO,)
Ca*? 1580 3950
Mg*? 314 1292
Na* 4220 9160
Anions
Alk 220 220
S0,? 320 333
Cl 9700 3670

Calculation of Operating Data:

a) Anion Column
Resin — IRAG8
Effective Capacity— 14.2 Kgr/ft® (1 Kgr = 1000 grains)
Actual Capacity — 13.2 Kgr/ft®
Flow Rate — 0.8 gpm/ft®
Calculation of Anion Resin Volume

Kgr into column per day
(SO, + CT") X total product water ¥(gal/day)
17,100 mg/1 /Kgr/gal
_ (3334 13,670) x 1.1x10°
17,100

= 9.0x 10° Kgr/day

9.0x 10°
24

*Including 10 percent of product water for regeneration purposes.

= 3.75¢10° Kgr/hr

Ft2 of Resin Exhausted Per Hour

Kgr, 1
3T S X T Rgr/ R

The service time is 3.8 hrs. The anion resin volume per service is
2.64x10° ft*hr x 3.8 hr = 1.0 x10* ft°
Anion Regeneration

The actual capacity is the amount of Cl and SO, actually exchanged onto the resin
per unit volume of the resin. The actual capacity is 13.2 Kgr/ft®

Kgr of Cl and SO, on the resin = actual capacity x resin volume
13.2 Kgr/ft® x 1.0x10* ft* = 13.2x10* Kgr (as CaCOs)

= 2.64x1(° f}/hr
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Lbs of Ammonia Per Regeneration

equiv. wt. NH,3 1b .
Kgr (as CaCOj) x equiv, wt. CaCO, 7 Kgrxregeneratlon level
= 132,000 %x Ix1. 43 = 9200 Ibs of NH,/regen.
Lbs of NH; Per Day
9200 % = 48,000 Ibs/day NH;
b) Cation Column
Resin — IRC-84
Effective Capacity — 16.7 Kgr/ft®
Actual Capacity — 15.7 Kgr/ft®
Flow Rate — 0.8 gpm/ft®

Exhaustion Time — 228 min.
Calculation of Cation Resin Volume
Kgr into column per day
(Ca+ Mg+ Na) X total product water (gal/day)
17,100 mg/1 /Kgr/gal
(3950 + 1292+ 9160) X 1.1x10F

7100 = 9.26x10° Kgr/day
9200 _ 3 85¢10° Kgr/hr

Ft® of Resin Exhausted Per Hour
3. BSXIO‘ 16 TRai/R 2.31x¢10° f8/hr

The service time is 3.8 hrs, the anion resin volume per service is
2.3110° T x 3.8 b = 878107 62

Cation Regeneration
Kgr of cations on the resin = actual capacity x resin volume

8.78¢10° 8 x 15.7 %;E = 1.38x10° Kgr (as CaCOy)

Lbs of H,SO, Per Regeneration

equlv wt. H,S0, 1b
Kgr (as CaCQO,) x equiv. wt. CaCO; XKS‘-'

x regen. level

1.38<105 x 32 x L« 1.4 = 27,000 1bs of H,S0,

5077 |
Ib of 66° Bé H,SO, = 27,000 9;039 = 29,000 Ib/regen
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Lbs of H,SO, Per Day

D

2)

29,000 % 22 = 152,000 Ib/day
c¢) Cost of Chemicals Required in Regeneration
NH;
The cost of NH; is $62.55/ton,* the daily cost is
48,000
3000 X 62.55 = $1501/day
H,S0,
The cost of H,SO,4 (66° Be) is $34.6/ton,** and the daily cost is
152,000
2000 x 34.6 = $2630/day

3)

*From Mid-West Ammonia Product Co., Chicago [including transportation to Aurora, Illinois].
**From Arco Chemical Petrochems Department, Chicago [including $3 freight to Aurora, lllinois].

The total chemical cost is 1501 + 2630 = $4131/day for a 1 mgd plant or

4131 _
o7 = $4-13/1000 gal

Because ot this high chemical cost, the ion exchange process is not economically

feasible for desalting Mt. Simon aquifer water.
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APPENDIX C

THE DETERMINATION OF RECOVERY RATIO FOR THE RO PROCESS

AT DIFFERENT PENETRATIONS AND PLANT CAPACITIES
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Figure C-1. Determination of concentration ratios at 0 and 30 years
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APPENDIX D
THE CALCULATION OF TWO STAGE RO SYSTEM

Wﬂ - Wﬂ + wbz = Wf | RO WM , 39,000 mg/l -
-

18,000 mg/i ~ 17,000 mg/|

Wiy , 2300 mg/l
2 RO I

Wy . 9200 mg/!

