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ABSTRACT 

The impact of r ject brine chemi al composition and di po sal from inland 

de alinati n plant on soil in  the eastern region of Abu Dhabi Emirate, namely Al Wagan, 

I Quaa and m AI Zumool, wa e aluated. Twenty five (25) inland Brackish Water 

Reyer e 0 rna e (BWRO) desalination plants (11 at AI Wagan, 12 at Al Quaa, and 2 at 

Urn Al Zumoo1) were in estigated. The average capaci ty of these plants varied between 

26,.+00 G/d (99.93 m3/d) and 61,000 G/d (230. 91 m3/d). The recovery rate varied from 60 

and 70°'0 and the reject brine accounts for about 30 - 40 % of the total water production. 

The electrical conducti ity of feed water and rejects brine varied from 4. 61 to 14. 70 and 

12. 90 to 30. 30 (m /em), re pectively. The reject brine \l as di posed directly into surface 

impoundment (unlined pits) in  a penneable soil with a low clay content, a cation 

exchange capaci ty (CEC) and organic matter content. The groundwater table lay at a 

depth of 100 - 1 50 m. The average distance between feed water intake and the dispo al 

i te was approximately 5 km. A survey was conducted to gather basic information, to 

determine the type of chemicals used, and detennine if there were any current and/or 

previous monitoring programs. The chemical composi tions of the feed, product, reject, 

and pond water were analyzed for major, minor and trace constituents. Most of the water 

samples (feed, product, reject and pond water) showed the presence of major, minor and 

trace constituents. Some of these constituents were above the Gulf Co-operation Council 

(GCC) and Abu-Dhabi ational Oil Company (ADNOC) Standards for drinking water 

and effluents discharged into the desert. The Total Petroleum Hydrocarbon (TPH) was 

also analyzed and found to be present, even in product water samples, in amounts that 

IV 
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ex eeded the GCC tandard for organic chemical con ti tuents in drinking water (0. 0  I 

mg I). hemical analy i has re aled that the horizontal movement of contami nant was 

higher than the lateral mo ement. The fate, and impact of concentrate (reject brine), was 

tudied u ing batch and column te t . The re ults obtained from the batch test revealed 

that th retardation co fficient takes the following order Pota sium >Strontium > ulfate. 

The re ult obtained from the leaching column test howed that strontium retardation 

calculated as the area under the curve and for PV at CICo = 0.5 was higher for in-place 

(natural) oil than and dune soil. In addition, the changes in electrical conductivity (EC) 

were imilar to that of an ideal tracer. The outcomes from CXTFIT modeling program 

indicated that the in-place (natural) soil had a higher dispersion coefficient (D), a higher 

retardation coefficient (R) and a greater dispersivity (0:) than sand dune soil. This 

suggested a fa ter movement of contaminants in  sand dune. Predictions of field 

conditions using CXTFIT model showed that Sr required 1 3-14 days to reach the feeding 

aquifers of 100 m depth in the case of sand dune soil, whereas it requires 16  days for the 

In-place soil . Finally the available options that can be implemented to reduce the impact 

of reject brine on environment were discussed. 

v 
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1.1 BACKGRO U N D  

CHAPTERl 

INTRODUCTION 

Gi en the importance of water to human and ecosystem survival, water 

quantity and quality represent important environmental elements. Evidences indicate 

that the world is facing a growing chal lenge in maintaining water qual i ty and meeting 

the rapidly grovv'ing demand for water resources ( Rosegrant, 1 997) .  Howe er, many 

regjons of the world that are subjected to critical water shortages and contamination 

are facing famine, economic breakdown, and a potential warfare (Starr. 1 999) .  Within 

the M iddle East, the Gulf Regjon is  suffering water scarcity. Water shortages 

problems in the United Arab Emirates (UAE) are aggra ating by the rapidly growing 

population, and the expansion of industrial and agricultural activities. The struggle of 

AE to meet present and future demands for water resources has shifted attention to 

the role of desalination technology in al leviating water shortages using sea and 

bracki h water as feed. Desalinated water accounts for approximately 98% of 

domestic suppl ies, with a total production of 70 1 .6 mcrnlyear (UN, 200 1 ) . Between 

1 999 and 200 1 ,  the production of the desal ination water in the UAE has increased by 

30%, due to the remarkable  economic and demographic  development. Currently 

desalination plants produce about 98% of the total drinking water suppl ies in the UAE 

( ommariva and Syambabu.,  200 1 ). The degradation of groundwater resources in 

terms of quality in  the eastern region of Abu Dhabi Emirate (AI Wagan, Al Qua'a and 
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Gm Al Zumool) is due to the increase of the total dissol ed solids (TDS) of the 

groundwater. alinity problems, however, are likely to increase in the future both 

quantitatively and qualitati el due to brackish groundwater intrusion and low 

recharge rate. For the aforementioned reasons the reliance on unconventional water 

resourc such as th water produced by Brackish Water Reverse Osmoses (BWRO) 

Desalination Technology has increased to meet the demographic and economic 

deyelopments and to fulfill one of the requirements for the settlement of nomadic 

citizen. in e 1 980's the BWRO has gradually increased and become a prime 

method for solving the pressing water supply problem. The current daily output of 

inland desalination plants in eastern region is 959,992 G/d (3,633 m3/d), with an 30 to 

40 0'0 reject brine. 

All desalination method have always been limited by the disposal costs of the 

concentrated waste brines produced and the adverse impact of brine compositions on 

the environment particularly in large-scale plants. In coastal regions, disposal of 

brine water can be accomplished by discharging into the neighboring body of 

seawater. However, in the eastern part of Abu Dhabi Emirate brine concentrate 

cannot be discharged to the distant sea. But in some special cases, particularly for 

small capacity plants, the brine water discharged over the land surface. In the inland 

desalination plants brackish water is the feed source and the rejected water is disposed 

of into a surface impoundment (unlined pits). 

The major constituents of reject brine are inorganic salts. The brine also 

contains small quantities of anti scale additives, corrosion products, and other reaction 

products. Early desalination plants practices emphasized water production with little 

consideration for environmental impact. One of the impacts of inland plants is water 

pollution that results when concentrated brine is discharged back into the feed water 
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liT e from unlined pond or/pit . Over the la t 23 ear, reject brine in the ea tern 

region ha not been utilized and the environmental implications associated with that 

ha not been adequately considered from the higher authorities. Technical, 

economical and en ironmental issues of the rejected water have not been addressed 

properly. 

1.2 R E S E A RCH O BJE C T I V E S  

The objecti es of  this study are to: 

I.  Determine the composition of feed/or raw water, product, reject brine, 

and pond water. 

') Characterize the inland soil at the disposal site in view of its physical, 

chemical and mineralogical composition. 

3. Evaluate the status of inland Brackish Water Reverse Osmoses 

(BWRO) in the Eastern Parts of Abu Dhabi. 

-+ .  Evaluate the transport parameters of  major elements in  reject brine in 

inland soil at the disposal site. 

5. Predict the distribution of brines constituent as a function of distance 

and time at the inland disposal site. 

6. Evaluate the status of reject brine distribution at specific desalination 

plants in subsurface soil. 

1.3 SCOPE A N D  BOU ND A RI E S  O F  T H E  STUDY 

The current work is  limited to inland desalination plants located in the eastern 

region of Abu Dhabi Emirates. Inland desalination plants in other regions of Abu 

Dhabi Emirate (i. e., Liwa), and in the Northern Emirates have not been surveyed. A 

3 
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questionnaire as distributed among the surveyed plants to obtain data about the 

quality and quantity of feed or/groundwater, product, brine and pond water. 

Furthermore, \: ater samples were analyzed for the three investigated plants. Soi l 

sample were collected from Al Qua'a disposal site and from two nearby locations. 

o other soil samples \ ere col lected from the other two inland disposal sites. Water 

samples were analyzed for physical, chemical and Total Petroleum Hydrocarbons 

(TPH), whereas soil samples were analyzed for physical, chemical and mineralogical 

composition. 0 groundwater samples from surrounding areas were col lected. Impact 

of reject brine on soil and groundwater was evaluated usmg the above-analyzed 

parameters and other laboratory experiments: including batch, and miscible 

displacement experiment . CXTFIT modeling program (Version 2 .0)  was used to 

simulate reject brine transport through packed soil columns as a function of depth (x)  

and time ( t ) .  

104 T H E S I S  ORGAN I ZA T I ON 

This thesis consists of seven (7) chapters. Chapter one ( I ) contains 

background information on the importance of desalination technologies to reduce the 

gap between demands and water availability and the environmental impacts of 

desalination plants. Chapter two (2) is devoted to the review of the current situations 

of water resources in UAB in general, and Abu-Dhabi Emirate in particular. I t  

h igh l ights the role of desalination technology to overcome water shortages problem. 

Desalination and brine production, chemistry and the chemical composition, brine 

disposal methods, impact of reject brine on soil properties and groundwater are 

discussed. The fate and pol l utant movement through soil media and the use of 

modeling package to predict their transport are reviewed. Chapter three ( 3 )  presents 

4 
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an as essment to the study areas, material characterization and testing techniques. 

hapter four (4) include an evaluation of the tatu of inland B WRO de alination 

plants in the east m part of bu-Dhabi. Chapter fi e (5) presents an evaluation of the 

di tribution of r j ct brin in ubsurface soil at the disposal site. Chapter six (6) 

elaborates the different methods used to e aluate the transport parameters, conduct a 

ensiti ity analysis and predict the potential movement of reject brine in the field. 

Chapter seven ( 7 )  conclude the study and draws recommendations related to reject 

brine chemical compositions, disposal and mitigations steps to minimize the adverse 

impacts on en ironment. The chapter addresses the relevant innovative technologies 

used to mitigate the problems associated with the reject brine waste, and presents the 

most favorable technologies to be applied in the Gee and UAE. Supporting 

documents (Experimental results Gee drinking quality standards, ADNOe 

wastewater re-use standards, photos and questionnaires) are included in the 

appendices. 

5 
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CHAPTER 2 

LITERATURE REVIEW 

2. 1 I NTRODU CT I ON 

Th bu Dhabi Emirate ( Fig. 2.1) is located in a dry arid to semi-Arid region 

with an average rainfall of less than 100 mm/yr DC, 1993). Abu Dhabi Emirate has 

a populat ion of 1.3 mil l ion and has the highest Gee growth rate of + 10% per annum 

( 0) za, _002). The Emirat has, a low groundwater recharge rate, and a very high 

evaporation rate (2000 - 3000 mm1yr) no rel iable perennial surface water resources, 

\\ith ummer shade temperature frequently exceeding 40 °e ( Soyza, 2002). Strong 

persistent winds are normally encountered in many areas of Abu Dhabi Emirate. 
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Foru Oman 
Sha'am AbuMUU 

R.sal KhaJ 

Qatar oha 

Haosan· 

BouNu 
ayl 

Umm 

Mine .Jabal 

United Arab Emirates 

Saudi Arabia 
rlurna' - .An Nas ash 

no Clefmed be Uncla,'y 

Fig. 2.1: Map of United Arab Emirates (UAE) 
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Table 2. 1 hows the renewable water re ources avai labi l i ty in the DAB and the 

GCC Countrie ( I-Hit i  and I-Hadithi, 2001). Total conventional freshwater 

re ource a\ ai lable in AE is 31 5 Mm
3
/yr whi le the total water demand wa 2180 M 

m
3 

in the year 2000. The foreca ted demand for the year of 2025 is 3200 Mm3
/yr 

( ornmariv and yambabu, 2001 ). 

Cou ntry 

Saudi Arabia 
U A E  
Oman 
Kuwait 
Bahrain 
Qatar 

Renewable 
Water 

Resou rees ( T R) 

6080 
3 15 
1468 
160. 1  
100. 1  
51. 4 

Total Demand (TD) 

2000 2025 

17765 24200 
2 180 3200 
1847 2430 
590 1400 
282 609 
347 485 

T D/TR % 

2000 2025 

292 398 
692 1016 
126 169 
369 874 
282 608 
670 943 

Table 2.1: Renewable Water Resources (Mm
3
/yr) in the DAE and GCC Countries 

(AI-Hit i  and Al-Hadithi , 2001). 

Conventional water resources avai lable in the DAE include groundwater from 

s ingle wel ls  and central well  fields, storage dams, Aflaj Wadi flow and springs. 

Unconventional water resources include desalination and recycled water. The 

contribution of each source to the total water demand for year 2000 is i l lustrated in 

Fig. 2.2. 

7 



www.manaraa.com

Recycled water 

(9%) 

Desalination 

(35%) 

Surface Water 

(3%) 

Groundwate 
r (530/0) 

Fig. 2.2: Contribution of the Different Water Resources in the UAE for year 2000 
(Maraqa, 2002) 

In analyzing the water demand in UAE, there are three major sectors as shown 

in Fig. 2. 3. The e include the domestic sector (households and drinking demands), the 

industry and commerce sector and the agricultural, forestry and landscaping sector 

(ADWEA and FEW A, 2000). 

Industry and 

Commerce 

(9%) 

Agriculture 

and Forestry 

(67%) 

Domestic 

Fig. 2. 3: Distribution of Water Uses by Sector in the UAE (Maraqa, 2002) 
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Figure 2.3 hows that 67% of the water demand is used for agriculture, while 24% i s  

u ed for domestic purposes and 9% for industrial activities. In  the Eastern Region of 

Abu Dhabi Emirate the groundwater statistics indicate a total abstraction of 

approximately 880 Mm
3
/yr ( oyza, 2002). Distributions are shown in Figs. 2.3 and 

2.4 and discussed. 

• For agricultural development, there are about 24,000 wel ls  on 9, 1 00 

registered fanns. There are about 1 30 dri l l ing rigs. About 1 24 weJls are 

used to support six Aflaj in AI-Ain City (Almita, 2002). I t ' s  worth 

ment ioning that no Aflaj are presently  working. 

• Over the last two decades the forestry sector has grown dramatical ly  

due to the greening program adopted by the government of Abu Dhabi .  

There are about 7 1  plantations and 7 . 1 mi l l ion trees occupying an area 

of 50,000 hectares and consume 97 Mm
3
/yr of drinkable water 

abstracted from 2,600 wel ls  (Arnrita, 2002). 

9 
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• To sati fy the domestic water demand, there ar about 25.000 well 

including municipal supplies. 

2.2 ROLE OF DESAL I ATION 

The Gulf Countries, by necessity have become the world leader in 

de alination of ea and bracki h water, and currently have more than 65% of the total 

world's apacity (GWL 2000). The AE is con idered as the second largest producer 

of de alinated ater in the Gulf Countries, with a production of 5,465,784 m3/yr. as 

hov.TI in Table 2.2. 

Cou n try N u mber of U n its Total Capacity (m3/y) 

audi Arabia 2074 1 1 .656,043 

UAE 382 5,465,784 

Kuv .. 'ait 1 78 3, 1 29,588 

Qatar 94 L223,000 

Bahrain 1 56 1 , 1 5 1 ,204 

Oman 1 02 845,507 

Total 2986 23,4 7 1, 126 

Table 2.2: Desalination Units in the Six GCC Countries (Global Water Intelligence, 
2000) 

Abu Dhabi has the highest per capita domestic consumption rate 500 lid in the 

Gce and is ranked worldwide after the USA (UN, 200 1 ). Further development in the 

UAE can't be satisfied without reliance on unconventional water resources such as 

desalination of sea and brackish water, which currently account for about 98% of the 

water supply for drinking purposes. The total production and percentage of 

1 0  
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de alinat d water (M M) in the different Emirate for year 2000 are shO\'vTI in Fig . 

2.5 and 2.6, r pecti el . Abu Dhabi Emirate has th highe t percentage and 

production among the other Emirates. Desalination requirements in UAE wil l  

continue to grow. Between 1 999 and 200 1 the d alinated water production increased 

b) "'0°/0 due to the startup of new de alination projects ( ommariva and yambabu, 

200 1 ). 

Desalinated water in UAE in 2000 

Other Emirates 

Sharjah 

Dubai _ 
Abu Dhabi _1_ � " 7 

o 100 200 300 
Prodcution (MCM) 

400 

Fig. 2.5: Total Production of Desal inated Water (MCM) in UAE in 2000 (ADWEA 
and FEW A Report 2000). 

E 
w 

Norther Emirates 4% 

Shaijah 

Dubai 

7% 

34% 

Desalinated water production (%), for year 2000 

Fig. 2.6: Percentage of Desalinated Water Production in UAE Emirates for Year 2000 
(ADWEA and FEW A Report, 2000). 
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2.3 REJECT B RJ IE 

Reject brine, al 0 referred in the literature as concentrate or wastewater IS a 

b product of the desalination processes. Brine discharged is more concentrated than 

bracki h \vater or seawater and contains chemicals like antiscalent used in the 

pretr atment of the feed water, washing solutions, rejected backwash slurries from the 

feed water, and other substances. 

2.3. 1 Concentrate Chemical Composition of Reject Brine  

The chemical composition of  Brackish Water Reverse Osmosis (BWRO) 

(Table 2.3) concentrate has a profound effect on the disposal method. The chemical 

characteristics reflect the reverse osmosis (RO) feed water quality, desalination 

technology used, the chemicals used for pre- and post treatment, and percent recovery 

(Mickle', 1 995). Alabdul' al ( 1 995) and Khordagui, ( 1 997) presented the chemical 

composition of reject brine from some inland desalination plant in the GCC 

Countries. Concentrate quality from some membrane drinking water plants in Florida 

has been reported by Mickley ( 1 993) where the concentrations of 40 different 

inorganic chemicals were reported. Alabdula'aly and Khan, ( 1 997) analyzed the feed, 

pernleate and brine water of four groundwater RO plants in the central region of Saudi 

Arabia for 1 2  metals, namely AI, As, Cd, Fe, Mn, i, Pb, Se and Zn. i and Cu were 

found to be absent in all samples. All other metals were observed within the drinking 

water limit set by World Health Organization (WHO). Another important issue of 

concern is the presence of corrosion products. Studies conducted in a large scale 

plants use seawater as feed, and acid dosing as anti-scalent can further aggravate the 

corro ion problem (Oldfield and Todd, 1 995). RO system recovery can influence 

concentrate characteristics. The system volume recovery is the volume of pemleates 

1 2  
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produced from the feed water e pressed as a percentage. High recovery leads to a 

concentrating effect of dissolved species in the feed water the extent of which can be 

estimated from the follo�ing mass balance equation. 

CF = 1 (l-SR) [2.1 ] 

Where CF i the concentration factor of ionic specIes; SR 1S the system recovery 

e 'pressed as a decimal. 

The dilution of concentrate (blended) results in a final discharged effluent that 

i' rarely more than 1 5% higher in salinity than the receiving water. Concerns over the 

potential adverse effects are tempered by the total volume of brine being released, the 

constituents of the brine discharged (i.e. , heavy metals, organic and inorganic 

compounds and also by products from pre-and post-chemical treatment which might 

include antiscalent, antifoaming agents, polyphosphates, coagulant aids, residual 

chlorine, and acid). 
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Para meter 

a" mg 1 

'vlg . mg l  

'a . mg l  

K . mg l  

Sr , mg] 

�Callon meq ] 
pH 

Issadanat 

Oman 

9�3 

4 1 3  

2780 

81 5 

28 � 

_03 06 

7 2 1 

Electncal condu t1\l1} 1 6.8 

(m em) 

TDS. mg I 
�O,. mg l 

F. mgl 

1 0553 

CI . mgl 4532 

SO •. mg'! 1 5 52 

JO�.  mgl ,\ R  
Carbonate. CO, "l R  
BIcarbonates. HCOl' 466 

'\ 1 6  

�anion maq ] 1 67 88 

Ion Balance 948 

A R  1 9  1 2  

SER 59 5 5  

L I  1 24 

R I 4 73 

Total Ion. mgl 1 0  8 1  

Total alkahnlt) 380 

Total Hardnes 404 1 

Fe. mg,l 0 06 

�n. mg/l 0.05 

Cu. mg.l 0.05 

ln, mgl 0 05 

Cr. mg� 0.02 

AI. mgt] l\ R  
Ba. mg,l ,\ R  
As. mgl N R  
Pb. mgl R 

e.mg,1 R 

l 'm m  I 

l E 

202 

: 1 0  

3 1 90 

84 5 

2 1  1 0  

1 92 98 

7 54 

1 4 96 

1 0923 

2 n  

1 6  

4 1 08 

2444 

1 64 09 

'\ R  
656 

6 .2  

1 98 05 

4 02 

2 7 20 

71  9 1  

1 04 

5 46 

1 1 245 

538 

2630 

0.08 

0 05 

0 05 

0 0 -

0. 1 2  

R 
"I R  
N R  

'R  
R 

H a mri) ab, 

h a rijah,  

l A E 

1 7  

3 1 1  

1 930 

50.7 

1 4 20 

1 1 9 48 

7 66 

1 2 7 4 1  

7350 

1 5 9  

1 3 

2933 

1 53 7  

1 33 7 1  

R 
753 

3 6  

1 2 7.4 1  

-3 2 1  

20.30 

70.27 

1 26 

5 1 4  

7 7 1 9  

6 1 7  

1 730 

0 05 

0 05 

0.05 

0 05 

0.05 

R 
N R  
N R  

' R  
R 

aja ' a  

harij a h ,  

l E 

1 88 

207 

4.800 

60 

40 

:-"R 
7 95 

R 

1 2 .239 

R 
8 0  

4.860 

2,400 

1 20 

R 
R 
R 

NR 
N R  
"l R  

R 
' R  

NR 
NR 
945 

N R  
N R  

R 
N R  

R 
R 

I\ R  
N R  

' R  
N R  

R 

audi  rabia 

573 

373 

2327 

R 
R 

I\ R  
4 1  

N R  

1 0800 

1 43 

R 
2798 

4 1 0 1  

R 
R 
R 
R 

"lR 
R 
R 

l R  
R 

N R  
N R  
N R  
2968 

65.5 

22 .6 

1 0. 8  

N R  
N R  
1 82 

68 

23.2 

5 2  

77 

a l bou kh, 

a u d i  ra bia 

404 

257 

1 433 

"IR 
R 
R 

4 5  

NR 

6920 

1 42 

N R  
1 45 7  

2840 

R 
'R 
' R  
R 
R 
R 
R 
R 
R 
R 

NR 
R 

2066 

NR 
R 
R 

N R  
N R  

R 
N R  

R 
R 

I\ R  

Table 2. 3: Chemical Composition of Reject Brine from Inland Desalination Plants in 
the GCC Countries (after Ahmed 2000 and Alabdul aly, 1 997) ,  
.. \ R :  'i o t  Reported 
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I so,  it i po sible to find corrosion products in brine water resulting from the 

effect of \ ater flow, di 01 ed ga es and treatment chemicals (acids) on the al loys 

uti l ized in the con truction of desalination pipes and equipments. The corrosion 

product may include harmful  heavy metals such as Nickel (Ni ) ,  Copper (Cu), 

Molybdenum ( Mo), and other Ie  s toxic metals such as Iron (Fe) and Zinc (Zn). The 

amount of these metal ions is directly related to redo potential ,  pH and the matelial 

in contact with water during the desal ination process. 

2 .3.2 Rever e Osmoses Concentrate Disposal 

There are many options for concentrate disposal from inland desal ination plants 

(Khordagu i, 1 997) . Some of these are : 

1 .  Discharge into well-engineered solar evaporation pond; 

2 .  Disposal to  wastewater system ' 

3. Land appl ication ( includes spray irrigation and percolation ponds); 

4. I njection into deep sal ine aqui fers (non-dri nking water aquifers) ;  

5 .  Disposal into land surface, and 

6. Disposal into the sea through a pipel ine 

A Survey was conducted by (Ahmed et al., 2000) on the current status of brine 

d isposal techniques of 23 in land desal ination plants in Oman Jordan, and the UAE. 

The survey concluded that the disposal practices in  the above countries range from 

evaporation ponds to the util ization of sal ine water in i rrigation after di lution as wel l  

as  d isposal i n  boreholes, shorel ine, wadi beds, and the ocean. Another survey was 

conducted in the USA at membrane drinking water fac i l i t ies of size greater than 95 

m3/day (Squ ire, 2000). About 73% of the plants were brack ish water RO, 1 1  % were 
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nonofiltration F). 1 1  % electro dial i (ED) and the remaining 5% seawater RO 

Plant . Table 2...+ ummariz the different method for disposal of concentrate in  the 

( % ) 
urfac \i ater 48% 

Di charged to wastewater treatment plants 23% 
Land pplication 1 3% 
D ep well i njection 1 0% 
Evaporation ponds 6% 

Tabl 2 .-+ :  ethods of Concentrate Disposal 

The necessi ty for a special disposal technique could make the system very 

co t1y. A report published by (UN, 2002) outlined that the cost plays an important 

role in selectlng a method of reject brine disposal. The cost could range from 5 to 

33% of the total cost of desalination (Khordagui, 1 997). Evaporation ponds are the 

most appropriate for relatively worm, dry climates with high evaporation rates. It 

should be noted that with all types of land disposal procedures, there would always be 

a potential risk of groundwater contamination. 

2.3.3 I mpact of Reject Br ine  on Soil and  G ro undwater 

Disposal of reject brine i nto unlined pond or/pits from i nland desalination 

plants has a significant environmental consideration. Improper disposal has the 

potential for polluting the groundwater resources and can have a profound impact on 

subsurface soil properties i f  i t 's  discharged by land application. A case study in India 

i ndicated that seepage from brine caused groundwater contamination of the source 

well and resulted i n  an i ncrease i n  hardness of the groundwater (Rao et al. ,  1 990). 

High salt contents in reject effluent with elevated levels of sodium, chloride, 

and boron can reduce plants and soil productivity and increase the risk of soil 
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alinizat ion . it can al 0 alter the e lectrica l  conduct ivity of soi l  (Maas, 1 990), changing 

the odium ad orption ratio ( R) and induce speci fic ion toxicity. The sodium 

ad orption ratio ( A R) defines the influence of sodium on oil properties by 

alculating the relative concentration of odium, calcium, and magnesium. Higher 

R a lues can lead to 10\ er permeabil ity (Rhoades and Loveday, 1 990). Although 

odium does not reduce the intake of water by plants, it changes soil structure and 

impairs the i n filtration of water, affecting plant growth (Hoffman et al., 1 990). 

Additional impacts inc lude increased i rrigation and rainwater runoff, poor aeration, 

and reduce leaching of salts from root zone because of poor permeabi li ty. Heavy 

metals  and inorganic compounds build up in the soil and groundwater sources and 

may cause long-term heal th problems. There are other impacts caused by desal ination, 

\\ hich are summarized in Table 2 . 5 .  

Environmental Impacts 

Energy: 

Burning fossil fuel s  to generate power for desal ination plants impacts: 

• H uman health 

• Cli mate change 

Land-use: 

Land-use impacts related to the loss of the open good agricul tural land for 

construction of  inland desa l ination plants. 

Table 2 . 5 :  List of the Most Important Environmental Impacts of Desal ination. 

2.4 ENVIRONM ENTAL FATE AND MODELING 

Assessing the extent and rate of pol l utant movement through the soi l  profile 

from the disposed brine on inland desal ination plants is  of  great importance. It 
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provide m ans for addr s ing the \ ater quality issues associated with the deep 

p rcolation of reject brine \ hen this by-product of desalination is discharged in 

improper way. In addition, understanding the movement of the concentrated brine 

along \\ ith heavy metals is essential in evaluating their negative impacts on the 

en ironment and addressing the policies and the regulatory aspects of brine reject 

di charg . 

Models that describe the physical, chemical, and biological processes 

associated with the mo ement of solutes in the soil profile have been derived and 

in\" tigated by many researchers (Bums, 1974, Melaamed et a!. ,  Selim et a!. ,  1 977, 

Yong et al,. 1992, Mohamed and Anti a, 1 998, and Fetter, 1 999). According to 

Addi ott and Wagent, 1985, uch model range from being deterministic, where 

indi idual processes are defined mathematically, to stochastic, where the emphasis is 

less on the process but more on predicting the statistical distributions of a given 

characteristics. The former category of models is usually complex in nature as it 

emphasizes the processes involved and the interactions among these processes. 
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CHAPTER 3 

ASSESSMENT OF STUDY AREA 

3. 1 T U DY AREA 

The 'tud) area ( Fig. 3. 1 a, b) is located at the eastern region of Abu Dhabi 

Emirate, about l OO km fTom AI-Ain City, where a hot arid climate prevails and 

evaporation greatly exceeds precipitation. The a erage annual rainfall may only be a 

few centimeters, which usually occurs seasonally and sometimes only from a single 

c loudbur t .  The ummer shade temperature i frequently above 40°C .  Strong 

persistent winds are normally experienced. The geological features of the area consist 

mainly of and dunes with marine sand and silt .  The principal transporting agents of 

the environment is \ indo  The superficial deposits overlie interbeded sandstone 

limestone, conglomerates, calcites, gypsum, plagioclase and siltstones. The raw water 

originates from Sayh Al Raheel, Urn Al Ash and from Aslab wel ls with a water table 

of 1 00- 1 50 meter below the ground surface.  The average brackish water conductivity 

ranges between 6 .5  - 1 5 .0  mS/cm. 

3.2 PLANTS V I S I T E D  

The fol lowing (BWRO) plants were visited: Al  Wagan, Al Qua'a and Umm 

Al ZumooL on February 2002. Photos taken during field visit are provided in 

(Appendix A) .  A Questioner Survey (Appendix B) has been conducted to gather basic 

data on the investigated plants and the gathered information is summarized in Table 

3. 1 .  
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I tem 

\ 0. of Plant,  

Year of Operation 

Purpo,es 

Feed ' l ethod 

Total apa it) (G/d) 

Rl"co v e Q  Rate (%) 

Disposal ' I et hods 

\ 0. of FE'edi n g  W ell  

Feed a l i  n i t) & P re-t reatment 

Pre-t reatnwnt 

Chemical t reatment 

Post Treatment 

RO membra n e  clea n i ng freq uency 

Chemical used fo r clea n i ng 

'Iembrane m a n u factures & T) pI.' 

.\ I embrane l i fe t i me 

AI' agan 

I I  plants (� mob ile and 7 
. t3lionary) 

3 plants sIan operallon 1 980. 
l in 1 99 1 , 1 plant m 1 992. 
4 plant In 1 996 and 2 In 1 997 

Dome:.tic and l ivestock supply 

Brad. ! h Ground\\uter 

25 .000 50.000 

Gnlined pit 

1 3  

6500 mSlcm 

and filtration 

Anti-scalenI. 
ulphunc ACid 

I u-5u filters 

eyer) 2000 hrs 
22 \\ orkmg hrs/d 

Cilne aCid. Bioclean 
L607, RO clean L607 
BIOclean 5 1 1 

FlUid System, Fllmtch 
Hydro matnx. Spiral Wound 

& eawater membranes are used 
9 yT for FlUid System 
5-6 ) r for F l imtch 
3 )TS. for Hydro matn'\ 

Al Quaa Vm A] Zumool 

1 2  plants (6 mobile and 
6 stalionaT) ) 

2 tall on aT) 

3 plant· operated In 1 980. 1 992 
3 m  1 99 U  to 1 996. 2 1 0 1 997 

Dome liC and I "estock supply Domestic 

Brackish Groundwater Brackish 

25.000 60,000 25 ,000 

70°'0 60°0 

Unlined pit Unlined pIt 

1 5  8 

6000 mS/em 1 7000 mS/cm 
9000 m lem 

and filtration Sand filtratlon 
Carbon fi ltration 
Cartndges filtratIOn 

nll -scalent, 
H2 04 

UV ystem 

ever) 2000 hrs 
20 \\ orkmg hrs/d 

Citric aCid. and Fouling 
( I  I - .807) 

FlUid System, Dupont 
plral wound, Seawater 

Membrane 
4(SW4040), 8 in h 

Carbon & 
Cartndge filt 

Antl- calent 
Sulphunc ACid 

ever) 2000 hrs 
16 hrs/d 

Fhmtech 
pril wound 

8 lOch. W8040 

Table 3 .1 : Basic Infonnation on the Inland BWRO Desal ination Plants 
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3.2. 1 Feed, Prod uct and Reject Brine Water Production 

The reject brine production and total de alinated and rejected water in 1 999 

and _002 along with the monthly feed, desal inated, and reject water are shown in 

Table 3. 2 and Fig .3.1, 3.2, 3.3, 3.4 and 3.5. The figures show an increase in feed, 

product, and reject water over the last four years due to increase in \: ater demands for 

both domestic and l ivestock use. The ranges of brine production in 2002 from Al 

Wagan. Al Qua 'a and m 1 Zumool a compared to the 1 999 are i l lustrated in Table 

".2. The data show a dramatic increase in both product and reject water with a brine 

recovery rate of 30-40 %. 

Plan ts (B\VRO) 

Al Wagan 

Al Qua'a 

Um Al Zumool 

1999 

25,425,605 

33,1 29.547 

9,675,080 

Year 

2002 

49,627,511 

49,749.263 

10,584,469 

Table 3. 2 Reject Brine Water Production (MG/Y), year 1 999 and 2002 
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Fig .  3 . 1 :  Total De al inated and Reject water Produced in ear 2002 (Mm3 ) 
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Fig. 3 .2 :  Rate of Chang of Water Production Al Qua'a Desal ination Plants 
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Fig. 3 . 3 :  Yearly Feed, Product, and Brine Production (Mm3/yr.) ,  Ai Qua'a 
Desal ination plants 
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Fig. 3 .4 :  Monthly Desal inated and Rejects Water Produced from Al Wagan 
Desalination Plants 
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Fig, 3 . 5 :  Monthly De alinated and Rejects Water Produced from Urn Al  Zumool 
Desalination P lants 

3.2.2 M ethods of B rine  D isposal 

The existing method of brine disposal in the study area is surface 

impoundment (unl ined pond) .  The size of the pond at Al Wagan is (65 ill by 1 00 m 

by 50m by 1 20 m), and at AI Qua'a is  (45 m by 75m by 40 m by 55  m) with a depth 

of 1 7  meter. The photographs of the sites are shown in Figs. 3 .6 and 3 . 7  
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Fig. 3 .6 :  Brine Disposal i te, AI Wagan 

: :  . -� 
-. p .  -=-":::.-'. --.. . ..  -

Fig. 3 . 7 :  Brine D isposal S ite, Al Qua'a. 
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3.3 A M P L E  COL L ECTION PRE PA RATI ON AN D ANAL Y S I S  

3.3. 1 Water Sample 

Repre entative discharge effluents from three inland desalination plants along 

\\' ith fe d, product and pond water ha e been collected and analyzed. Temperature 

and pH were analyzed in the field whereas, electrical conductivity, TDS, major 

cations (Ca, Mg, a, K), major anions (HC03, S04,  C l ,  03) ,  major metals (AI ,  As, 

Cu, Fe, Zn, Cd, Cr Pb, Se, Mn, Sr V,B and Ba), and TPH were analyzed at the 

Central Laboratory nit (CLU), UAE University, using ICP-OES-VIST A-MPX 

CCD. HACH DR4000 pectrophotometer, and MAG A-IR (560), E .S .P  

Spectrometer respectively (Appendix C) .  The water samples analyzed for TPH were 

collected in 1 000 m} ; acid washed. and kept in dark brown glass bottles. The samples 

for trace elements and TPH were acid ified at the time of collection with spectroscopy 

grade nitric acid unt i l  the pH was less than 2, brought to the laboratory in ice boxes, 

and stored at 4°C unt i l  analyzed. 

3.3.2 Soil  S amples 

oil san1ples were collected from Al  Qua'a dispo al site (Fig. 3 . 8 )  at each 

location ( i .e . ,  A I .  A2. A3 , B 1 .  B2 and B3) .  Five ( 5 )  samples were col lected from 

each point. Soi l  samples were air-dried and sieved using 2mm sieve and analyzed for 

the fol lowings physical and chemical parameters. 

3.3.2 . 1  Physical Parameters 

A soi l  spec ific gravity and grain size distribution has been analysed using 

pycnometer and dry sieve analysis, respectively. 
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LOCAT I O N  OF PROP. F E N C I N G  

AROUND T H E  E XIST. R E JECT E D  WAT E R  
OUTFAU P I T  AT A L  Q U A  

• 

Fig. 3 . 8 :  o i l  ampling Location (AI Qua'a Dispo a l  Si te)  

3.3.2.2 Chemical a nalysis :  

Cation exchange capaci ty (CEC) was determined by using Ammonium acetate 

method. Cations were then analyzed using Atomic Absorption Spectrophotometer. 

The electrical conducti i ty (EC),  TDS, and pH in the 1 :2 .5  ratio were measured using 

a Jenway -l020 ECITDS and Jenwa 3020 -pH meter respectively. Readings were 

taken in the suspension before extraction. Major cations, anions and heavy metals in 

a suspension of 1 :2 .5  soi ls  to water ratio were analyzed. Samples were placed in a 

receptacle shaker for over night and extracted using fi l ter paper. Chloride, Carbonate, 

and B icarbonates were determined by titration method. Nitrate was determined by 

using BACH DR4000 U Spectrophotometer. 

For the determination of heavy metals, 1 .Og of < 2mm air dry soi l  was digested in a 

Aqua Regia Solution 1 : 3 Ratio (HN03 : HCL) .  Heavy metals and some anions have 

been analyzed using ICP-OES-VISTA-MPX CCD Simultaneous. 
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18 .  The re ults were reported as an average value for the five samples with its 
related tandard of de iations. 

3A f l N E RA L O G I C A L  STU DY 

-Ra Diffraction Analysis (XRD) was used to detennine the mineralogical 

composition of the sample . Fifteen gram ( 1 5g) of air dried oi l  pa sed a o .  200 

ie\ e (75 )lm) wa placed into a glass l ide (2 .6 x 2.3 em), and then analyzed using A 

Phil ips " -ray diffractometer model PW1 1 840, with Ni  fi lter, Cu-Ka radiation (A= 

1 .  -+2 0)  at -+0 kV. 30 rnA and scanning speed of 0 .02° IS was used. The diffraction 

peak betw en _8 =2° and 2 8 =60° were recorded. The corresponding spacing (d in 

A 0) and the relative intensities ( I1IO) were calculated and compared with the standard 

data. 

3.5 SAM PL I N G  AND ANALY S I S  OF I N- PLACE AND SAND D U N E  
SAM P L E S  

Two soi l  samples were col lected. the first one was taken about 1 00 m from the 

Al Qua'a d isposal site. and the other was taken about 1 . 5 km away from the disposal 

site. It  is important to mention that sample were collected from two sites. At the first 

site, samples were taken from sand dune deposition where the disposal site is located . 

At the other site, samples were taken from the in-place (original ) soi l  of the area 

(virgin soi l ) .  

So i l s  were characterized for hydraulic conductivity, usmg Constant Head 

Hydraul ic Conductivity Test (ASTM) standard method. This method is general ly 

used for sands that contain l i tt le silt or fines. The hydraul ic conductivity cell was 

used and the soi l  specimen was compacted inside the cel l .  Water flows from a 

reservoir through the compacted specimens that remains under a constant head. Soil 
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ample w re al 0 characterized for Specific gravity, particle size distribution using 

tandard A TM D 2487-9_, C EC, pH, EC, TD , cation, anions u ing 1 :2 .5  soi l  to 

\\ ater rat io and hea y metals by using wet digestion method. Cations, anions and 

heavy trace metals were analyzed using rcp.  

3.6 BA TCH I OTH E RM E X P E RI M ENT 

The main objecti es  of this experiment were to  study soi l attenuation of reject 

brine at equi l ibrium, estimate the number of pore volumes required to achieve 

breakrrhrough of selected reject bline constituents (S04, K, and Sr) into the effluent 

l iquid, and final ly, to calculate the retardation parameter required in the pol lutant 

transport equations. 

Following the procedure described by A10hamed and A nila, 1 998, and Yang R. . et 

aZ, . 1 992 

Batch adsorption tests were conducted using each soil sand dune and in-place 

soi l  to evaluate the sorption i sotherm for the target elements/substances. A fixed 

amount ( l O g) of air-dried soi l  has been placed in 1 00 ml glass bottles. Stock solutions 

containing KBr, 206Sr and a2S04 with concentrations shown in Table 3 .3 were 

prepared. H undred mi l l i l i ters of various ini tial concentrations of the target elements 

were added to the glass bottles by making appropriate di lutions from the stock 

solution. 
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hemical M .Wt. 

KBr 1 1 9 

1 '206 r 2 1 1 .6 

a2 04 1 42 

� 1 .Wt. of 
target element 

39 

87 .6 

96 

Amou n t  g / L 

0 . 1 49 

0.24 1 

0 . 1 -+8 

Co ncentration of target 
ub tance (mglL) 

48.8 

1 00 

1 00 

Table '" .3 : Con ntration of the Target Element in the tock olution. 

Init ial concentrations of r and S04 in the glass bottles were varied over the 

range of 5- 1 00 ppm while that for K was varied over the range of a - 48 .8 ppm. A 

blank bott le  contains j ust the target elements (with no soi l )  was used to elify no 

interaction of constituents with the bottle material neither precipitation during the 

pha e of  the experiment. The bottles were capped t ightly and tumbled end-over-end 

for 4 days. Phase separation was accompl ished by centrifugation. Aqueous 

samples from the supernatant were collected and analyzed for the target elements. 

The amow1t adsorbed b the soil was calculated by difference. Fig. 3 .9 i l lustrates 

the batch equi l ibrium procedure. The equation is used to calculate q ( Yong et ai, . 

1 992) :  

q = (Co-C) * VIM [3 . 1 ]  

Where rT i s  the o lume of l iquid in a bottle ( 1 00 ml), and M is the mass of soil in the 

bottle ( l a g) .  The numerator in the above equation represents the mass of 

constituent adsorbed onto the sol id phase, and it is divided by the mass of  the soi l  to 

obtain a measure of the relative mass of the constituent adsorbed on the sol id phase. 

The values of q are plotted as a function of the equi librium concentration. 