-

Wp,'SOOmg/I

_—
—_

At 20 percent penetration, 1 mgd, and 30 years, the concentration ratio was found to be 2.27
for the first stage. The product to brine ratio, R, can be calculated as follows:
Cob

l+R+1—;'R
221="= - :

€ 1+L2R

The salt rejection, n, is assumed to be 0.9,

1-0.9 -
RTTR throsR
L1509 “T+00R

2

2.27=

1

Solving for R
R=1.35
Wi

or —=1.35
Whi

We-Wpi
or ———=1.35
wbl

W= 2.35 Wy

W 135
Wr ~335 " 0.574

then X
Wr, =0.574 W (for first stage)
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In the second stage, the concentration ratio is assumed to be 4.0. The same procedure
is followed as for the first stage

_1+1.05R
1+0.05R

Solving for R,
R=3.53

4

W 3.53
or —_ = J.
Wh2

Wi2- Wi _

Wh2
We- Why=3.53 Wi
Wp

—-=453
W2

or 3.53

By assuming Wp = 1 mgd and solving all of the above equations, the following results
are obtained

W, =1 mgd
W= 0.283 mgd
Wi, = 1.283 mgd

W, = 0.96 mgd
Wf =2.24
Wf| = 1.96
Wi

W;l =0.49
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APPENDIX E
CALCULATION OF SO, FORMATION AS THE RESULT OF Na,SO3; INTRODUCTION

The chemical equations for SO, formation are
H* + SO32—~HSO; (E-1)
H' + HSO;—~S80,+ H,0 (E-2)
The disassociation constants of equations (E-1) and (E-2) are K; = 6.3x10® and K, =
1.72x10% moles/1, respectively (34). Equations (E-l) and (E-2) can be combined as
2H' + S0:2—~50,+ H,0 (E-3)

and the new disassociation constant is K3 = K;K,. The equilibrium expression for equation
(E-3) is

= ——-—.—.-.—-(502) -
= Y GoD - B
Taking logarithms of both sides, the result is
log K, = 10g(S0,) - 2 log (H*) - log (SO32). ' (E-5)

It is assumed that the water is kept at pH 5 and the addition of Na,SO; is 5 mg/I [cor-
responding to (S0O32) = 3.96x10% mole/1]. Inserting all the values in equation (E-5), the con-
centration of SO, formed is expressed in the following equation

fog (50;)=7.2+1.76-10- 4.4=-5.44
(SO;) = 1034 = 3.62¢10°® mole/! = 0.168 mg/1
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APPENDIX F

CALCULATION OF CaSO, SOLUBILITY PRODUCT (Ksp)
FOR MT. SIMON AQUIFER WATER

The equation developed by Marshall (36) is used in the form

log Ksp = log Ksp®+ 8s lﬁ\/'l'_ x log aH,0

where:
Ksp® = solubility product in pure water
S = the limiting Debye-Huckel slope
A =aconstant= 15

I = jonic strength
aH,0 = activity of H,0

number of moles of H,O in crystallized calcium sulfate
2 for dihydrate (CaSO, « 2H,0)

X 1/2 for hemihydrate (CaSO,  1/2H,0)
0 for anhydrite (CaSQO,)

Ksp = solubility product dependent on ionic strength, |

(F-1)

TABLE F-1
EXPERIMENTAL VALUES OF s AND Ksp° AT DIFFERENT TEMPERATURES (Ref. 36)
T,°C s Anhydrite (CaS0Q,) Dihydrate (CaSO, * 2H,0)
25 0.5080 63 x 10° 42.2 1078
30 05128 54.4 x 10 43.6 x10™®
40 0.5226 47.8 x 10° 42.5x 10°
60 0.5449 28.7 x 10° 35.7 x10
100 0.6006 7.73 x 10°
125 0.6422 2.25 x 10°
150 0.6499 100 x 10°
175 0.7451 0.336 x 10°
200 0.8097 0.114 x 10°

Table F-1 presents the experimental data for s and Ksp® at different temperatures.

These values can be used in equation (F-1) to calculate the solubility constant.

1) In the case of anhydrite (CaSO,) solubility, x = 0 in equation (F-1) which reduces to

the following form

VT

logKsp= 1 "+ 8 ——
og Ksp = log Ksp 851+1.5\/T

(F-2)

For the water in 50 percent penetration and 10 mgd at O year, the total ionic

strength can be calculated as 0.433.

Example: The limiting slope s is 0.6006 and Ksp°® is 7.73x10° at 100 C (212 F). The solubility
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product can be obtained as follows:

fog Ksp = log 7.73x107% + 8 X 0.6006 x —————

1+ 1.5V0.433
_ 0.658
=-6-+log 7.73+ 4.8048% T oo
=-3.52

Ksp =105 =3.02x 10 at 100 C

Similarly the solubility product Ksp at other temperatures can be calculated. The
values are plotted in figures 37 and 38.

2) In the case of dihydrate (CaSO, ¢ 2H,0), the correction for water activity aH,O
should be added in equation (F-I):

A S
T+ 1571 *1082H0:

where x = 2 in this case. The activity of water, aH,O, can be found in Reference 37.
The values of aH,0O are 0.99 and 0.98 in 0.3 and 0.6 molal NaCl-H,O solutions, re-
spectively.

Example: Calculation of Ksp for CaSO, » 2H,0 in the water at 50 percent penetration, 10
mgd, 0 year and 60 C (140 F) process temperature:

-log Ksp = log Ksp® + 8s

log Ksp = log 35.7x10°¢ + 8x0.5449|--1- ;\{mm
. -210g 0.99
=-5+0.553+ 1.44+ 0.0087 = - 2.998
Ksp = 10729 = 1 0046x107*

Figure 38 gives the solub'ility curves for the 50 percent penetration and 10 mgd case.
Curves for both anhydrite and dihydrate (gypsum) are shown for 0, 5, and 30 years.
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