For constituents at low or moderate concentrations, the fol lowing relat ionship 

between q and c can expressed as: 

[3 .2]  
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Where kd and b are coefficient that depend on the con tituents, nature of the porous 

material and the interaction mechani m behve n it and the constituent . The abo\'e 

equation i known as the Frelllldlich i otheml . I f  b = J , then q versus c data wi l l  be 

traight l ine ( l i near) .  With b = I reduced to: 

dq / dc = kd [ 3 .3 ]  

kd known as the di tribution coefficient ,  and it is u ed for pol lutant parti tioning 

between l iquid and sol id. Retardation factor (Rf) for l iner sorption can be calculated 

using the following equation: 

[ 3.4 ] 

Where Pd is the dry density. kd i the distribution coeffic ient, and II is the porosity. 
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ir-dried soi l  
Solution with specified 

concentration of 
contaminant for 
adsorption test 

Blank C5 

oi l  Solution Ratio 
1 :  1 0  

Low to high 

Liquid-sol id separation for 
determination of concentration of 
contaminants q adsorbed by soi l  

Fig. 3 . 9 :  chematic Diagram Showing Batch Equil ibrium Procedure 

3.7 M IS C I B L E  D I SPLAC E M E NT E X P E RI ME N T  

The main objectives of  this experiment are (Yong et at, . 1 992, Mohamed 

and Antia, 1 998) to : ( 1) study pol lutant migration and attenuation by soi ls, and (2)  

estimate the transport parameters and the mechanisms which contro l  the leaching of 

pol lutants through soi ls .  

Determination of adsorption characteristics of soi ls requires simulation of 

passage of the leachate. To that and, two (2)  leaching experiments ( Fig. 3 . 1 0 ) have 

been set, with the characteristics detailed in Table 3 .4 .  
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Propert ie' In-p lace o i l  and Dune Soil  

• Column length (e/ll) 50 50 

• olumn d iameter (cm)  5 .0  5 .0 

• Column area, � (cm�) 1 9 .6  1 9 .6  

• The \ o lume o f  the column (cm3) 98 1 . 5 98 1 .5 

• The mas' of  the soi l  i n  the column (g) 1 , 738  1 , 808 

• The ma s o f  water in  the column (g)  39 1 295 . 5  

• The volume of water in  the column (cm3) 39 1 295 . 5  

( a  sum ing the dens it) of  water 1 g/cm3) 

• Poros ity 0 . 38  0 .30 

• The moi sture content (0;0) 3 8  30 

B u l k  density ( g/cm3) 1 .689 1 . 75 

• Hydraul ic  conducti vi ty,  k (cm/sec) 6. 50x 1 0-5 9.0x l o·5 

• pec ific gra i ty 2 .68  2 . 59  

Table 3 A :  Packed columns properties 

Te t Procedure 

The soi l  was compacted into two soi l columns ( F ig. 3 .  1 0) and then the 

leach ing column were assembled. F i rstly, the leaching cel l  has been burg with 02 

to remove exce s a i r. Secondly,  after steady state condition bas been establ i shed 

us ing deionized water, the flu id  in the effluent reservoir is changed to reject brine 

solution conta in ing 8 1  mg/l r concentrat ion.  The reason for choosing Sr as a target 

metals was based on previous re u lts which indicated that strontium (Sr)  

concentration i s  the h ighest amongst other heavy meta l s  as wel l  as its concentration 

in  excess of the a l lowable  l i mi ts in drinking water standards by various regulatory 

agencIes. 
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The effluent concentration, Ce, of the tudied chemical species is collected 

over time and measured using ICP.  The results were plotted in the form of solute 

br akthrough curves, or relative concentration, Cel Co, ersus time or pore volumes 

of flow ( P  ). 

Fig. 3 . 1 0 : Leaching Column ystem with a Fraction Col lector. 

3.8 REJ ECT B R I N E  T RA N S PO RT M O D E L I N G  

The movement of containments through soi l  profi le is  an active area o f  

research. Models have been developed t o  stimulate leachate migration from 

disposal sites as other problems such as salt water intrusion. For the purpose of this 

work, the effects of  equi l ibrium retardation are i l lustrated through use of CXTFIT. 

This model was developed by the U .S .  Sal in i ty Laboratory, USDA, ARS, USA for 

estimating solute transport parameters from observed concentrations ( the inverse 

problem) or for predicting solute concentrations ( the direct problem) using the 

convection-dispersion equation as the transport model .  
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In this project, adsorpt ion was simulat d .  The one-dimensional mass 

tran port through a aturat d porous medium that is in column 0 .5 m long and 

internal diameter of 0.05 m wa considered. The hydraul ic conductivity (k) and the 

porosity (8 ) for both columns are 6 .50 x 1 0-5 (cm/ ec), 9.0 x 1 0-5 (cm/sec) and 0 .38  

and 0 .30, re pect iyely. The reject brine injected contains an  initial solute 

conc ntrat ion of ( r
2+) of 52 .2 and 8 1  mg/L for the sand dune and in-place soi l  

testing, respectively. The solution is  injected into the bottom of the soi l  column and 

ol lected from the top by a fraction col lector ( Figure 3 . l  0) ,  in accordance with the 

speci fied time frame (Appendix D) .  The model yields the solute concentration in the 

effluent as a function of the number of pore vol urnes and distance. 
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CHAPTER 4 

EVALUATION OF INLAND BWRO 

DESALINATION PLANTS 

�. 1 V AR I A T I O N S  O F  p H ,  EC, A N D  M AJOR CAT I ON S  

Analyses of  the feed, product reject brine, and pond water are summarized 

in Tabl 4 . 1 .  The table shows the pH and the electrical conductivity ( EC)  at Al­

Wagan, Al Qua 'a, and Urn Al  Zumool desalination plants. The pH values ranged 

from 5 .64 to 7.02, 6 .76 to 7 ,46, 7 .03 to 8 .4 1  for AI-Wagan, AI-Qua'a and Urn AI­

ZornooL respectively. Whi lst, EC ranged from 0.83 to 30 .30, 0 .22 to 1 6 .90, and 

0.34 to 1 4 .00 rnS/cm, for the same areas respecti ely. The concentration Na +, Ca2+ 

and Mg:!- are h igher than the al lowable l imits set by the GCC Countries in al l water 

samples. 

4.2 V A R I A T I O N S  OF MAJO R  AN I ON S  

The maj or anions of feed, product, reject  and pond water are shown in  Table 

4.2. The results show that these samples were not contaminated with itrate (N03') 

and Phosphorus ( P) ,  whereas the concentrations of Sulfate (S04') and Chloride (Cn 

were exceeding the al lowable l imits. The higher S04' concentration in feed water is  

attributed to the geological nature of the area, which is  c lassified as  Gypsy-ferrous 

soi l  ( AEU, 1 993) ;  this has been confirmed by the mineralogical analysis. 
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Plant  & Water a mple a rne Cation ( rng/I) 

pH E N a  C a  Mg K 
( m  /crn) 

Al Wagan 
Feed 7.02 1 4 .7  74 1 .59 1 46.3 1 1 1 2 8 .46 
Prod uct 7.02 0 . 82 5 5 .25 1 40 .00 0.94 1 .3 0  
Reject 5 .64 30.3 2248 367 .96 282 68.49 
Pond 6 . 76 26.6 1 985 393.25 300 56.60 

I Q u a ' a  
Feed 6.67 -H I  45 1 . 1 3  1 62 .36 1 04 27.24 
Product 7.46 0.22 39.20 l . 80 1 . 1 6 0.90 
Reject 6.67 1 6.9 2880 5 1 8 .86 3 3 7  94.64 
Pond 7. 1 4  1 4 .6 1 994 366.86 252 6 1 .67 

t; rn Al - Zu rnool 
Feed 7.57 5.05 2482 456.40 1 94 1 1 0 . 1 
Prod uct 7.40 0.34 1 5 l .0 1 8 .23 7.75 4 .64 
Reject 7.03 1 2.9 6206 846.78 36 1 264 .0  
Pond 8.4 1 1 4.0 5 5 1 7  782.75 3 3 6  245.0 

Table -+. 1 :  pH,  EC and Major Cations of Water Samples from the Desalination 
P lants 

Plant  & Sample N a me Anions  ( mg/1) 
cr P N O)- SO,,2-

Al  W agan 
Feed 3 .827 ND 8.99 539.22 
Product 398.0 ND 1 .69 5 .36  
Rej ect 8,946 OAO 7 . 1 1  1 ,540 
Pond 9,943 0 .30  1 0 .60 1 ,436 

Al  Q u a'a 
Feed 6,2 1 3  0 . 1 4  1 . 5 7  394 .38 

Product 1 , 1 43 ND 0.85 5 .62 

Reject 7,2 1 2  OA2 5 . 30  1 ,979 

Pond 1 0,43 7 OAO 5 . 6 1  1 ,456 

U m  AI-Zu mool 
Feed 9,443 ND 1 2 .70 1 ,746 

Product 1 ,243 0 .0 1 1 . 58  55 .56  

Reject 23,856 0 .28 1 7 .2 4, 1 79 

Pond 1 9,880 0 .20 1 4 . 1  3 ,622 

Table 4 .2 : Major Anions of Water Samples from the Desalination P lants 
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·t3 VARIATION OF H EAVY M ETALS 

11 water samples col lected from the three aforementioned desal ination 

plant w re analyzed for the pre ence of 1 3  hea\ ! metals. The e hea metal 

include 1. Ba, Cd, Cr, Cu, Fe, Mn, i, Pb, Sr, V,  Zn and B as shown in Table 4. 3. 

The concentrations of anadium (V), Chromium (Cr), and Strontium (Sr), have 

been compeared with th GCC drinking water standards of the above three metals 

(Appendix E),  and regulations for effluents discharges (Appendix F) .  The 

concentrations were found to be higher in the feed, reject and pond waters. Heavy 

metals such as AI, Ba, Cd Cu, Fe Mn, and i were found to be within the allowable 

l imits. The concentration of  most of the heavy metals which were analyzed in feed 

\'.:ater was below the allowable l imits set by the GCC standards except for Sr and B 

which were found to be above the al lowable l imits for drinking water. Other metals 

such Cd, Pb, Fe, eu were not detected in some water samples as shown in Table 

-+. 3. 

Plant  & Water Sample N a me Heavy metals Concentrat ion ( mg/l) 

Al Ba Cd Cr C u  Fe M n  N i  Pb Sr V Zn B 

AJ\Vagan 

Feed 0. 1 0  0.03 0.0 1 0.23 �1) 0.0 1 0.0 1 0.0 1 1\1) 5.60 0.04 0.0 1 1 . 1 0  

Product ;-"1) 0.0 1 0.0 1 0 .0 1 0.0 1 0.0 1 ND ND ND 0.05 ND 0.0 1 0.80 

Reject 0.02 0. 1 0  1'-11) 0.70 ND ND 0.0 1 0.0 1 ND 2 1 .63 0. 1 1  6.02 l AO 

Pond 0.02 0.08 ;-"1) 0.63 � 0.0 1 0.0 1 0.0 1 1\1) 1 6.70 0. 1 2  0.0 1 1 .20 

AIQua'a  

Feed 0.0 1 0.03 0.0 1 0. 1 8  iD iD 0.0 1 0.0 1 ND 5.40 0.03 0.0 1 0.80 

Product ND 0.0 1 0.0 1 0.0 1 ND 0.0 1 ND 0.0 1 � 0.07 0.0 1 0.0 1 0.60 

Reject 0.03 0. 1 0  iD 0.63 ND ND 0.0 1 0.0 1 ND 24.22 0 . 1 1 0.0 1 1 .92 

Pond 0.02 0.07 1\TI 0.62 ND ND 0.0 ] 0 .0 1 ND 1 7.24 0 . 1 0  0.0 1 1 .62 

Lm Al Zumoo] 

Feed 0.02 0 .02 ND 0.05 ND 0.0 1 0.0 1 0.03 ND 9.96 0.02 0.02 2.86 

Product ),1) 0 . 1 0  0.0 1 0 .0 1 1\1) 0.0 1 0.0 1 0.0 1 ND 0.5 1 0.0 ] 0.0 ] 1 .00 

Reject 1\1) 0.32 ND ND 0.09 0 .0 1 0.0 1 0.0 1 0.0 1 30. 1 0 0.04 0. 1 0  5.40 

Pond 0.03 0.03 ND 0.09 m 0.0 1 0.0 ] 0.0 1 0.0 1 30. 1 6  0.04 0 . 1 0  4.92 

Table 4 .3 : Heavy metals in water samples 
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4.4 VAR] T I O;\' O F  TOT L P E T R O L U l\ I  HYDROCARBO (TP H )  

I I  can b c  een from Fig.  4. 1 that TPI I i present i n  feed, product, reject, and 

pond \\ ater. I n some plants th concentration exceeds the standard l i mi ts set by the 

oll l1 lr ie . \\ h ich i 0.0 I mg/I for drink ing water. The resu l ts should be 

cOlndered as ind icati\·c of TP] J presence in water samp les. A fingerprint study is 

r qu i red to dctcnnine the sour e f hydrocarbon . 

2 5  

� 20 
'a, 
E 

o Feed Water 1 

� 1 5  o 

o Product wateJ Ii Reject Brine 
o Pond Water -------

� b � 1 0  
() c o u 5 

o 
AL Wagan DP AI Quaa DP 

Plants 

Fig. 4 . 1 : The Le\ el of TPH in Vv1ater amples 

U rn  AI Zurnol DP 

4.5 P E R FO R  lANCE O F  R EJ ECT B RI N E  P ITS 

l 

Table 4 ..+ ind icates that tbe reject brine from AI Qua'a and Urn A I  Zumool 

ha higher concentrations compared to reject b rine from the AI Wagan p lant .  Table 

4 . 5  ind icates that the desa l ination plants have led to the enrichment of reject brine 

w ith major ions as i ndicated from the ca lcu lated rat ions ( reject water : feed water) . 

The concentrat ion factor (CF)  calcu lated as the ratio between the concentrations of 

species in the pond water to that in  the reject brine is shown in  Table  (4 .6) .  This 

may indicate that there i s  a leakage problem. Further i nvestigations are needed. 
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Usually ponds ha e much higher concentrations than wastewater depending on age 

of  pond, ize, and pos ible di lution. However these assumptions are made based on 

one ampling only. For precise conc lusions a series of water samples with constant 

or different time intervals should be conducted, and results can be reported based 

on the average sample number and standard of de iation . 

PARA .. '\ I ETER ALWAGAN ALQUAA U MZOM O L  

Temperature ( oC) 3 5  3 5  3 5  

pH 7.03 6.67 5 .62 

Electncal ConductIVity (mS cm) 1 2 .9 1 6.9 30.3 

TD 7.77 1 0.2 1 8 .3  

Ca, mg l 367 .96 5 1 8 .86 846.78 

�Ig, 282.02 3 3 7 .26 3 6 1 .68 
"\'a. 2.248 2,880 6,206 

K. 68 .44 94.64 264.05 

001 1 ,540 1 ,979 4, 1 79 

Cl, 8,946 7,2 1 2  2,3 85 

1\03 7 . 1 1  5 . .  3 0  1 7. 1  

F ND ND ND 
Al 0.02 0.03 1'-'D 
MIl 0.0 1 0 .0 1 0 .0 1 

P OAO OA2 0.28 

Cu ND ND ND 
Zn 0.02 0 . 0 1 0 .0 ] 

"\'1 0.0 1 0 . 0 1 0 .0 1 

Cr 0 . 70 0.63 0.09 

Cd ND ND ND 
Ba 0 . 1 0  0 . 1 0  0 . 3 2  

B 1 .40 1 .92 3 .40 

\" 0 . 1 1 0 . 1 1  0 .04 

e � ND ND 
Pb ND ND 0 . 0 1 

Sr 2 1 .63 3 0 . 1 0  3 0 . 1 0  

Table 4 .4 :  Characteristics of Reject Brine from Desal ination plants 
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Location Const ituents ( rng/I ) 
Na Ca Mg K 

I \\'agan 
Feed \\ ater 74 1 . 59 1 46.3 1 1 1 2 . 4 1  28 .46 
Reject water 2,248 367.96 282.02 66.49 
Ratio 3.03 2.5 1 2.50 2.34 

AIQu a 'a  
Feed \\ ater 45 1 . 1 "  1 62 .36 1 03 .64 27.24 
Reject water 2,880 5 1 8 .86 33 7.26 94.64 
Ratio 6.83 3. 1 9  3.25 3.47 

Urn Al Zu mool 
Feed water 2,48 1 456.40 1 94 .50 1 1 0 .29 
Rej ect water 6,_06 846.78 3 6 l .68 264.05 
Ratio 2.50 1 .85 1 .86 2040 

Table -+ . 5 :  Ratio of Major Ions of Feed water and Reject Brine of the plants 

Const i tuents ( rug/I) 
Location N a  C a  M g  

Al  \Vagan 
Reject Brine 2 ,248 367 .96 282.02 
Pond Water 1 ,985 393 .25 300.95 
Conc . factor (CF)* 0.88 1 .07 1 .07 

Al  Qua'a 
Reject Brine 2,880 5 1 8 . 86 3 3 7.26 

Pond Water 1 ,994 366 .86 252 .75  
Conc. Factor (CF)*  0.70 0.70 0.75 

Urn AJ  Zu mool 
Rej ect Brine 6,206 846 .78 3 6 1 .68 

Pond Water 5.5 1 6  782 .75 336.42 

Conc. Factor (CF)* 0.88 0.92 0.93 

Table 4 .6 :  Concentration Factor in Disposal Ponds 
* CF = Pond WateriReject water 
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K 

68.49 
56.60 
0.82 

94.64 
6 1 .60 
0.65 

264.05 
245 .42 
0.93 

EC 

5 .05 
1 2 .90 
2.55 

4.6 1 
1 6 .90 
3.66 

] 4 . 70 
30 .30 
2.06 

EC 

1 2 .90 
1 4 .00 
1 .85 

1 6 .90 
1 4 .60 
0.86 

30 .30  
26.60 
0.87 
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CHAPTER S 

EVALUATION OF SUB SURFACE 

POLLUTANT DISTRIBUTION AT AL-QUA'A 

DISPOSAL SITE 

5. 1 O I L  C H A RACT E RIZATION 

5. 1 . 1  G rain  S ize and  S i l t  Analysis 

The ize of the mineral partic les profoundly affects the physical properties of the 

oil leaching, and the abi l i ty to hold water and other constituents. Dry S ieve analysis 

has been performed to determine soi l  texture. The textures of soi l  samples are fine to 

very fine sand. The grain size distributions for both soi ls are i l lustrated in Figures 

5 . 1 .  

1 00 
90 
80 
70 

.... 60 
� 50 � 4 0  

o 30 
20 
1 0  

o 
1 0  1 0 . 1 

D i a meter, mm 

� I n-pl a ce 
Soi l  

-tr- Sand 
Dune 
soi l  

0 . 0 1  

Fig. 5 . 1 : Grain S ize Distribution of  the In-place and Sand Dune soi l ,  Al Qua'a 
Disposal Si te 
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Figur 5 .1 how very clearly that the soi l  contained negligible fines ( soi l  

particl that v" i l l  pa a 0.25 - 0.05 mm ieve and retained on a < 0.05 mm pan) .  A 

nifi d oi l  Classi fication ystem has been used to confinn the soi l  texture by 

calculating the u and Ce. u is the coefficient o f unifonnity, and Cc is the coefficient 

of curvature. The Cu and Cc and approximate Hydraulic Conductivity (K)  values for 

In-place and sand dune soi l  are given in Table 5 . 1 

Soi l  I D. 

in-Place Soi l  

nd Dune Soi l  

0 .363 

2 .  -

0 .8 1 7  

0 .9  

K 

3 .6 E-07 

3 . 36  E-07 

Table 5 . 1 :  Calculated Coefficient of Unifonnity (Cu), Coefficient of  Curvature (Ce) 

and Approximate Hydraul ic Conductivity (k) .  

Figure 5.2 indicates that there are great variations in s i l t  contents between the 

original soil (In-place Soi l )  and samples col lected from the disposal site. This could 

be due to the transportation nature of the residual soi l  (sand dune) that i s  present in 

the Shldy area. 
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8 r--

7 
.......... 6 � c-o 
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0 4 . -'tj 
fa 3 I.. � 

� 2 
U") 1 T 

0 I ..L. I T 

In -p lace A l  A 2  
So i l  Location 

Fig. 5 . 2 :  Variation in  i l t  Content among ampl ing Locations 

5. 1 .2 Cation Exchange Capacity (CEC) 

.,... ...l.- I 

A3 

Figure � .3 indicates clearly the ariat ion 1 11 CEC contents between the 

original ( i n-place) o i l  and the soi l  col lected from Al Qua'a disposal site (A I ,  A2, 

and A3 ) .  The variation in CEC content is attributed to high fine si lt  content in the 

original soi l .  

1 2  

en 1 0  
E 
t: 8 0 

:;::; � 6 '--t: Cl> 4 (.) t: 0 u 2 

0 
In-p lace A 1  A2 A3 

Soi l Loca t i o n  

Fig. 5 . 3 :  Variation in So i l  CEC (cmollkg dry soi l »)  
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5.1.3 l\1 min eraJogicaJ Ana Jy i 

RD analysis for oi l  samples col lected from disposal site and original soi l  of 

Al Qua'a area, are analyzed using Phi l ip XR model PW11 840, with Ni Fi l ter, C -

Ka radiate . R ult are ummarized in Table 5 . 1 .  The dominants minerals near the 

di po aJ ite A l ,  A2, " ,  and B 1 ,  B2, B3,  and and dune oi l  are quartz, calcite and 

plagioc lase, and gypsum \: here as the in-place oi l  col lected, about 1 . 5 kl11 down 

trean1 contains high amount of gypsum. This finding corresponds to the geological 

formation and the soi l  c lassification of the area (Gyps- ferrous soi l )  (UAB Atlas, 

2000) .  Appendix D summarize the physical and chemical properties of the tested 

o i l .  

Table 5 . 1 :  oi l  Minerals 

Sample I . D  M ajor  minerals 

A l Quartz, 
Plagioclase 

A2 Quartz 
A3 Quartz, Calcite 
B l  Plagioclase 

I B2 Quartz, 

B3 Quartz, 

Sand Dune Soi l  P lagioclase, 
calcite 

In-place Soi l  Quartz, Calcite, 
Gypsum 

5.2 PORE FLUI D  ANALYS I S  

Su bordinate M inor  minerals 
minerals 
Plagioclase, calcite Calcite 

P1a!rioclase, calcite Calcite 
Plagioc lase Gypsum 
Plagioclase, calcite Plagioclase, 

calcite 
P lagioclase Plagioclase, 

calcite 
Calcite Plagioc lase, 

calcite 
Calcite Gypsum 

Calci te Plagioclase, 
calcite 

Interpolation technique ( Krigi ng) has been used to generate contour l ines 

usmg urfer, version 8 .02 .  The program has been used to i l l ustrate the variation in 

cations, anion and trace metals distribution as well as flow direction . 
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5.2 . 1 Anion D i  tribution 

Fig. 5.4 how that the concentrat ion of chloride is  h igher at sampling points 

A L A_, B 1 .  B2, and B" , hereas the concentration of chloride at point A3 is very 

10\\·. Thi indicate that the flow direction i from A 1 and B 1 to A3 and the chloride 

migration is the mainly in ertical direction. i trate concentration was lower than the 

maximum al lowable l imits sets by the GCC standards. The i trate graph shows also, 

that point 3 ha the lowe t concentrat ion among the other points. Sulfate is 

concentrated mainl at point A l  and propagates toward A3.  The concentration of 

bicarbonate is h igh at point A3 (Appendix E) .  
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C h loride (CI )  

540 

495 

450 

405 

360 

3 1 5  

270 

225 

1 80 

1 35 

90 

45 

o 2 4 6 8 1 0  1 2  1 4  

o 2 4 6 8 A 

Nitrate (N03) 

1 4  

4 
8 

3 5  

3 

6 2 5  

2 A1 
4 1 5 

0 5  
2 --1 

o 2 

o 2 4 6 B 

48 



www.manaraa.com

o 2 

o 

1 4  

1 2 -; 

Sulphate (S04 ) 

4 8;1 6 

2 

8 

4 6 

Bicarbonate ( HC03) 

1 0  1 2  1 4  

8 

1 0 ------------------�?r--�--�--_f--�����--_7��--� 

8 

2 

o 2 

o 

4 B 1  6 

2 

8 1 0  1 2  1 4  

4 6 8 

260 
250 
240 
230 
220 
2 1 0  
200 
1 90 
1 80 
1 70 
1 60 
1 50 

4 1  

40 5 

40 

39 5 

39 

38 5 

38 

37 5 

37 

36 5 

36 

c 

D 

Fig. 5 .4 :  Anion Distribution in Subsurface Soi l  Below the Disposal S ite at an Average 

Depth of 1 .Om: (a) Chloride; (b)  itrate; (c )  Sulfate and (d)  B icarbonate 
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6.2.2 ation Di  tribution 

Fig.  5 .5 i l lu trate that the c ncentration of K, a, Mg, and Ca. 11 cation 

concentration ar higher at arnpl ing point numbers A 1 ,  A2, B 1 ,  B2, B3 than at 

that at .., 
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Fig. 5 .  � :  Cation Di  tribution in ubsurface Soi l  Below the Disposal S i te at an 
Average Depth of 1 .0m: (a) Pota ium' (b) odium' (c) Magnesium; and Cd) Calcium. 

6.2.3 H eavy M etals D istribution 

tront ium concentrat ion was found to be high at points A 1 and A3 . Also i ts 

found to be higher than the maximum allowable l imits (0 .05 mg/l) set by the GCC 

countries for drinking water. 
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Fig. - .6 :  tronti um Di tribution in Subsurface Soi l  Below the Disposal i te at an 
Average Depth of 1 .Om. 

In  conclusion the graphs suggest that the concentration of  the reject brine 

water decreases by distance from the center of the pond. However the horizontal 

mo ement is very l imited suggesting that the main direction for transport is the 

vertical direction. The concentration of these ions are found to be higher than the 

maximum al lowable l imits set by the Gee Drinking Water Standards and also higher 

than the maximum l imits set by AD oe for the disposal of effluents into the desert 

(Appendix F) .  
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CHAPTER 6 

REJECT BRINE TRANSPORT 

6. 1 AD O RPTIO I SOT H E RM 

arious factors such as pH,  mineral composition (content of clays and ox ides 

of iron and manganese), CEC, amount and type of organic compounds in the soi l  and 

oi l  olution, presence of other hea y metals (which may compete for adsorption sites 

tc . ), o i l  temperature and moisture content, and other factors which effect microbial 

activity, could influence the transport of ionic species into subsurface soi ls  (Maraqa, 

_002: Mohamed and Antia, 1 998) .  Adsorption data are required to stud the 

adsorption and attenuation of pol lutants, and to provide necessary information 

required to calculate retardation parameter of the pollutant transport equation. Such 

information is also needed to determine the diffusiOn/dispersion coefficient which 

control the migration of pol lutants through soi ls ( Yong et a!. , 1 992) .  At this stage it is 

very important to note that adsorption isotherm has been appl ied to soi l  suspension, 

assuming that this situation is  one of the completely dispersed soi l  where all  soi l  

part ic les surface are exposed and avai lable for interaction with the pol lutants (Yong et 

a!. , 1 992) .  

Adsorption/desorption isotherm for stronti um, potassium, and sulfate are 

shOVvTI in Figs. 6 . 1 to 6 . 3 .  At low input concentration, desorption process has taken 

place. H igher input concentration, adsorption process is dominant. However, for 

sulfate, desorption process i s  dominant at all input concentrations indicating that the 

soi l  is rich in sulfate. 
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The original  o i l  hawed higher tendency to interact w ith the above elements as 

compared t and dune soi l .  A major factor that played role in  thi might be the EC 

of the 'oi l .  The original  o i l  ha the h ighe t E ' s o  

The experimental re  u l t  can be fi tted \ ia l i near relation as  shown in the 

figure \vith h igh regression parameters for stront ium and potas ium.  For the 

de orpt ion proce s of su lfate, the desorpti 11 place s cou ld not be fitted with a high 

regre, Ion .  F 1 10\\ ing the tandard procedures ( Il ohamed and Antia, 1 998) for 

ca lcu lating the d i  tribut ion coefficient (Ke!) and hence e t imating the retardation 

parameter (R). the re ult  110\\ n in Tab le 6 . 1 \\ ere obta ined . The results ind icate that 

the i n -p lace o i l  has high abi l i ty to retard the movement of strontium and potassium 

b)  factors 3 and  2.  respect ive l) . a s  that of and  dune.  Ho\\ e\ er, for u l fate. since i t  i s  

mainly desorption p roce , the two soi l '  gave s imi lar resu l ts. 
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Soi l  B u l k  Poro i ty  Kt 

Type Den i ty r K S04 

Sand 1 . 75 0 .30 0.0066 0 . 1 1 56 -0.00 1 

Dune 

In-p lace 1 .69 0 .38 0.0253  0 .2953 0 .00 1 1 

oJ !  

Table 6. 1 : Retardation Factor ( R ) from Batch Isothem1. 

R = Retardation factor= 1 + (Pb * kd / 8 )  

I R 

Sr K S04 

39 . 5  7 1 0 .0  5 .90 

1 1 3 . 5 1 1 3 1 4 .3 7 . 1 3  

, '8 .  Bulk density (Pb ) and porosity (8 ) are the two parameters affecting retardation 

by producing a wide range of total porosity in soi l s  as well as various pore sizes. 

Pore size regulates the nature of solute flow. For example, in very small pores, solute 

movement is contro lled by diffusion, while in lager pores solute flow is control led by 

rna s flow (Evangelou, 1 998) .  

6.2 L E AC H IN G  COLUMN T EST 

Solute movement through soi l  is a complex process. I t  depends on convective 

dispersive properties as influenced by pore size, shape, continuity, and the number of 

physicochemical reactions such as sorption-adsorption, diffusion, exclusion, stagnant 

and or double-layer water, interlayer water, activation energies, kinetics, equi librium 

constants, and dissolution-precipi tation (Evangelou, 1 998) .  Miscible displacement is  

one of the best approaches for determining the factors in a given soi l  responsible for 

the transport behaviour of any given solute. Figs 6.4a and b show the breakthrough 

curves for electrical conductivity and strontium for in-place soi l  and sand dune. The 

experimental results indicate that for in-place soi l ,  the electrical conductivity 

breaksthrough after the passage of about 2 . 5  pore volume while for strontium, it 
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break after about 5 . � 5  pore olum . The re u l t  al 0 ind icate that the behaviour of  

e lectrica l conductivity i im i lar to that of  i deal tracer lUO ement i n  so i ls .  

For and dune. the experimental resu l t  i nd icate that the e lectrica l 

conducth it; break thr ugh a fter about I p re lume \\ h i le for stront ium it breaks 

after about 3 p re volumes. 

Comparing the experimental re u l ts of F igs. 6 ...J. a  and 6.4b,  one concludes that 

i n-place soi l ha h igher capab i l i ty for adsort ion and retardat ion of pol lutant migrat ion. 

To yari fy this statement, one alculates the area under the breakthrough curve to 

prO\ ide a quantat ive mea ure as sh \\ n i n  Table 6 . 2 .  The calcu lated areas, which are 

a measure of retardation or adsorption, for i n-place soi l  are h igher than that of  sand 

d u ne due to h igh CEC values. 

Soil 
Sand Dune  

AR (area under the curve) 
AR (PV at CICo = 0 . 5) 

I n-place Soi l  
AR (area under the c urve) 
AR ( PV at CICo = 0 . 5) 

Sr 

1 .35 
1 .3 

2 .94 
3 .20  

EC 

0.92 
0 .9  

1 .28  
1 .2 

Table 6 .2 :  Retardation Measure CAR) from M isc ible Displacement Expeliment 
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6._ C LCU L T I O  O F TRAN PO RT PARAM E T E RS 

6.3. 1 T i me- L ag l\ l et b od 

This method has been u ed to calculate the stead state d iffusion transport 

coefficient through th porous media  for tronti um for both soi l .  The (otal amount of  

di iTu ing ub  tance per cros sect ional area, Ql, which ba passed through the soi l 

approache a steady tate "alues as l ime (t)  increases. ( Yong el al. " 1 992 ) .  Equat ion 

[6. 1 ]  is the quatiol1 of a traight l ine on a plot of Qt, \,ersu t ime as shown in Fig . 

6 .  - and 6 .6 .  The intercept on the t ime ax is  is the t ime lag. T L, which is given by: 

[6. 1 ] 

The d i ffus ion coeffic ient D can be calculated using the above Eq.  [6 . 1 ]  by 

p lott ing Qt wrsus t ime and determine the value for the intercept TL. The calculated 

di ffusion coefficients for sand dune soi l and In-place soi l are J . 653x 1 0.6 and 1 .446 

x l O.6 m2 sec, respectively i nd icating that the 1\\'0 soi l s  have d iffrent d i ffusion 

parameters . TIllS is in agreement wi th the previous analysis, which indicates that in­

p l ace soi l has h igher adsorption than sand dune. Therefore, one would expect that in­

place soi l shou ld  have lo\ver d i ffusion parameter than sand dune. 
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Fig.  6 .  - : Dete1l11i nation of Diffusion us ing Time-Lag Method for a nd Dune Soi l ,  Al­
Qua'a. 

90 
80 
70 
60 

..... 50 0 40 
30 
20 
1 0  

0 
0 1 0  20 30 40 50 

T i m e ,  T 

F ig .  6 .6 :  Determi nation of D i ffusion us ing Time-Lag Method for In-place Soi l ,  AI­
Qua'a. 

6.3 .2  CXTFIT M O D E L  

Effects of  equ i l ibrium retardation can b e  i l lustrated through the use of  a 

computer mode l ,  CXTFIT. The s i tuations being modeled are the i nverse situations by 

fitt ing mathematical  solutions of  theoretical  transp0l1 models, based upon the 

convection-dispersion equation,  to the experimental resu l ts obtained from conducted 
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m i  c ib lc d i  p lacement experiment for the tVv o selected soi l  namely sand dune soi l  

and orig ina l  i l  col lected from I Qua'a, 1 - i n ,  A E .  1 ht: calculated re u l ts are 

sh \\ n in Table 6 . 3 .  The rc u l t  ind icate that the  in -place oi l  has  h igher disper ion, 

and retardation than soi l dune soi l  suggesting a fast r movement of contaminant i n  

sand dune o i l .  

o i l  Dd R ! D/R r 

(cm2 /h r) (cm2/hr)  
o i l  

- tronllum ( r) 6.2:! 1 .15 0 .9607 1 4 .976 

- E l ectri cal ondue! 1 \  II) tE 0.3237 0 .9000 0.9949 0.359 

(b)  I n-p lace o i l  
- Ironflum ( r) 7.88 3 . 3 2  0 .9659 1 2 . 3 7  

- E l e  tncal Conduct l \ lt) tEC) 5 .  - 7  1 . - 7 0.9958 3 . - 5 

Table 6 .3 : D ispers ion Coe fficient (Dd) ,  Retardation oeffic ient ( R) R Square(R2) ,  
and D i ffu ion Coeffic ient (Dd 'R) ,  obtai ned by Fi t t ing the Data from M isc ible 
Displacement Experiments for Sand Dune and I n-place Soi l .  

The d i ffusion coeffic ients (Dd R) i n  I un its a re calculated a s  fol l ow .  For sand 

dune soil ,  D/R = 1 . 3 7 8x l O-7 m2/sec and for i n-place o i l ,  D/R is  6 . S8x I O-8 m2/sec . 

Approximate ly  one order of magnitude d i fference i s  observed between the two soi l s .  

The ca l ibrated results via the lise of  data shm n in Table 6 .2  are presented in 

figs. 6 . 7  to 6 . 1 0 . The figures ind icate a very good match bet\\ een observed and fitted 

resu l t  . 
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Fig. 6 , 7 :  Experimental and Fitted Breaktllrough Curves for Strontium in  the case of 
andy Dune Soi L 
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Fig. 6 .8 :  Experimental and Fitted Breakthrough Curves for Electrical Conductivity for 
the case of Sandy Dune oiL 
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Fig .  6 .9 :  Experimental and F i tted B reakthrough Curves for Strontium in  the case of 
in-p lace o i l .  
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Fig.  6 . 1 0 : Experimenta l  and Fitted B reakthrough Curves for E lectrical  Conductiv i ty 
for the case of I n-place soi l .  

Table 6 .4  shows a comparison between the two methods for calcu l at ing the 

d i ffusion coeffi cients. 
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Soi l  T) pc 

Sand Dune 
I l I n-place Soi l  

-- --

Diffu ion Coefficient ( m
z

/sec) 

Time Lag CXTFIT 

1 .653:-:. 1 0-6 
I J78x l O-7 

1 .446x 1 0-6 
6 . 5 8  1 0-1) 

Table  6 .4 :  ompan on between the two methods for calcu lating the di ffu ion 
coeffic ients. 

6.4 E X  I T I V I TY ANAL Y I V IA CXTF I T  M O D E L  

A ensit i vity analysis ha been conducted to i l lustrate the variab i l i ty in  the 

d i spersion coefficient (Dd) and Retardation coeffic ient ( R) .  F igs.  6 .8  and 6.9 i l l ustrate 

the effect of d i fferent D and R values, us ing CXTFI T  (d irect problem) .  The figures 

i ndicate tbat for the same retardation and d isper iv i ty, as the dispersion coefficient 

increa e , the breakthrough retards (F ig. 6 . 8 ) .  For the same dispersion coeffic ient and 

d ispersi\ ' ity,  a the retardation coefficient increases the breakthrough retards. 

1 .20E+OO 

1 .00E+OO 

8 .00E-0 1 

0 
- C (D=O . 1 )  

u 6.00E-0 1 -.. - C(D= 1 ) 
u 

- C (D=1 0) 
4 .00E-0 1  

2 .00E-0 1 

O .OOE+OO 

0 1 2 3 4 5 
Pore Volu me 

Fig .6 . 1 1 : E ffects of  the Variabi l ity in the Di spersion Coeffic ient CD), using F ixed (R) 
and ( v) a lues of  1 . 5 and 0.4, respectively.  
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F ig .6 . 1 2 : E ffects of the ariabi I i t)' in  the Retardation Coefficient (R) ,  us ing F ixed (D) 
aJ/d ( \) Va lue o f 2 . 5  and 2 . 5 ,  respect ivel) 

6.5 P RE D I CT I ON S  F O R  F I E L D  CON D I T I O N  

Contam inant transport model (CXTFIT ) have been used t o  predict the 

moyement of  contaminant for field condi tion. Thi is  vital  for accurate assessment of 

the adyance of  contaminant plumes i n  the subsurface, and lor d istribution of 

concentrations of target pol lutants at various points of concem and after pec i fic t ime 

period.  F igs.  6 . 1 3  and 6 . l 4  shmv that the S r  concentration wil l  req u i re 1 3  to 1 4  days 

to reach the feeding aqu ifers of 1 00 depth in the case of sand dune soi l ,  whereas for 

the In-place o i l  it requ i res 1 6  days to reach the feeding aqu i fer. 
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CHAPTER 7 

CONCLUSIONS AND 

RECOM MENDATIONS 

7. 1 CONCLU I O N S  

General ly:  

1 .  Seawater and brack ish groundwater are considered as strategic alternatives to 

provide fresh water resources in the UAE and the Gulf Countries. 

Almost 98% of water suppl ies in the UAE are currently satisfied by seawater 

and brackish water desal ination. 

3 .  Considering the increase in desal ination technology, attention must be  given 

to evaluate desal ination from environmental, technical and economical 

prospectives. 

3 .  Considering the geological nature o f  the study area, concentrate disposal to 

unl ined pond or pits can pose a significant problem to soi l  and feed water. It 

can increase the ri sk of saline brackish water intrusion into fresh water. 

4 .  The percentages of rej ect brine from the three investigated plants varied 

between 30 to 40 %. 

5 .  The surveyed plants use unl ined disposal pits for disposal o f  reject brine. 

Chemical analysis showed a sl ight increase in the concentrat ion of  various 

salts and EC level indicating that concentrate is  easi ly reaching the 

groundwater. 
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pecificaUy: 

1.  The TD of rej ect brine showed a low degree of variabi l ity ranging from (7 .77  

1 8  . .... m fcm) 

2. Heavy metals (Cr,P,Sr ,B)  and TPH were detected in al l  water samples. 

3. Water samples col lected from reject brine at Urn Al Zumool RO plant showed 

the high st increase in TPH and electrical conductivi ty, where as the highest 

level o f TPH in feed water was observed at the Al Qua'a  plant. 

4 .  Increase i n  TPH in desal inated water can pose a significant health risk . The 

origin of TPH, types of hydrocarbons should be investigated. A fingerprint 

study could be useful to define the source of such organic compound. 

S .  XRDA conc lude that the dominants minerals near the disposal site A I ,  A2, 

A3, and B L B2, and B3 are Quartz, Calcite and Plagioclase, whereas the 

an1ple collected. about l .  - km (original soi l )  contain high amount of gypsum. 

This finding corresponds to the geological formation and the soi l  c lassification 

of the area, which is  c lassified as Gyps- ferrous Soi l .  Feed water analysis 

confirms also that the soi l  contains SO .. -, Ca, Mg, and a. 

6 .  The krigging analysis i l lustrates that the concentration of  reject brine 

decreases by distance suggesting a horizontal than lateral ly transport of 

contaminant. Core samples are required to solidate this findings. 

7. The Adsorption I sotherm results reveal that the retardation takes the 

fol lowing order K >Sr > S04 . The In-place soi l  showed a higher tendency to 

8 .  

interact with the above elements a s  compared to sand dune soi l .  

The Miscible displacement results reveal that for strontium and EC 

breakthrough curves measured for In-place and sand dune soi l ,  retardation 
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valu are higher for In-place soi l  than sand dune soi l ,  whereas for EC they 

are the same for both oi ls  con fiITI1ing that EC is acting as an ideal tracer. 

9 .  The outcomes from the C TFIT model re eaJ that original soi l  has higher 

dispersion and retardat ion coefficients than sand dune soi l ,  suggesting a faster 

mo ement of  contaminants m sand dune soi l .  

1 0. Predictions of  field condition using CXTFIT model show that Sr require 1 3 -

I -J.  days to reach the feeding aquifers of 1 00 m depth in the case of sand dune 

soi l  whereas for the In-place soil it requires 1 6  days. 

The overall study indicates that effluents discharge to the desert can have an 

adverse effect to the feed v ater orl undergrolmd aquifers. The RO concentrate 

relea ed has a TDS concentration about two fold higher than the feed water supply. 

The mechanism for this increase may be attributed to sal ine intrusion to the feeding 

aquifers salts from the reject brine might precipitate out of solution as the di scharge 

water infi ltrate to the water table. The salt may be then taken into solution at a new 

concentration. The re-solution of salts during transport to the water table  and 

enrichments of  the soi l  in the area with gypsum as has been concluded from XRD 

results may explain the increase in water hardness and S04 concentrations. With 

regards to the impacts on soi l  qual i ty, the outcomes of this project can glVe a 

prel iminary findings, further research is required to confiITI1 conclusion. 
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7.2 RE 01\1 M E  DAT I O  

Th follo\ ing recommendations can be considered to reduce the impact of concentrate 

di posal from inland de al ination plants : 

1 . Proactive approaches must be considered to protect groundwater from further 

det riorat ion ( i .e . ,  l ining systems, long teml monitoring program, field research 

te . ) 

2 .  Regulations and polices related t o  reject brine chemical composition and 

concentrate disposal must be used in p lace. 

3 .  Enforcement o f  regulations o f  brine disposal on the concerned sectors. 

4. Private companies ha e to be encouraged by government to play a role in 

research, education and training in the field of desalination. Options that can be 

adopted by the UAE and the Gulf Countries are highl ighted below: 

(A) Zero-d isch a rge of brines from desalin ation plants :  Industries should apply 

pollution reduction programs including, recycl ing and reusing water and developing 

alternative technology. The zero discharged concepts deal with the reduction in 

waste volume. 

( B )  U e of  reject in  solar pond for electricity :  Saline effluents from large 

desal ination plants are increasing dramatically, especia l ly in the Arabian Gulf region. 

Solar ponds can be used for the production of heat and electric i ty. 

( C) E n h anced evaporation mec h a n is m :  The size of the evaporation pond affect 

the rate at which rej ect brine is evaporated from i t .  Different methods can be used to 

enhance evaporation include: 

• Use low cost technology for enhance evaporation 

• Spraying of brine 

• Creating turbulence in the pond 
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• reating airflov 0 er the pond 

C D)  p iru l ina, Fi h,  a n d  S h ri m p  Culture us ing  reject br ine from desal ination 

pJant  : Treated reject brine water from desalination plants with high alkal inity and 

alinit , and the a ai labi l ity of solar radiation and high temperature can provide an 

ideal growth medium for Spirul ina i .e . ,  Arthospira Platensis and Ti lapia which are of 

high commercial value. Adopting such project can contribute to the decrease of the 

cost of \ aste di posal , and reduce the impact on environment.(http:// jperret. 

tripod.com research johan spiru l ina. html , (http://www .brineshrimpdirect .com) • .  

ure-h, A., and Lin. K. ,  1 992) .  

( E) Chemical conversions of salt concentrate from desa l ination plants :  There 

a possibi l i ty of producing some chemicals from the salt concentrate. The 

preliminary results indicate the chance of converting NaCl  to producing Na2C03, 

TaHC03 and NH�Cl using a series of batch gas bubbler ( Baba El -Yakubu, J .  and 

Ibrahim, A.A, 200 1 ) . 

( F) M ineral  E xtraction from desa l i n ation plants :  E traction of minerals from 

desalination reject brine can represent a potential important source of  minerals, 

minimize east d isposal and reduce the stress in environment (Al-Mutaz, I . S . ,  and 

Wagial la, K .M. ,  1 988) .  
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Appendi x  A 

U N ITE D ARAB E M I RATES U NIVE RSITY 
FACU LTY O F  G RA DUATE STU DIES 
E NVIRO N M E NTAL SCI E N C E  MAST E R  PROG RAM 

QUEST I ONNA I RE  S U RVEY 
Di  t ri b u ted t o  I n l a n d  Desa l i n a t i o n  P l a n ts, U A E  

TH E SIS TITLE :  I M PACT O F  REJ E CT B RI N E  C H E MICAL 

COM POSITI O N  F RO M  DESALINATION P LANT 

O N  SOI L  AND G RO U N DWAT E R  

STU D E N T  N AM E :  J U MA KHALFAN K .  AL-HAN DHALY 
Tel :  050- 7634667 Fax: 0 3 - 7623 1 54, 

Att. Dr. A . M . O .  Moha med 

M AJ O R  S U P E RVISOR :  Dr. ASDEL MOHSEN O .  MOHAM E D  

COLLEG E OF ENGINEERING 

A. P r i m a ry Data : 

CIVIL & ENVIRON M E NTAL ENGIN ERING DEPT. 

UAEU, AI-Ain 

1 .  Name of the desal i nation p lant:  ___________ _ 

2 .  Type of the desa l ination plant:  ___________ _ 

3 .  Ca pacity (m3jday ) :  _________ _ 

4 .  Date of operation : _________ _ 

5 .  Location : ____________ _ 

6 .  Purpose of the plant:  Please mark the a ppropriate box( es) 

D Domestic su pply D Ind ustria l  su pply D Agricu ltura l  

supply 
7. Sou rce of feed water :  

D Grou ndwater D Sea water 

8 .  Depth to groundwater table : ______ _ 

9 .  Total volume of feed, Product, and brine water produced (m3) :  
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I Water type I Year Feed Product Brine 
90 
9 1  
92 
93 , 
94 
95 
96 
97 
98 
99 
00 
0 1  i 02 

10 .  Average qua l ity of feed, product and brine water :  

A .  E lectrica l conductivity ( mS/cm) 

Water Year 
type 90 9 1  9 2  93 94 95 96 97 98 99 00 0 1  02 
Feed 
Product 
Brine 

B. Does your  compa ny conduct heavy meta l ana lysis for the feed, 
br ine or product? 

D Yes o Feed 

o Product 

o Bri ne 

If yes, please fi l l  the attached table (A) for the results of the ana lysis of the 
fol lowing meta ls :  As, Ba, Cr, Cd, Pb, Hg, Se . 

C .  Does your company conduct total hydrocarbon a na lysis for the feed, 
bri ne or product water? 

D Yes o Feed 

o Product 

o Brine 
If yes, p lease fi l l  the fol lowing table for the resu lts in the previous years. 
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Yea r Water type 
Feed Product Brine 

1990 
199 1  
1992 
1 993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 
200 1 
2002 

1 1 .  Brine Disposa l Method ( Please mark the appropriate d isposal 
method) 

D Surface water d ischarge. 

D Deep wel l  i njection .  

D Evaporation ponds ( l i ned or un l i ned) .  

D Distance of the d isposa l site from the i ntake source : _____ _ 

1 2 .  Is there a re a mon itori ng system (monitoring wel ls) for the qua l ity of 
the underlying groundwater? 

D Yes D No 

B .  Chemicals used at your Desalination Plant 

I Treatment Process Chemica ls used 
I Treatment of feed water 

Treatment of product water 

Chemica ls  used in clea ning 

Post-clean ing treatment 

Treatment of brine 

I Others 

I 
Thank you for your k ind cooperation. 
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APPENDIX B 

P H OTOG RA P H S  OF I N LAN D DESA L I N AT I ON 
PLAN TS AN D D I S POSAL S I T E S  

Figure B I :  Al Wagan Desalination Plant 

Figure B .2 :  Chemical used for various purposes in RO Desalination P lant, A l  

Wagan 

8 1  
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Figure B3 : Mobi le  Desalination P lant, Al Wagan 

Figure B .4 :  Sand Fi ltration used for Pre-Treatment of  Feed water, Mobi le R O  P lant 
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Figure B .  - :  Point Source of Rej ect Brine, A l  Wagan 

Figure B 6 :  Landscape Around a Disposal Si te, Al Wagan 
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A PPEN D I X C 

P H O PTG RA P H S  OF C L U  EQU I PL M E NTS, UAE 
U N I V E RSITY 

Figure C . l :  I nductively Coupled P lasma Mass Spectrometry ( ICP-MS) ICP-OES 
( VI STA - MPX, CCD) 

Figure C .2 :  MAG A - IR (560) E. s. , Spectrometer 
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Figure C .3 : MAG A - I R  (560). E. s. ,  Spectrometer Figure B . 3 :  HACH DR 4000U 
pectrophotometer 
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APPENDIX D 

EXPERIMENTAL AND MODEL DATA 

D 1 .  Ad orption I otherm E x periment 

Batch Eq u i l i bri u m  Test (Adsorption Isotherms) 

Ta ble Chemica l  analysis of Ce i n  the l i q u i d  phase using ICP 

Sa mple 

I.D Conc . ( mg / I )  Sr K S04 

Sand Dune 100 1 05 2 . 4  1 47 

Sand Dune 50 37 .7  4. 1 95.8 
Sand Dune 25 17 .5  7 . 7  57.9 
Sand Dune 10 7 .4 16.8 57.7 
Sand Dune 5 4.4 33 59. 1  

Orig . Soi l  100 42. 5  3 1 . 6  1 50 
Orig.  Soil 50 24.2 16.9 103 
Orig . Soi l  25 14.9 10.3 93.2 
Orig . Soi l  10 1 1 .3 5 .7  68.2 
Orig . Soi l  5 9 .2  5 .7  78.8 
Blank'" 1 24 36.2 92.3 

Dist. Water 0 0 0 

K 
Soi l Solution 

Bottle Soi I I . D  mass (g) volume ( m l )  Co 

1 ( 100ppm) S .  Dune 10 100 36.2 
2(50 ppm) S. Dune 10  100 18. 1 
3(25 ppm) S. Dune 10 100 9.05 
4( 10 ppm) S .  Dune 10  100 3 .62 
5 (5 ppm) S .  Dune 10 100 1 . 8 1  
6( 100ppm) In-place 10 100 36.2 
7 (50ppm) In-place 10 100 18 . 1  
8 (25ppm) In-place 10 100 9 .05 
9( 10 ppm) In-place 10 100 3 .62 
10(5 ppm) In-place 10 100 1 .81  
1 1  Control 0 100 36.2 

* Ssoi l = (mg/kg Soi l )  

86 

Ceq 

( m g / I )  

33 
16.8 
7 . 7  
4 . 1  
2 .4 
3 1 .6 
16 .9 
10 .3 
5 .7  
5 .7  

Ssoil  

32 
13 
13.5 
-4. 8 
-5. 9 
46 
12 
-12.5 
-20. 8 
-38. 9 
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Sr 

soi l  mass 
Bottle Soi l I . D  (g)  sol ution volume Co Ceq 
1( 100ppm) S .  Dune 10 100 124 105 
2(50 ppm) S. Dune 10 100 62 37.7 
3(25 ppm) S. Dune 10 100 3 1  17 .5 
4( 10 ppm) S. Dune 10 100 12 .4 7.4 
5 (5 ppm) S .  Dune 10 100 6 .2  4.4 
6( 100ppm) In-place 10 100 124 42.5 
7(50 ppm) In-place 10 100 62 24.2 
8(25 ppm) In-place 10 100 31  14.9 
9( 10  ppm) In-place 10 100 12 .4 1 1 .3 
10(5 ppm) In-place 10 100 6 .2 9.2 
1 1  Control 0 100 124 

S04 

soi l mass 

Bottle Soi l  1 .0  (g)  sol ution vol u m e  Co Ceq 

1 ( 100ppm) S .  Dune 10 100 92 .3 147 
2(50 ppm) S. Dune 10 100 46 . 1 5  95.8 
3(25 ppm) S .  Dune 10 100 23 .08 57 .9 
4( 10  ppm) S. Dune 10 100 9 .23 57 .7  
5 (5 ppm) S. Dune 10 100 4.62 59. 1  
6( 100ppm) In-place 10 100 92.3 150 
7(50 ppm) In-place 10  100 46. 15 103 
8(25 ppm) In-place 10  100 23.08 93.2 
9( 10 ppm) In-place 10 100 9 .23 68.2 
10(5 ppm) In-place 10  100 4.62 78 .8 
1 1  Control 0 100 92.3 

The in it ia l  concentrations of Sr, K ,  and S04 i n  the two soi ls are summarized below: 

ACid Digestion (mg/kg soi l) 
1 '2 5 Ratio (mg/I) 

Acid D igestion (mg/kg soi l) 
1 2 . 5  Ratio (mg/I) 

In-place Soil 
Sr S04 K 
1 ,292 24 , 5 1 3  1 , 589 
6 . 4 1  0 69.52 

Sand Dune 
Sr S04 K 
80.03 4 , 700 534 .61  
4 897 1 8 .591  

NIB.  Reject Bri ne Water were col lected from AI -Wagan BWRO Plant and used 

to run the Column test. The Reject Brine Conta ins  the fo l lowing constituents: 

Sr 
2 1 .63 
TDS 
7.77 

S04 
1 , 540 

K 
68.49 

EC (mS/cm) 
1 2 .9  

87  

Na 
2,248 

C I  
8, 946 

Ssoil  

190 
243 
135 
50 
18 
815 
378 
161 
11 
-30 

Ssoil  

-547 
-496.5 
-348.25 
-484. 7 
-544. 85 
-577 
-568.5 
-701.25 
-589. 7 
-741.85 

pH 
7.03 
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D2. M i  cible Di placement  E x peri men t 

Miscible Displacement Experiment 
Column # 1 :  Sand Dune 
Q 1 0  m l/hr 

L 50 em 

A 1 9.63 em2 

theta 0 . 3  

v 1 .69808 1 em/hr 

rho 1 7 g/em3 

Actual Sample 
T ube # Time (hr) time # PV # Sr EC 
7 1 0. 5  9 . 75 0 . 3566 3 . 9  0 . 6  0 . 1 398 

1 0  1 5  1 4. 2 5  0 . 50942 5 . 7  0.65 0 . 1 423 

1 4  2 1  20.25 0 . 7 1 3 1 9  8. 1 0.66 0 . 1 795 

1 5  2 2 . 5  2 1 . 75 0 . 764 1 4  8 . 7  1 . 33 1 . 795 

1 6  24 23.25 0. 8 1 508 9.3 3 . 08 2 . 98 

1 7  2 5 . 5  24 . 75 0. 86602 9 . 9  9 .89 3 . 98 

1 8  2 7  26.25 0 . 9 1 696 1 0 . 5  1 2 . 8  7.65 

1 9  2 8 . 5  2 7 . 75 0 . 9679 1 1 1 . 1  1 5.69 1 1 . 6 

20 30 2 9 . 2 5  1 . 0 1 885 1 1 . 7  1 9. 89 1 2 . 76 

2 1  3 1 . 5  30.75 1 . 06979 1 2 . 3  24.66 1 3 08 

22 33 32.25 1 . 1 2073 1 2 . 9  30 . 57 1 3. 34 

2 3  34 . 5  33.75 1 . 1 7 1 68 1 3 . 5  34. 2  1 3 . 35 

28 42 4 1 .25 1 42639 1 6 . 5  36.8 1 3 .35 

30 45 44 .25 1 . 52827 1 7 . 7  3 8  1 3  

38 57 56 .25 1 9358 1 22 . 5  40.9 1 3 .45 

43 64. 5  63.75 2 . 1 9052 25. 5 42.7 1 3 . 38 

48 72 7 1 .25 2 . 44524 28.5  48.8 1 3 . 24 

53 79.5 78.75 2 .69995 3 1 . 5  5 1 . 3  1 3 .45 

58 87 86 .25 2 . 9 5466 34 . 5  5 1 . 8  1 3 . 3  

63 94. 5 93.75 3. 20937 37 .5  5 1 . 9  1 3 .4 

69 1 03.5  1 02 . 7 5  3 . 5 1 503 4 1 . 1  52 .4 1 3 . 1 6  

70 1 06.5 1 04 . 2 5  3 .6 1 69 1  4 1 . 7  52.4 1 3. 1 8  

73 1 1 1  1 08.75 3 . 76974 43. 5 52 .3  1 3. 2  

7 5  1 1 4 1 1 1 . 75 3 .87 1 63 44 . 7  52.4 1 3 .46 

80 1 2 1 . 5 1 1 9. 2 5  4 . 1 2634 47.7 52.6 1 3.23 

85 1 29 1 26.75 4 . 38 1 05 50 .7  52.6 1 3  

90 1 35 1 34.25 4. 58482 5 3 . 7  52 1 3. 2 1  

95 1 44 1 4 1 . 75 4 . 89047 56. 7 52 . 4  1 3. 39 

99 1 50 1 47 . 7 5 5. 09424 59. 1 52 1 3.25 

1 00 1 5 1 . 5 1 49 .25 5. 1 45 1 9  59.7 52 1 3.23 

1 0 1 1 53 1 50 .75 5. 1 96 1 3 60.3 52 1 3.25 

1 05 1 59 1 56.75 5 . 3999 62 . 7  5 2 . 4  1 3. 5 5  

1 1 0  1 68 1 64 . 2 5  5 . 70555 65.7 52 . 4  1 3. 44 

1 1 5  1 75 . 5  1 7 1 . 7 5  5 . 96026 68.7 52 . 5  1 3 .48 

1 20 1 83 1 79 . 2 5  6 . 2 1 498 7 1 . 7 52 1 3. 2 7  

1 2 1  1 84 5 1 80 . 75 6. 26592 72.3 52.2 1 3.26 

88 
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R for 
R for Sr  EC 
Area Area 

C/Co(Sr) C/Co(EC) under under 
0 0 1 1 4 5  0 . 0 1 0356 

0 0 1 2405 0 . 0 1 054 1 0 00 1 822845 0 . 00 1 6  

0 0 1 2595 0 0 1 3296 0. 002547 1 22 0 00243 

0 025382 0. 1 32963 0 000967323 0 . 00373 

0 058779 0.22074 1 0 . 002 1 43665 0 . 00901 

0 1 8874 0 2948 1 5 0. 0063046 1 2  0 . 0 1 3 1 3 

0 244275 0 566667 0 . 0 1 1 029426 0 . 02 1 94 

0 299427 0 . 859259 0 . 0 1 3848759 0. 03632 

0 37958 0 . 945 1 85 0 . 0 1 7295 1 5 1  0.04596 

0 4706 1 1 0 . 968889 0 . 02 1 655396 0 . 04875 

0 583397 0 988 1 48 0 . 026846858 0 . 04985 

0 652672 0 . 988889 0 . 031 484 1 75 0 . 05036 

0 70229 0 . 988889 0 . 1 72562638 0 .25 1 88 

0 725 1 9 1  0. 962963 0 . 07271 9354 0 . 09943 

0 780534 0 .996296 0. 30682 1 23 1  0. 39924 

0 8 1 4885 0 . 9 9 1 1 1 1  0 20 3 1 8643 0 .253 1 1 

0 93 1 298 0. 98074 1 0 . 22238706 1 0 . 25 1 1 3  

0. 979008 0 996296 0 . 2432890 1 5  0 .25 1 79 

0. 98855 0. 985 1 85 0.250580394 0 . 25235 

0. 990458 0. 992593 0.25203867 0 . 2 5 1 88 

0 . 9748 1 5 0 . 304 1 96334 0 . 30067 

0 . 976296 2. 1 63726459 2 .59456 
0. 998092 0. 977778 1 .351 301 56 0.92047 
1 0 . 997037 

1 . 0038 1 7  0 . 98 

1 . 0038 1 7  0 962 963 

0 992366 0 . 9785 1 9  

1 0 . 9 9 1 852 

0 . 992366 0 . 9 8 1 48 1  

0. 992366 0 98 

0 992366 0 . 98 1 48 1  

1 . 003704 

0 . 9955 56 

1 001 908 0.9985 1 9  

0 992366 0. 982963 

0 996 1 83 0. 982222 
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M isci ble Displacement Experi ment 

Col u m n  # 2: I n -p lace Soi l  

Q 1 0  ml/hr 

L 50 cm 

A 1 9 63 cm2 

theta 0 38 

v 

rho 

T u be # 
1 

5 

8 

1 0  

1 5  

20 

21 

23 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

1 00 

1 05 

1 1 0  

1 1 5  

1 20 

1 25 

1 30 

1 35 

1 40 

1 45 

1 50 

1 55 

1 60 

1 65 

1 70 

1 75 

1 80 

1 85 

1 90 

1 95 

200 

1 34059 

1 7 

Ti me ( h r) 

1 

5 

8 

1 0  

1 5  

20 

2 1  

23 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

1 00 

1 05 

1 1 0  

1 1 5 

1 20 

1 25 

1 30 

1 35 

1 40 

1 45 

1 50 

1 55 

1 60 

1 65 

1 70 

1 75 

1 80 

1 85 

1 90 

1 95 

200 

cm/hr 

g/cm3 

Actual  t i me 

0 5  

4 . 5  

7 . 5  

9 . 5  

1 4. 5  

1 9. 5  

20 5 

22.5 

24 5 

29 5 

34. 5  

39.5 

44.5 

49.5 

54. 5  

59.5 

64. 5  

69.5 

74. 5  

79. 5 

84. 5  

89.5 

94.5 

99.5 

1 04.5 

1 09 5  

1 1 4 5 

1 1 9. 5  

1 24.5 

1 29.5 

1 34 5  

1 39.5 

1 44 . 5  

1 49 . 5  

1 54 . 5  

1 59.5 

1 64 . 5  

1 69 . 5  

1 74.5 

1 79 5 

1 84.5 

1 89 . 5  

1 94.5 

1 99 5 

Sample 
# PV # 
0.0268 1 2  0.2 

0 . 1 34059 1 .8 

0 . 2 1 4494 3 

0.268 1 1 8  3.8 

0 .402 1 77 5 .8 

0 536236 7.8 

0 563048 8 . 2  

0 .61 6672 9 

0 .670295 9.8 

0 . 804354 1 1 . 8 

0 . 9384 1 3  1 3.8 

1 .072472 1 5.8 

1 .20653 1 1 7.8 

1 .34059 1 9 .8 

1 .474649 2 1 .8 

1 .608708 23.8 

1 742768 25.8 

1 .876827 27.8 

2 . 0 1 0886 29.8 

2 . 1 44945 3 1 . 8  

2 . 279004 33.8 

2 . 4 1 3063 35.8 

2 . 547 1 22 37.8 

2.68 1 1 8 1 39.8 

2 . 8 1 524 4 1 .8 

2 . 949299 43.8 

3.083358 45.8 

3.2 1 74 1 7  47.8 

3.351 476 49.8 

3 . 485535 5 1 . 8 

3 . 6 1 9594 53.8 

3.753653 55.8 

3.8877 1 2  57.8 

4.02 1 771 59.8 

4 . 1 5583 6 1 . 8  

4.289889 6 3 . 8  

4.423948 65.8 

4 .558007 67 . 8  

4.692066 69.8 

4 . 826 1 25 7 1 .8 

4 . 960 1 84 73.8 

5.094244 75.8 

5.228303 77.8 

5 . 362362 79.8 

90 

Sr 

0 . 1 1 9  

0. 1 35 

0 . 1 56 

0. 1 69 

0 . 1 96 

2.66 

2.37 

3.83 

4 . 95 

5 . 7  

6.84 

C/Co(Sr) 

0.001 44593 

R for S r  

Area u nder 

0.001 64034 0 . 0001 65497 

0.001 8955 0.0001 42204 

0.00205346 0.0001 05879 

0. 00238 1 53 0 .000297276 

0 . 03232078 0.002326079 

0.02879708 0.0008 1 934 

0.04653706 0.00201 9845 

0.060 1 45 8 1  0.002860361 

0.0692588 1 0.008673929 

0.083 1 1 057 0.0 1 02 1 3246 

9 . 8 1  0. 1 1 9 1 9806 0.01 356065 

1 0. 96 0. 1 33 1 7 1 32 0.0 1 69 1 6 1 98 

1 2 .67 0 . 1 5394897 0.01 9245535 

1 3.83 

1 5.2 

1 6.2 

1 6. 7  

1 7.99 

1 9.88 

23.01 

25.87 

27.51 

30.73 

34.97 

38.63 

39.96 

4 1 . 1 1 

43.25 

45.6 

48.79 

5 1 .23 

52.98 

55.87 

64 . 3  

66. 7 1  

69.4 

69.77 

7 1 .83 

73.7 

74.04 

80.76 

82. 1 8  

82.28 

0 . 1 6804374 0.02 1 5830 1 7  

0 . 1 84690 1 6  0.023643584 

0 . 1 9684083 0.025573839 

0.2029 1 6 1 6  0.0267955 1 9  

0 . 2 1 859052 0.028253391 

0.24 1 55529 0 .030843353 

0.27958688 0 . 034931 909 

0.31 433779 0 .0398 1 0485 

0. 33426488 0.043475526 

0. 37339004 0.04743377 

0.42490887 0.053509592 

0 .46938032 0.059943775 

0 .4855407 0.064007897 

0 .49951 397 0.066027742 

0 . 5255 1 64 0.068707294 

0 . 55407047 0.072364 1 9  

0 . 59283 1 1 1  0.076876262 

0.62247874 0.081 461 635 

0.64374241 0.084874 1 95 

0.67885784 0 . 088653259 

0.781 28797 0.097872872 

0 . 8 1 0571 08 0 . 1 06701 548 

0 . 84325638 0 . 1 1 085526 1 

0.847752 1 3  0 . 1 1 3347488 

0 .8727825 0 . 1 1 532661 

0.89550425 0 . 1 1 85274 1 2  

0.89963548 0 . 1 20327354 

0.981 28797 0 . 1 26077396 

0.99854 1 92 0 . 1 32707047 

0.99975699 0 . 1 339450 1 6  
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205 

2 1 0  

2 1 5  

220 

Tube # 
1 

5 

8 

1 0  

1 2  

1 4  

1 6  

1 8  

20 

23 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

1 00 

1 05 

1 1 0 

1 1 5 

1 20 

1 25 

1 30 

1 35 

1 40 

1 45 

1 50 

1 55 

1 60 

1 65 

1 70 

1 75 

1 80 

1 85 

1 90 

1 95 

200 

205 

2 1 0  

2 1 5  

220 

Time ( h r) 

1 

5 

8 

1 0  

1 2  

1 4  

1 6  

1 8  

20 

23 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

1 00 

1 05 

1 1 0 

1 1 5 

1 20 

1 25 

1 30 

1 35 

1 40 

1 45 

1 50 

1 55 

1 60 

1 65 

1 70 

1 75 

1 80 

1 85 

1 90 

1 95 

200 

204 5 

209 5 

2 1 4 5 

2 1 9 5 

Actual  t ime 

0.5 

4 . 5 

7.5 

9 .5 

1 1  5 

1 3 5 

1 5. 5  

1 7. 5  

1 9 5 

22 5 

24 5 

29.5 

34. 5  

39.5 

44. 5 

49.5 

54. 5  

59 5 

64. 5  

69.5 

74.5 

79.5 

84.5 

89 5 

94. 5  

99.5 

1 04 . 5  

1 09.5 

1 1 4.5 

1 1 9 . 5  

1 24.5 

1 29.5 

1 34 . 5  

1 39.5 

1 44.5 

1 49.5 

1 54.5 

1 59.5 

1 64 . 5  

1 69 . 5  

1 74.5 

1 79.5 

1 84 . 5  

1 89 . 5  

1 94.5 

1 99.5 

5 . 496421 8 1 . 8  

5 .63048 83.8 

5 764539 85 8 

5 898598 87.8 

Sample 
# PV # 
0.0268 1 2  0.2 

0 . 1 34059 2 

0 .2 1 4494 3.2 

0 268 1 1 8  4 

0 32 1 742 4.8 

0.375365 5 .6 

0.428989 6.4 

0 .4826 1 3 7 . 2  

0 . 536236 8 

0 .61 6672 9.2 

0 . 670295 1 0  

0. 804354 1 2  

0. 9384 1 3  1 4  

1 072472 1 6  

1 . 20653 1 1 8  

1 . 34059 20 

1 .474649 22 

1 .608708 24 

1 . 742768 26 

1 .876827 28 

2 . 0 1 0886 30 

2 . 1 44945 32 

2 . 2 79004 34 

2 . 4 1 3063 36 

2 . 547 1 22 38 

2.68 1 1 8 1 40 

2 . 8 1 524 42 

2 . 949299 44 

3.083358 46 

3. 2 1 74 1 7 48 

3.351 476 50 

3 485535 52 

3.61 9594 54 

3 . 753653 56 

3.8877 1 2  58 

4.02 1 77 1  60 

4 . 1 5583 62 

4.289889 64 

4 . 423948 66 

4.558007 68 

4.692066 70 

4.826 1 25 72 

4.960 1 84 74 

5.094244 76 

5.228303 78 

5.362362 80 

9 1  

82.6 1 .0036452 0 . 1 34287087 

82.63 1 00400972 2.42609 1 362 
83 67 1 .0 1 664642 2.936270222 
82.69 1 .00473876 

EC 

0.203 

0 .288 

0.295 

0.36 

0.377 

0 . 4 1  

0 . 5 2 1  

0.623 

0.826 

0.899 

1 . 766 

3.235 

4. 766 

5.688 

6 . 79 

7.981 

8 .65 

8.77 

1 0.661 

1 1 .2 1 1 

1 2 . 1 2  

1 2 .46 

1 2. 76 

1 3. 1 4  

1 3. 1 7  

1 3. 1 8  

1 3.26 

1 3 .36 

1 3. 36 

1 3 .38 

1 3. 37 

1 3. 39 

1 3.38 

1 3.39 

1 3.39 

1 3 . 4 1  

1 3.25 

1 3.24 

1 3.29 

1 3 .36 

1 3.37 

1 3. 39 

1 3. 38 

1 3 .37 

1 3.36 

1 3.38 

R for EC 

C/Co(EC) Area u n der 

0 01 5 1 4925 

0 .021 49254 0.00 1 964865 

0.02201 493 0.001 749771 

0 . 02686567 0.00 1 3 1 0577 

0 . 028 1 3433 0.001 474649 

0 . 0305970 1 0 . 00 1 574693 

0 . 0388806 0.001 86282 

0.04649254 0.002289008 

0 . 06 1 64 1 79 0.002899277 

0 . 06708955 0.0051 7728 

0 . 1 3 1 79 1 04 0 . 005332348 

0.24 1 4 1 79 1  0 . 0250 1 60 1 7  

0 . 35567 1 64 0 . 040022626 

0 . 42447761 0 . 05229303 

0. 50671 642 0.0624 1 7489 

0 . 59559701 0.07388754 

0 .64552239 0.083 1 9 1 638 

0.65447761 0.0871 38376 

0 . 79559701 0.097 1 97806 

0 .83664 1 79 0 . 1 09408 1 83 

0 .90447761 0. 1 1 6706397 

0 . 92985075 0 . 1 22954 1 49 

0 . 9522388 1 0. 1 26 1 55559 

0 . 98059701 0 . 1 29557057 

0.98283582 0. 1 3 1 60796 

0.98358209 0. 1 3 1 808048 

0.98955224 0 . 1 32258247 

0.99701 493 0. 1 33 1 58643 

0.99701 493 0 . 1 33658863 

0.99850746 0 . 1 33758907 

0.99776 1 1 9  0 . 1 33808929 

0.99925373 0 . 1 33858951 

0.99850746 0 . 1 33908974 

0.99925373 0 . 1 33908974 

0.99925373 0. 1 33958996 

1 .00074627 0. 1 3405904 

0.98880597 0 . 1 33358731 

0.9880597 0 . 1 32508357 

0 . 99 1 79 1 04 0. 1 32708445 

0.99701 493 0 . 1 33308709 

0 . 997761 1 9  0 . 1 33708885 

0 . 99925373 0 . 1 3385895 1 

0 . 99850746 0 . 1 33908974 

0 . 99776 1 1 9  0 . 1 33808929 

0.99701 493 0 . 1 33708885 

0.99850746 0 . 1 33758907 
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1 05 

2 1 0  

2 1 5  

220 

205 

2 1 0  

2 1 5  

220 

1 04.5 

209. 5  

2 1 4 5 

2 1 9 5 

5 49642 1 82 

5 63048 84 

5 764539 86 

5 .898598 88 

92 

1 3 39 0 .99925373 0 . 1 33908974 

1 3.39 0.99925373 4. 21 9882436 
1 3.39 0.99925373 1 .544656267 
1 3  39 0 .99925373 



www.manaraa.com

D3 : CXTFIT MODEL DATA 

93 



www.manaraa.com

s rsand 

LOCK A :  M O D EL D ES C R I P T I O N  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

u lation # 2 : Steady satu rated flow i n  a I n -p lace S o i l  col u m n  
o(Sr) vs .  P V  a t  5 0  c m  (J u m a  K. AI-H a n d ha ly, UAE U )  

E RS E  M O D E  N R E D U  
1 2 

DC Z L( B LAN K I F  M O D E = N R E o U = 1 )  
50 

I LM T  MASS 
o 0 

B LOCK C T RA N S PORT PARAMET E R S  • •  * " u d * * * * * * * * * * * * * * * * * * *  .. * * x w x * * *,, �  . .  

D R Mu 

1
.698 1 . 0 1 . 0 0 .0  

1 1 0 
B LO C K  D :  BVP ; MODB=O Z E RO; = 1  D i rac ; =2  STEP;  =3 A P U LSE w x d h T T � T  

b O B  =4 M U LT I P L E ;  = 5  i::XPO N E N TIAL;  =6 A R B I T RARY 

o 
BLOCK E :  I V P ;  MOD I = O  Z E RO ;  = 1  CO N S'I-ANT; = 2  STEPW I S E: ;  = 3  E X PO�� = N T iA L  H 

D O l  

�LO C K  F :  PVP; M O D P = O  Z E R O ;  = 1  C O N STAN T ;  = 2  STE PW I S E ;  = 3  EXPO 'J E N T I A L  

l O O P  

�LOC K G :  DATA FOR I NV E RS E  P R O B L E M .. . . . . . ....... . ... ........  , .  . . . . . . .  . 

r U TM = 0 ;  Z , T , C  = 1 ;  T ,C F O R  SAM E Z = 2 ;  Z C  F O R  SAM E T 

V 
356597 
59424 

. 7 1 3 1 94 
764 1 37 

. 8 1 5079 

. 86602 1 
9 1 6964 

. 967906 

. 0 1 884 9 

. 06979 1 

. 1 20734 

. 1 7 1 67 6  
.426388 
. 5282 7 3  
.9358 1 3 

� . 1 905 2 5  
� .445237 
� .699949 
� . 95466 1 

CICo ( G ive "0 0 0" after last d ata set . )  
0 .01 1 4 5 0  
0 .01 2404 
0 .0 1 2 59 5  
0.02 5 3 8 1 
0 . 058 7 7 8  
0. 1 8874 0 

0. 244 2 7 4  
0.29942 7  
0. 379 5 8 0  
0.4706 1 0 
0.583396 
0.65267 1 
0.702 2 9 0  
0.725 1 90 
0 .780534 
0 .8 1 4 8 8 5  
0.93 1 2 9 7  
0 .979007 
0 .98854 9 
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3 . 2 0 9 3 7 3  
3 . 5 1 5 0 2 8  
3 . 6 1 6 9 1 3  
0 . 0 0  

0.9904 5 8  
1 .000000 
1 .000000 
0 .00 

s rsand 

* * *  B LO C K A: MODEL D E S C R I PTI ON * * * * * * * * * * * * * * * * * * * * * *  
... * * * * * *  

.. . ..  
* 

.. .. . 
* *

. H . 

F ig . 7 - 3 a : Steady saturated flow i n  a sand column 
C/Co( E C )  vs .  PV at  50  cm (sho sh lozawa , u npubl ished , fO) 

I NV E R S E  M O D E  N R E D U  
1 1 2 

M O DC ZL(BLAN K I F  M O D E = N R E D U = 1 )  
1 5 0  

* ** B LO C K  B : I NVERSE P RO B LEM x x u * * * * * d * * * * * * * * ... * *  ... * * * * * * * * *  ... " ... 
*

* ... x x u . y ,  

M I T I LM T  MASS 
1 50 0 0 

..... * B LO C K  C :  TRANSPORT PARAMET E R S  * * * * *"' * * d ... * * * * ,, * * * * * *  ... ... ... ... * x ... . ... ... H . . . . ... ... 

V 0 R M u  
1 . 6 9 8  1 . 0 1 .0 0 . 0  
o 1 1 0 

* * *  B LO C K  0:  ByP; MO D B = O  ZERO; = 1  D i rac ; =2 STE P ;  = 3  A P U L S E  ... . n . . . ... " " .  

M O D B  =4 M U LT I P L E ;  = 5  EXP O N E N T IAL; = 6  A R B I TRARY 
2 
1 . 0 

* " * B L O C K  E :  IVP; MOD I = O  Z E RO; = 1  C O N STAN T ,  =2 S T E PWISE; = 3  EXPON E N T IAL * *  

M O D I  
o 

***  B LO C K  F :  PVP; MOD P = O  ZERO. = 1  C O N STANT;  = 2  S T EPWI S E :  = 3  EX ?O N E N TIAL 

M O D P  
o 

""* B L O C K  G :  DATA FOR I NVE RSE PROBLEM ** ** u  ... ******* .. ***nd*x ... ... " ... " · T T H  ... " 

I N P UT M  = 0 ;  Z,T,C = 1 ; T , C  F O R  SAM E  Z = 2 ;  Z ,C FOR SAM E T 
1 
1 
PV CICo (Gi l /p "n n n" after last d ata set ) 
0 . 3 5 6 5 9 7  0 . 0 1 0 3 5 6  
0 . 59 4 2 4  0 . 0 1 054 1 
0 . 7 1 3 1 94 0 . 0 1 3296 
0 . 7 64 1 37 0 . 1 32963 
0 . 8 1 5 0 7 9  0 . 22 074 1 
0 . 8 6 6 0 2 1 0 . 2948 1 5 
0 . 9 1 6 964 0 566667 
0 . 9 6 7 9 0 6  0 . 859259 
1 . 0 1 8 8 4 9  0 . 94 5 1 85 
1 . 0 6 97 9 1  0 . 968889 
1 . 1 2 07 3 4  0 . 988 148 
1 . 1 7 1 67 6  0.988889 
1 .4 2 6 3 8 8  0 . 988889 
1 . 5 2 8 2 7 3  0.962963 
1 . 9 3 58 1 3 0 .996296 
2 . 1 9 0 5 2 5  0.99 1 1 1 1  

P age 2 
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2 .445237 0 . 9 8074 1 
2 .69994 9 0 . 996296 
2 . 95466 1 0 . 985 1 8 5 
3 .209373 0 . 992593 
3 . 5 1 5 0 2 8 0 . 9748 1 5  
3 .6 1 69 1 3 0 . 976296 
0 . 00 0 . 00 

srsa nd 
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srsa nd 

* . * * * * * * * * * * * * * * * * * . * * * * * * * * * * * * * * * * . * � * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

CXT F I T  VE RSION 2 . 0  ( 1 /2/95) * 

A N A LYTICAL SO L U T I ON S  FOR O N E- D I M E N SI ONAL CDE 
N O N -L I N EAR LEAST-SQ UARES ANA LYS I S  

S i m u lation # 1 ' Ste a d y  satu rated flow i n  a sand d u ne col u m n  � 

C/Co(Sr) vs PV at  5 0  c m  (Juma K. AI- Hand haly ,  UAE U )  
* 

DATA I N P UT F I L E :  s rsand . 1 n  

f\ ' O D E L  D ESCRIPTI O , �  

D E T E R M I N I STIC E Q U I L I B R I U M  CDE ( M O D E = 1 )  
F L UX-AV E RAGED C O N C E NTRATI O N  
R E D U C E D  T IME (T) ,  P O S IT ION(Z) 

* 

(ALL P A RAM ETE R S  E X C EPT D A N D  V ARE D I M E N S I O N LESS) 
C H A RACTE R I STIC L E N GTH = 50. 0000 

F O R  D I M E NSI ON L E S S  PARAMET E R S  

I N I T IA L  VAL U ES O F  C O E F F I C I ENTS 

N A M E 
V . . . . . . .  . 
0 . . . . . . .  . 
R . . . . . . .  . 

m u  . . . . . .  . 

I N ITIAL VAL U E  F i n i N G 
0 . 1 698E+01 N 
0 . 1 000E+0 1 Y 
0 . 1 000E+0 1 Y 

O . OOOOE+OO N 

B O U N DARY. I N I T IAL.  A N D PRODUCT I O N  C O N D I T I O N S  

S T E P  I N P UT O F  CO N C .  = 1 . 0000 
S O L U T E  F R E E  I N I T I A L  C O N D I T I O N  
N O  P R O DUCTION T E R M  

PARA M E T E R  ESTI MAT I O N  MODE 
- - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - -

MAX I M U M  N U M B E R  OF I TERAT I O N S  = 1 50 

I T E R  S S Q  D . . . .  R . . . .  
o 0 . 4 564 E+00 0 . 1  00 E + 0 1  0 . 1 00E+01  
1 0 . 2 0 9 0 E +00 0. 1 8 3 E + 0 1  0 . 1 08E+01  
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srsand 
2 0 . 1 476E+00 0 . 28 5 E +0 1  0. 1 1 3E+ 0 1  
3 0 . 1 247E+00 0 . 39 1 E + 0 1  0 . 1 1 7E + 0 1 
4 0 . 1 1 62 E+00 0 . 478 E + 0 1  0 . 1 20E+ 0 1 
5 0 . 1 1 35E+ 00 0 . 5 3 7 E + 0 1  0. 1 22 E + 0 1 
6 0 . 1 1 2 7 E+00 0 . 5 7 1  E + 0 1  0 . 1 2 3E+0 1 
7 0 . 1 1 26E+00 0 . 588 E + 0 1  0. 1 24E+0 1 
8 0 . 1 1 25E+00 0 . 596 E + 0 1  0. 1 24E+0 1 
9 0 . 1 1 2 5 E+00 0 .600 E + 0 1  0 . 1 24E+0 1 

1 0  0 . 1 1 2 5 E+00 0 . 60 1 E + 0 1  0 . 1 24 E + 0 1 
1 1  0 . 1 1 2 5 E+00 0 . 602 E + 0 1  0. 1 24 E + 0 1 
1 2  0 . 1 1 25 E+00 0 .602 E + 0 1  0 . 1 24 E + 0 1 
1 3  0 . 1 1 2 5 E +00 0 .603 E+0 1 0 . 1 24 E + 0 1 
1 4  0 . 1 1 2 5 E+00 0 . 603 E+0 1 0 . 1 24E + 0 1  
1 5  0 . 1 1 2 5E+00 0 .6 0 3 E + 0 1  0 . 1 24 E + 0 1  

N O  F U RT H E R  D E C R EAS E I N  SSQ O BTA I N E D  FROM 1 2  TO 1 5  I TE RJ..T I O t� S  

COVA R I A N C E  MAT R I X  FOR F I T T E D  PARAM ETERS 
= = = = = = = = ============================ === 

D . . . .  R .  . . .  
D . . . .  1 . 000 
R. . . .  0 . 687 1 . 000 

R S Q UARE FOR R E G RESSION O F  O B S E RV E D  VS P R E D I CT E D  = 0 . S� 266L63 
(C O E F F I C I E N T  OF DETERM I NAT I O N ) 

N O N - L I N EAR LEAST S Q UARES ANALYS I S ,  F I NAL R E S U LTS - - - - - - - ----- - - -- - - - - - - - - ---- - - - - - - - - - - - - - - - - - ---- - - - - - ----- - - ----- ---- - --- - - - - - - - - - - - - - - - - - - --- -

95% CON F I D E N C E  L I M I TS 
NAM E VAL U E  S . E . COEF F . T-VAL U E  LOWER 
D . . . .  0 . 6026ET 0 1  0 . 1  032E+00 . 58 3 8 E + 0 2  0 . 5 8 1 1 E + 0 1  
R . .  0 . 1 24 3 E - 0 1  0 . 1 0 32E +00 . 1 2 0 4 E +02 0 . 1 027 E + 0 1  

U P P E R  
0 .624 2 E + 0 1  
0 . 1 4 58 E + 0 1  

------------------ORD E R E D  BY COM P U T E R  I N P U T  ----------------- -
C O N C E NTRAT I O N  R E S I -

£ 0 D I STA C E  T I M E  O B S  F I TT E D  D UAL 
1 1 . 0000 0 3566 0 . 0 1 1 5  0 . 0003 0 . 0 1 1 1  
2 1 . 0000 0 . 5942 0 . 0 1 24 0 . 03 1 8  -0 . 0 1 94 
3 1 . 0000 0 . 7 1 3 2  0 .0 1 26 0 . 0907 -0 .078 1  
4 1 . 0000 0 764 1 0 . 0254 0 . 1 264 -0 . 1 0 1 0  
5 1 . 0000 0 . 8 1 5 1  0 .0588 0 . 1 674 -0 . 1 086 
6 1 . 0000 0 . 8660 0 . 1 887 0 .2 1 26 -0.0238 
7 1 . 0000 0 . 9 1 70 0 . 244 3 0 . 2608 -0 . 0 1 65 
8 1 . 0000 0 . 96 7 9  0 . 2994 0 . 3 1 08 -0. 0 1 1 4  
9 1 . 0000 1 . 0 1 8 8 0 .3796 0 . 36 1 6  0 . 0 1 79 

1 0  1 . 0000 1 . 0698 0 . 4706 0 .4 1 22 0 .0584 
Page 2 
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srsa nd 
1 1 1 . 0000 1 . 1 2 07 0 . 5834 0 .46 1 8  0 . 1 2 1 6  
1 2  1 . 0000 1 . 1 7 1 7  0.6527 0 . 5097 0 . 1 430 
1 3  1 . 0000 1 A264 0 . 7023 0 . 7 1 07 -0 .0084 
1 4  1 . 0000 1 . 528 3  0 . 7252 0 .77 1 0  -0 . 0458 
1 5  1 . 0000 1 . 9358 0 . 7805 0 . 9 1 73 -0 . 1 368 
1 6  1 . 0000 2 . 1 905 0 . 8 1 49 0 . 9582 -0 . 1 4 33 
1 7  1 . 0000 2 .44 5 2  0 . 93 1 3  0 . 9793 -0 . 0480 
1 8  1 . 0000 2 .6999 0 . 9790 0 . 9899 -0 .0 1 09 
1 9  1 0000 2 . 954 7 0 . 9885 0 . 995 1 -0 . 0066 
2 0  1 . 0000 3 . 2094 0 . 9905 0 . 9977 -0 . 0072 
2 1  1 . 0000 3 . 5 1 5 0  1 .0000 0 . 9990 0 . 00 1 0  
2 2  1 . 0 000 3 .6 1 69 1 . 0000 0 . 9993 0 . 0007 

* 

* C X T F I T  VE RSION 2 . 0  ( 1 /2/95) * 

* 

* 

* 

* 

* 

* 

A NA LYTI CAL S O L U T I O N S  FOR O N E- D I M E N S I O NAL CDE 
N O N - L  I N EAR L EA S T-S QUJl RES A NALYS I S  

* 

S i m u lt ion # 1  : Stead y  saturated flow i n  a sand co l u m n  
C/Co(EC) VS . PV a t  50 c m  (sho s h i ozawa , u n pub l ished , fO) T 

* 

DATA I N PUT F I L E :  s rsand . i n  
* * 

M O D E L  D E SC R I PTI O N  

D E T E R M I N ISTIC E Q U I L I B R I U M  C D E  (MODE= 1 )  
F L U X-AVE RAG ED C O N C ENTRAT I O N  
R E D U C E D  T I M E  (T) ,  P O S ITION(Z) 

(AL L  PARAM ETE R S  EXCEPT 0 A N D  V AR E D I M E N S I O N LESS) 
C HA RACTERIST I C  L E NGTH = 50 . 0000 

F O R  D I M E N S I O N L E S S  PARAMET E R S  

I N I T IA L  VAL U ES OF C O E F F I C I E NTS 

N A M E 
V . . . . . .  . 
D . . . . . . .  . 
R . . . . . . .  . 
m u  . . . . . .  . 

I N I TIAL VAL U E  F i ni N G  
0 . 1 698E+0 1 N 
0 . 1 000E+01 Y 
0 . 1 000E+ 0 1  Y 

O . OOOOE+OO N 

B O U N DARY , I N IT IAL,  A N D  PRODUCT I O N  CON D I T I O N S  
= = = = = =========== = = = == ========= ======== ===== 

S T E P  I N P U T  O F  C O N C .  = 1 . 0000 
P age 3 
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s rsand 
S O L U T E  FREE I N I T IA L  CON DITION 
NO P R O D U CTION T E R M  

PARA M ETER ESTI M AT I O N  MODE ------------------------ -- -- ---- - -----------------
M AX I M U M N U M B E R  OF ITERATIONS = 1 50 

I T E R  SSQ D . . .  R .  . . .  
o 0 . 5 3 1 4E+00 0. 1 0 0 E + 0 1  0 . 1 00E+0 1 
1 0 . 88 1 1 E-0 1  0 .95 1 E + O O  0. 880E+00 
2 0 . 2868E-0 1  0. 304 E + 00 0 .897E+00 
3 0 . 2 562E-0 1  0 .372 E +00 0.899E+00 
4 0 . 2 542 E-0 1 0 .389 E +0 0  0. 898E+00 
5 0 . 2 54 1  E-0 1 0 . 39 3 E +0 0  0.898E+00 
6 0 . 2 54 1  E-0 1  0 . 394 E + 0 0  0 .89&E+00 
7 0 . 2 5 4 1  E-0 1  0 .394 E + 0 0  0. 898E+00 

C OVAR IANCE MAT R I X  FOR FinED PARAMETERS - - - - ------------------------------------------------------ - - ----------- - ------
D . . . .  R .  . . .  

D . . . .  1 .000 
R .  . . .  0 . 03 1  1 . 000 

R S Q UARE FOR R E G R E SSION OF O B S E RVE D VS P R E D I C T E D  =0.9�22 5 7 96 
(C O E F F I C I ENT O F  D ETER M I NATI O N ) 

N O N - L I N EAR LEAST S Q UARES ANALYS I S ,  F I NAL R E S U LTS - -- --------------------- - - --- - - - -- - --- ------ - -- ------------- - ----------- - -------- - --------- - ----
95% CO N F I D E N C E  L IM ITS 

N A M E  VAL U E  S . E . C O E F F .  T-VAL U E  LOW E R  
D . . . .  0 . 3943E+00 0 . 3 5 66 E-01 . 1 1 06E+02 0 . 3200E+00 
R .  . . .  0 . 8978E +00 0 . 3 56 6 E-01 251 8E+02 0 . 82 34E+00 

U P P E R  
0 . 4687 E + 00 
0 . 9722 E + 00 

- - - - - - -- - - - - - - - - - -0 R D E R E  D BY CO M P UT E R I N  PUT ----- -- - --- --------
C O N CENTRAT I O N RES I-

S NO D I STAN CE T I M E  OBS F i n E D  D UAL 
1 1 . 0000 0. 3566 0 . 0 1 04 0 . 0000 0 .0 1 04 
2 1 . 0000 0 .5942 0 . 0 1 05 0 . 0000 0 .01 05 
3 1 . 0000 0 . 7 1 32 0 . 0 1 33 0 . 0094 0.0039 
4 1 . 0000 0 . 764 1 0 . 1 330 0 . 05 1 8  0.08 1 2 
5 1 . 0000 0. 8 1 5 1  0 . 2207 0 . 1 695 0.0 5 1 2 
6 1 . 0000 0 . 8660 0 .2948 0 . 3722 -0.0774 
7 1 . 0000 0 . 9 1 7 0 0 . 5667 0 .6056 -0 .0389 
8 1 . 0000 0 .9679 0 .8593 0 . 7966 0.0626 
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s rsand 
9 1 . 0 000 1 .0 1 88 0 . 9452 0 . 9 1 36 0 . 03 1 6  

1 0  1 . 0000 1 .069 8  0 . 9689 0 . 9693 -0. 0005 
1 1  1 . 00 00 1 . 1 207 0 . 9881 0 . 9908 -0. 0026 
1 2  1 . 0 0 00 1 . 1 7 1 7  0. 9889 0 . 9976 -0.0087 
1 3  1 . 0 000 1 .4264 0 . 9889 1 . 0000 -0. 0 1 1 1  
1 4  1 . 0 000 1 . 528 3  0. 9630 1 . 0000 -0. 0370 
1 5  1 . 00 00 1 . 9358 0 . 9963 1 . 0000 -0.0037 
1 6  1 . 0 000 2 . 1 90 5  0 . 9 9 1 1 1 . 0000 -0 . 0089 
1 7  1 . 0 000 2 .445 2  0 . 9807 1 . 0000 -0. 0 1 93 
1 8  1 . 0 000 2 .6999 0 . 9963 1 . 0000 -0 . 0037 
1 9  1 . 0 000 2 . 9547 0 . 9852 1 . 0000 -0.0 1 48 
2 0  1 . 0 000 3 . 2094 0 . 9926 1 . 0000 -0. 0074 
2 1  1 . 0 000 3 . 5 1 5 0  0 . 9748 1 . 0000 -0 .0252 
22 1 . 0 000 3 . 6 1 69 0 . 9763 1 . 0000 -0. 0237 
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d i rect2 1 
6 
* * *  B L O C K  A :  MODEL D E S C R I PTION * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** 

E q u i l i b r i u m  o ne-site C D E  
Effect of C h a ng ing 0 

I N VE R S E  M ODE N R E D U 
0 1 2  

M O DC Z L  
1 5 0  

* * *  B L O C K  C :  TRA N S P O R T  PARAMETE R S  * * * * * * * * * * * * * * * *  

V 0 R M u 1  
0 . 4  0 . 1 1 . 5 0.0 

* *  B LO C K  0 :  BVP; MODB=O Z E RO; = 1  Delta ; =2 STEP; = 3  A P U LS E  * * * * * * * * � * * 

M O D B  =4 M U LT I P L E ;  = 5  EXP O N E NT IAL;  = 6  A R B I T RARY 
2 
1 . 0 

* * *  B LO C K  E :  IVP ; M O D I = O  Z E RO ;  =1  C O N S TANT; =2 S T E P W I S E ;  = 3  EXPON E N T IAL x * 

M O D I  
o 

* * *  B LO C K  F :  PVP ; MODP=O Z E RO; = 1  C O N STANT; =2 STE PWI S E ;  = 3  EXPO N E NTIAL 

M O D P  
o 

* * *  B LO C K  H :  POS IT ION A N D  T I M E  F O R  D I R ECT P RO B L E M  * * * * * * * * * * * * * * * * � * * � 

N Z  D Z  ZI  N T  DT T I  M P R I  NT 
1 1 . 0 1 . 0 1 0 1 0 . 05 0 . 0  0 

* *  B LO C K  A :  MODEL D E S C R I PT I ON * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ,. 

�ig .4- 1 5 . Eq u i l ib rium one-site C D E  
Effect o f  C h a ng i ng D 

I NV E R S E  M O DE N R E D U  
0 1 2  

M O DC Z L  
1 5 0  

d B L O C K  C :  T RANSPORT PARAMETE R S  * * * * * * * * * * * * * * * *  

V 0 R M u 1  
0 . 4  1 1 . 5 0 .0 

* * B L O C K  0: BVP ; MODB=O Z E RO; = 1  D e lta ; =2 STEP; =3 A P U LS E  * * * * * * * T r � d  

M O D B  =4 M U LT I P L E ;  = 5  EXP O N E NTIAL; =6 A R B I T RARY 
2 
1 . 0 

. * * B LO C K  E :  IVP; MOD I = O  Z E R O ;  = 1  C O N STANT; =2 STE PW I S E:  =3 E X POt, E N T I A L  � ,.  

M O D I  
o 

<><* B LO C K  F '  PVP - M O D P = O  Z E RO- = 1  C O N STANT =2 S T E PW I S E - = 3  E X PO N E N T IAL . ,  I I I 

M O D P  
o 

* *  B LO C K  H :  POS I T I O N  A N D  T I M E  F O R  D I RECT P ROB L E M  * * * * * * * * * * * * * * * " � T  
.. .... r 

N Z  DZ ZI N T  DT T I  M P R I NT 
1 1 . 0 1 . 0 1 0 1 0 . 05 0 . 0  0 

* *  B LO C K  A :  MODEL D E S C R I PTION * * * * * * * * ***** * * * * * * * * * * * * * * * * * * * * * * * *  .. .... . H 

P age 1 
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F i g . 4- 1 5 .  E q u i l ibr ium one-s ite C D E  
Effect of C ha n g i ng 0 

I NVE R S E  M O DE N R E D U 
0 1 2  

M O DC Z L  
1 5 0  

d i rect2 1 

* * *  B L O C K  C :  TRAN S P O RT PARAM ETE R S  * * * * * * * * * * * * * * * *  

V 0 R M u 1  
0 . 4  1 0  1 . 5 0 .0 

** B L O C K  0: BVP ; M O D B = O  Z E RO;  =1  Delta ; =2 STE P;  = 3  A P U LS E  * * * * * * h T T T h  

M O D B  =4 M U LT I P L E ;  = 5  EXPO N E NTIAL; = 6  A R B I T RARY 
2 
1 . 0 

u * B LO C K  E :  IVP; MOD I = O  Z E RO ;  = 1  CON STANT; =2 ST E PW I SE;  = 3  E XPON E N T IAL * *  

M O D I  
o 

,t * *  B LOC K F :  PVP ; MODP�O ZE RO; = 1  C O N STANT- =2 STE PW I S E ;  = 3  f=XPON E N TIAL 
t

* 

M O D P 
o 

, * *  B LO C K  H :  POSITION A N D  T I M E  F O R  D I RECT P RO B L E M  * * ***** * * * * * * * h � * *
h �  

NZ DZ ZI NT DT TI  MPR I NT 
1 1 . 0 1 . 0 1 0 1 0 . 05 0 . 0  0 

, * *  B L O C K  A: MODEL D E SC R I PT I ON * * * * * * * * * * * * * * * * * * * * * "
* * * * * * * *** * * * * * * * * * * *  

-::: i g . 4- 1 5 .  E q u i l ibr ium one-site C D E  
3 Effect o f  C ha n g i ng 0 

N VE R S E  M O D E  N R E D U 
0 1 2  

1 M O DC ZL 
1 5 0  

* *  B L O C K  C :  TRAN S P O R T  PARAM ETE R S  * * * * * * * * * * * * * * * *  

V 0 R M u 1  
0 . 4  1 3 0 . 0  

* 8 1  () r: K"  n :  BVP;  M O D B = O  Z E R O ;  = 1  Delta ; =2 S T E P ;  = 3  A P U LS E  * * * * * * TT TUH 
M O D B  =4 M U LT I P L E ;  = 5  EXP O N E NTIAL;  = 6  A R B I TRARY 
2 
1 . 0 

** B L O C K  E :  IVP;  MOD I = O  Z E R O ;  = 1  C O N STANT; = 2  S T E PW I S E ;  = 3  EXPO " E N T IA L  * * 
M O D I  

o 
** B L O C K  F :  PVP ; M O D P = O  Z E R O :  = 1  C O N STANT;  =2 STE PW I S E ;  = 3  EX P � N E N T I AL 

M O O P  
o 

d *  B L O C K  H :  POS I T I O N  A N D  T I M E  F O R  D I RECT P R O B L E M  ** ** * * ** * * * * * * T , , , , y ,, , T T  
N Z  OZ ZI N T  DT T I  M P R I NT 
1 1 . 0 1 . 0 1 0 1 0 . 0 5 0 . 0  0 

* B LO C K A :  MODEL D E S C R I PT I O N  ******* * ******************* * * ** * T ** * * * * * *h 

' i g . 4 - 1 5 . E q u i l i br ium one-site C D E  
_ffect of C h a ng i ng 0 
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I NV E R S E  M O D E  N R E D U  
0 1 2 

M O D C  Z L  
1 5 0  

d irect2 1 

* * *  B L O C K  C :  TRAN SPO R T  PARAMETE RS * * * * * * * * * * * * * * * *  

V 0 R M u 1  
0 . 4 1 5 0 . 0  

* *  B L O C K  0 :  B V P ;  MODB= O  Z E RO ;  = 1  Delta ; =2 STE P ;  = 3  A PULSE * * * * * * * r � T '< 

M O D B  = 4  M U LT I P L E ;  =5 EXP O N E NTIAL;  =6 A R B I TRARY 
2 
1 . 0 

. * * *  B L O C K  E :  IVP;  MO D I = O  Z E RO; = 1  CONSTANT ;  = 2  STEPWISE;  = 3  EXPON E N T I A L  r �  

M O D I  
o 

* * *  B LO C K F :  PVP; MO D P = O  Z E RO; = 1  C O NSTANT; =2 STEPWI SE;  = 3  EXPC N E N T IA L  
.

* *  

M O D P  
o 

H * B L O C K  H :  POSITION A N D  T I M E  FOR D I R ECT P R O B L E M  * * * * * * h * * * * * * h � T � .-r  

NZ DZ ZI  NT DT TI  M P R I NT 
1 1 . 0 1 . 0 1 0 1  0 . 05 0.0 0 

> * *  B LO C K A :  MODEL D E S C R I PTI ON * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*

* * * * * * * * * * 

::: i g . 4- 1 5 .  E q u i l i b rium one-site C D E  
Effect of C ha ng ing 0 
N V E R S E  M O D E  N R E D U  

o 1 2 
M O DC Z L  

1 5 0  
* *  B LO C K  C :  T RAN SPORT PARAMETERS * * * * * * * * * * * * * * * *  

V 0 R M u 1  
0 . 2 6 5  0 . 2 5  1 0  0.0 

* B LO C K 0: BVP; MODB = O  Z E RO ;  =1 Delta ; = 2  STEP; = 3  A P U LSE T T * * * * h � � �  

M O D B  = 4  M U LT I P L E ;  = 5  EXP O N ENT IAL; = 6  A R B ITRARY 
2 
1 . 0 

* *  B L O C K  E :  IVP;  MO D I = O  Z E RO ;  = 1  CON STANT; = 2  S T E PW I S E ;  = 3  EXPO \ = N T I A L  T T  

M O D I  
o 

* B LO C K  F :  PVP; MO D P = O  Z E RO ;  = 1  C O NSTANT;  =2 ST EPWISE . = 3  EXP� � E N T I A L  

M O D P  
o 

* BLOC K H :  POSITION A N D  T I M E  FOR D I RECT P R O B L E M  * * � r r u . � Y r T * * * * r T � " · · ·  

NZ DZ ZI  N T  DT T I  M P R I N T  
1 1 . 0 1 . 0 1 0 1 0 . 0 5  0 . 0  0 

Page 3 
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d i rect2 1 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

* * 
* C XT F I T  VERSION 2 . 0  ( 1 /2/95) * 

* A N A LYT I CAL SOLUT I O N S  FOR O N E-DI M E N S I ONAL C D E  
* 
* 

* 

* 
* 

* 
* 

D I R E CT PROBLRM * 

F ig A- 1 5 .  E q u i l ibri u m  o ne-site C D E  
E ffect o f  C h a n g i n g  D 

DATA I N PUT F I L E :  D i rect2 1 . i n  

* 

* 

* 

* 

M O D E L  D E S C R I PT I O N  

D E T E R M I N I STIC E Q U I L I B R I U M C D E  ( MOD E = 1 )  
F L U X-AV E RAG E D  C O N C E NTRAT I O N  
R E D U C E D  T I M E  (T) .  P O S IT IO N(Z)  

* 

* 

(AL L  PARAM ETERS E X C E PT D A N D  V ARE D I M E N S I O N L E S S )  
C HA RA CT E R I ST I C  L E N GTH = 50.0000 

F O R  D I M E N SIO N L E S S  PARAM E T E R S  

I N I T IA L  VAL U E S  O F  C O E F F I C I E NTS 

NAM E 
V . . . . . . .  . 
D . . . . . . .  . 
R . . . . . . .  . 
m u  . . . . . .  . 

I N IT IAL VAL U E 
O A OOOE+OO 
0 . 1 000E+00 
0 . 1 500 E + 0 1  

O . OOOOE+OO 

B O U N DARY. I N ITIAL . A N D  P RODU CT I O N  CO N D I T I O N S  

S T E P  I N P U T O F  CO N C .  = 1 . 0000 
S O L U T E  F R E E  I N I T IAL C O N DI TI O N  
N O  P R O D U CTION T E R M  

== 1 . 0 0 0 0  ( F LUX C O N C .  VS . T I M E )  
u m ( C*d T ) =  3 . 5000 

l i M E  C 
:D . O O O O  O . OOOOOE+OO 
TI . 0 5 0 0  O . OOOOOE+OO 
1) . 1 0 0 0  O . OOOOOE+OO 
.D . 1 50 0  O . OOOOOE +OO 
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2 500 O . OOOOOE +OO 
3000 O . OOOOOE +OO 
3 50 0  O . OOOOOE+OO 

000 O . OOOOOE +OO 
500 O . OOOOOE+OO 

5000 O . OOOOO E+OO 
5 50 0  0 . 9 7 5 5 9 E-25 

000 0 . 1 7056E-20 
, 500 0 . 5 1 9 0 3 E-1 7 

000 O A0 0 1 3 E- 1 4  
5 0 0  0 . 1 0293E-1 1 
000 0 . 1 0865E-09 
500 0 . 55 1 27E-08 
000 0 . 1 5209E-06 
500 0 . 2 5 1 52 E-05 
000 0 . 26977 E-04 
500 0 . 1 9976E-03 

'1 0 0 0  0 . 1 0 7 7 1  E-02 
1 50 0  O A4 1 7 3 E -02 

000 0 . 1 4297 E-01 
500 0 . 37687 E-01 
000 0 . 83 1 56 E-0 1 
500 0 . 1 5 7 3 2 E +00 

:4000 0 . 2 6 0 7 5 E +00 
;4500 0 . 3 8608E+OO 
6000 0 . 5 1 9 9 0 E +OO 
6500 0 . 64 7 36 E +00 
6000 0 . 7 56 84 E +00 
6500 0 . 84244 E+00 
7000 0 . 90 3 86E +00 
7500 0 . 94462 E +00 
3000 0 . 96980E +00 
3500 0 . 98436E +00 
9000 0 . 99228E +00 
9 500 0 . 9 9636E +00 
JOOO 0 . 9 9 8 36E +00 
J500 0 . 9 9 9 2 9 E +00 
n 000 0 . 99970 E +00 

, n 500 0 . 9 9988E+00 
2 0 0 0  0 . 9 9 9 9 5 E +00 
2500 0 . 99998E +00 
8 0 0 0  0 . 99999E +00 

; 8500 0 . 1 0 0 0 0 E+0 1 
: � OOO 0 . 1 0000E+01 

�500 0 . 1 0000E+01 
0000 0 . 1 0000E+01 
0500 0 . 1 0000E+01 
8000 0 . 1 0000E+01  
� t; n n  n 1 n n n n C  ... n 1  

d i rect2 1 
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2 . 7 5 0 0  0 . 1 0000E +01 
2 . 80 0 0  0 . 1 0000E+01 
2 . 8 5 0 0  0 . 1 0000E+01 
2 . 9 0 0 0  0 . 1 0000E+01 
2 . 9 5 0 0  0 . 1 0000E+01 
3 . 0 0 0 0  0 . 1 0000E+01 
3 . 0 5 0 0  0 . 1 0000E+01 
3 . 1 0 0 0  0 . 1 0000E+01 
3 . 1 5 0 0  0 . 1 0000E+0 1 
3 . 2 0 0 0  0 . 1 0000E+0 1 
3 . 2500 0 . 1 0000E+01 
3 . 30 0 0  0 . 1 0000E+01 
3 . 3 5 0 0  0 . 1 0000E+0 1 
3 . 4 0 0 0  0 . 1 0000E +0 1 
3 .4 5 0 0  0 . 1 0000E+01 
3 . 5 0 0 0  0 . 1 0000E+0 1 
3 . 5 5 0 0  0 . 1 0000E+01 
3 . 6 0 0 0  0 . 1 0000ET01 
3 . 6 5 0 0  0 . 1 0000E+0 1 
3 . 70 0 0  0 . 1 0000E+0 1 
3 . 7 5 0 0  0 . 1 0000E+01 
3 . 80 0 0  0 . 1 0000E+0 1 
3 . 8 5 0 0  0 . 1 0000E+0 1 
3 . 90 0 0  0 . 1 0000E+0 1 
3 . 95 0 0  0 . 1 0000E+0 1 
4 . 0 0 0 0  0 . 1 0000E+0 1 
4 . 0 5 0 0  0 . 1 0000E+0 1 
4 . 1 00 0  0 . 1 0000E+0 1 
4 . 1 5 0 0  0 . 1 0000E+0 1 
4 . 2 0 0 0  0 . 1 0000E+0 1 
4 . 2 5 0 0  0 . 1 0000E+01 
4 . 30 0 0  0 . 1 0000E +0 1 
4 . 3 5 0 0  0 . 1 0000E+0 1 
4 .4 0 0 0  0 . 1 0000E+01 
4 .4 5 0 0  0 . 1 0000E+01 
4 . 50 0 0  0 . 1 0000E+0 1 
4 . 55 0 0  0 . 1 0000E +01 
4 . 60 0 0  0 . 1 0000E+01 
4 . 6 5 0 0  0 . 1 0000E+01 
4 . 7 0 0 0  0 . 1 0000E+01 
4 . 7 5 0 0  0 . 1 0000E+0 1  
4 . 80 0 0  0 . 1 0000E +01 
4 . 8 5 0 0  0 . 1 0000E+0 1 
4 . 9 0 0 0  0 . 1 0000E+0 1 

.. 4 . 9 5 0 0  0 . 1 0000E+0 1 
" 5 . 00 0 0  0 . 1 0000E+0 1 

d i rect2 1 

� . * * * * * * * * * * * * * * * * * * * - * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
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direct2 1 
C XT F I T  V E R S I O N  2 . 0  ( 1 /2/95) * 

A NA L YT I CAL S O L U T I O N S  FOR O N E-D I M E N S I O NAL C D E  
D I R E C T  P ROBLRM * 

F ig . 4- 1 5 .  E q u i l ib r ium o ne-site CDE 
E ffect of C ha n g i ng D 

DATA I N PUT F I L E :  D i rect2 1 . in 

* 

* 

* 

* 

* 

� * * * * * * * * * * * * * * * * * * * � * w * * � * * * � w * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * X �  

:J O E L  D E SC R I PTION 
. _ - - - - - - - - - - - - - ­
- - - - - - - - - - - - - - - -

D ET E R M I N I STIC EQ U I L I B R I U M  CDE ( M O D E = 1 )  
� L U X-AVERAG ED C O N C E N T RATI O N  
� E D U C E D  T I M E  (T) , P O S I T I O N(Z) 

(AL L  P A RA M ETERS EXC E PT D AN D V ARE D I M E N S I O N LESS)  
� H A RAC T E R I ST I C  L E N GT H  = 50 .0000 

F O R  D I M E N SION L E S S  PARAM ETE RS 

I T IAL VAL U ES OF C O E F F I C I E NTS 

'\M E I N I T IAL VAL U E 
0 . 4000E+00 
0 . 1 000E+0 1 
0 . 1 500E+01 

u . .  . . . . .  O . OOOOE+OO 

0 U N DARY, I N IT IAL.  A N D  P RODUCT I O N  CON D I T I O N S  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T E P  I N P U T  O F  CO N C .  = 1 . 0000 
O L U T E  F R E E  I N I T I A L  C O N DI TION 
o P RO D U CTION T E R M  

1 . 0 0 0 0  ( F LUX C O N C .  V S .  T I ME) 
'l ( C * d T ) =  3 5000 
.v1 E  C 
0000 O . O OOOOE+OO 
0 5 0 0  O . O O OOOE+OO 
000 0 . 27480 E-29 
5 0 0  0 . 2 0556E-1 8 

�OOO 0 . 5 4 1 35E- 1 3 
� 5 0 0  0 . 93 1 96E-1 0 
.000 O . 1 2929E-07 

* 

.500 0 .4 246�4L.F .:l-0L!.2f) ___________ � ___ � ______ _ 
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0 . 4 5 0 0  0 . 4 1 4 1 3E-04 
0 . 50 0 0  0 . 1 9868 E-03 
0 . 5 5 0 0  0 . 7 0 1 85 E-03 
0 . 6 0 0 0  0 . 1 9709E-02 
0 . 65 0 0  0 . 46395 E-02 
0 . 7 0 0 0  0 . 95098E-02 
0 . 75 0 0  0 . 1 74 53E-0 1 
0 . 8000 0 . 2 9288E-0 1 
0 . 85 0 0  0 . 4 5663 E-0 1 
0 . 9 0 0 0  0 . 66981 E-0 1 
0 . 95 0 0  0 . 93354 E-0 1 
1 . 0 0 0 0  0 . 1 246 1 E+OO 
1 . 0 5 0 0  0 . 1 6033E+OO 
1 . 1 0 0 0  0 . 1 9988E+OO 
1 . 1 50 0  0 . 24253E+OO 
1 . 2 0 0 0  0 . 2 8745E+OO 
1 . 2 5 0 0  0 . 33379E+OO 
1 . 3 0 0 0  O . 3 8077E+OO 
1 . 3 5 0 0  0 . 4 2 764 E+OO 
1 .4 0 0 0  0 .4 7375 E+00 
1 . 4 5 0 0  0 . 5 1 856E+OO 
1 . 5000 0 . 56 1 6 1  E+OO 
1 . 5 5 0 0  0 . 60256E+OO 
1 . 6 0 0 0  0 . 64 1 1 8E+OO 
1 . 6 5 0 0  0 . 67729E+OO 
1 .7 0 0 0  0 . 7 1 082E+OO 
1 . 7 5 0 0  0 . 74 1 75E+OO 
1 . 8 0 0 0  0 . 77009E+OO 
1 . 8 5 0 0  0 . 79593E+OO 
1 . 9 0 0 0  0 . 8 1 937E+OO 
1 . 9 5 0 0  0 . 84053E+OO 
2 . 0 0 0 0  0 . 8 5956E+OO 
2 . 0 500 0 . 87660E+OO 
2 . 1 00 0  0 . 8 9 1 80E+OO 
2 . 1 5 0 0  0 . 90532E+00 
2 . 2 0 0 0  0 . 9 1 73 1 E+OO 
2 . 2 5 0 0  0 . 92790E+OO 
2 . 3000 0 . 93725E+OO 
2 . 3 5 0 0  0 . 94547E+OO 
2 . 4 0 0 0  0 . 95268E+00 
2 .4 5 0 0  0 . 95899E+00 
2 . 5000 0 . 9645 1 E+OO 
2 . 55 0 0  0 . 96932E+OO 
2 .6 0 0 0  0 . 97352E+OO 
2 .6 5 0 0  0 . 9771 6E+OO 
2 . 7 0 0 0  0 . 9 8032E+OO 
2 . 7 5 0 0  0 . 98307E+OO 
2 . 80 0 0  0 . 98544 E+OO 
2 8500 0 9R7M� F +nn 

d i rect2 1 
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9500 0 . 9 9079E +00 
0 0 0 0  0 . 992 1 1 E +OO 
0 5 0 0  0 . 9 9 324 E +00 
1 0 0 0  0 . 9 94 2 1 E +00 
1 50 0  O .  99505E+00 
2 0 0 0  0 . 99 577E+00 
2 5 00 0 . 9 9639E +00 
3 0 0 0  0 . 99691 E+OO 
3500 0 . 9 9737E +00 
4 0 0 0  0 . 9 9775E +00 
4 50 0  0 . 9 9 808E +00 
5000 0 . 9 9837E+00 
5 5 0 0  0 . 9 9 86 1  E+OO 
6000 0 . 9 9882E +00 
6 5 0 0  0 . 99 899E+00 
7 0 0 0  0 . 99 9 1 4 E +00 
7 5 0 0  0 . 9 9 927E +00 

)8000 0 . 9 9938 E +00 
8 5 0 0  0 . 9 9947E+00 
9 0 0 0  0 . 9 9955 E+00 

, 9 5 0 0  0 , 9 9962E+00 
0 00 0  0 , 99968E+00 
0 5 0 0  0 . 99973 E+00 
1 00 0  0 , 99 977E+00 
1 50 0  0 . 9 9980E+00 
2 00 0  0 . 9 9983E+00 

.2 5 0 0  0 , 99 986E+00 
3 0 0 0  0 . 9 9988E+00 
3 5 0 0  0 . 9 9 990E+00 

0 0 0  0 . 99991  E+OO 
500 0 . 9 9993E+00 

5000 0 , 9 9 994 E+00 
5 5 0 0  0 , 9 9995E +00 
, 0 0 0  0 . 9 9996E +00 

J6 5 0 0  0 . 9 9996E+00 
0 0 0  0 . 99997E+00 
500 0 . 9 9997E+00 

38 000 0 . 9 9998E+00 
8 5 0 0  0 . 9 9 998E+00 
.9 000 0 . 9 9998E+00 

� 5 0 0  0 . 99999E +00 
JOOOO 0 . 9 9999E+00 

d i rect2 1 
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* 

C XT F I T  VERSION 2 . 0  ( 1 /2/9 5) 
* 
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* 

* 

* 

* 

* 

d i rect2 1 
F ig . 4 - 1 5 .  Eq u i l i b ri u m  one-site C D E  
E ffect o f  Chang ing 0 

* 

DATA I N PUT F I L E :  D i rect2 1 . i n  
* 

* 

* 

* 

* * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

M O D E L  D ES C RIP TI O N  

D E T E R M I N I STIC E Q U I L I B R I U M C D E  ( M O D E = 1 )  
F L U X-AV E RAG ED C O N C E NTRAT I O N  
R E D U C E D  T I M E  (T) , P O S I T I ON (Z) 

(A L L  PARAMET E R S  EXC E PT D A N D  V ARE D I M E N S I O N L E S S )  
C HA RACTER IST I C  L E N GTH = 50 . 0 000 

F O R  D I M E N S I O N LC:SS PARAM E T E RS 

I N I T I A L  VAL U ES O F  C O E F F I C I E NTS 

N A M E I N ITIAL VAL U E 
V. . . . . . . .  0 . 4 000E +00 
D . . . . . . . .  0 . 1 000E+02 
R . . . .  . . . .  0 . 1 500E+ 0 1  
m u . . . . . . .  O . O OOOE+OO 

B O U N DARY, I N IT IAL , A N D P RODUCT I O N  CO N D I T I O N S  
= = = = = = == == ===== = = = == = = ======= = ============  

S T E P  I N P UT O F  C O N C .  = 1 . 0000 
S O L U T E  F R E E  I N I T IAL C O N D I T I O N  
N O  P R O D U CTION T E R M  

1 . 0 0 0 0  (FLU X  C O N C .  VS T I M E )  
...u m ( C * d T) =  3.57 1 0  
T I M E  C 
J . O O O O  O . OOOOOE+OO 
J . 0 5 0 0  0 . 1 1 56 1 E-06 
J . 1 0 0 0  0 . 28375E-03 
8 . 1 5 0 0  0 . 4076 5E-02 
0 . 2 0 0 0  0 . 1 587 1 E-0 1 
0 . 2 5 0 0  0 . 36377 E-0 1 
0 . 3 0 0 0  0 . 63754E-0 1 
0 . 3 5 0 0  0 . 95669E-0 1 
0 . 4 00 0  0 . 1 30 1 5E+00 
0 . 4 5 0 0  0 . 1 6573E+00 
0 . 5 0 0 0  0 . 2 0 1 40E+00 
' . 5 50 0  0 . 2 3650E+00 
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6 5 0 0  0 . 3 034 8 E +00 
7000 0 . 3 34 9 5 E +OO 
7500 0 . 364 9 8 E+OO 
.8 000 0 . 39 3 54 E +OO 
8500 O A2 06 6 E + OO 
9000 O A4638 E + OO 
9500 O A  7 0 76 E + OO 
:)000 O A 9386E + OO 
J500 0 . 5 1 574E+OO 
1 00 0  0 . 5 3647 E +OO 
1 500 0 . 5 56 1 1 E +OO 

'2 0 0 0  0 . 5747 2 E + OO 
2 5 0 0  0 . 5 9 2 3 8 E +OO 
-3000 0 . 6 0 9 1 3 E + O O  
3 5 0 0  0 . 6 2 5 0 2 E + OO 
W O O  0 . 64 0 1 2 E+OO 
� 5 0 0  0 . 6 5446 E +OO 
5000 0 . 66 8 1 0 E + OO 
i55 0 0  0 . 6 8 1 0 7 E + O O  
(,000 0 . 6834 2 E + O O  
;;500 0 . 70 5 1 8 E+OO 
'000 0 . 7 1 6 3 8 E + OO 
'500 0 . 7 2 70 6 E+OO 
:000 0 . 7 3 7 2 5 E+00 
;500 0 . 74697E+OO 
1000 0 . 7 56 2 5 E + OO 
500 0 . 7 65 1 1 E+OO 
0 0 0  0 . 7 7 3 5 9 E+00 
500 0 . 7 8 1 6 9 E +00 
000 0 . 7 8 944E+00 
500 0 . 7 9686E+00 
0 0 0  0 . 8 0 396E+OO 

.500 0 . 8 1 0 7 7 E + O O  
10 00 0 . 8 1 7 2 9 E +OO 
.5 00 0 . 8 2 3 54 E +OO 
000 0 . 8 2 9 5 3 E + 00 

00 0 . 8 3 5 2 9 E +00 
000 0 . 84 0 8 1  E+OO 
?S O O  0 . 846 1 1 E+OO 
.D O O  0 . 8 5 1 2 0 E +00 
(500 0 . 8 5609E+00 
:J O O  0 . 8 6 0 7 9 E +00 
500 0 . 86 5 3 1 E + O O  
:J O O  0 . 86966 E + 00 
500 0 . 8 73 84 E+00 
:JOO 0 . 8 7 7 87 E + 00 
a O O  0 . 8 8 1 74 E + 00 
J O O  0 . 8 8 54 8 E +00 
600 0 . 8 8907 E + OO 

d i rect2 1 
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3 . 1 5 0 0  0 . 89587E+OO 
3 . 2 0 0 0  0 . 89909 E+OO 
3 . 2 5 0 0  0 . 9 02 1 9E+OO 
3 . 3 0 0 0  0 . 9051 8 E+OO 
3 . 3 5 0 0  0 . 90806E+OO 
3 . 4 0 0 0  0 . 9 1 085 E+OO 
3 . 4 5 0 0  0 . 9 1 354 E+OO 
3 . 5 0 0 0  0 . 9 1 6 1 3E+OO 
3 . 5 5 0 0  0 . 9 1 864 E+OO 
3 . 6 0 0 0  O . 92 1 05E+OO 
3 . 6 5 0 0  0 . 92339E+OO 
3 . 7 0 0 0  O . 92565E+OO 
3 . 7 5 0 0  0 . 92783E+OO 
3 . 80 0 0  0 . 92994 E+OO 
3 . 85 0 0  0 . 9 3 1 98E+OO 
3 . 9 0 0 0  0 . 9 3395E+OO 
3 . 9 5 0 0  0 . 9 3586E+OO 

-4 . 00 0 0  0 . 93 770E+OO 
4 . 0 5 0 0  0 . 9 394 9E +OO 
4 . 1 0 0 0  0 . 94 1 2 1 E+OO 
4 . 1 5 0 0  0 . 94288 E+OO 
4 . 2 0 0 0  0 . 94450 E+OO 
4 . 2 5 0 0  0 . 94607 E+OO 

A . 3 0 0 0  0 . 94758E+OO 
4 . 3 5 0 0  0 . 94905 E+OO 
4 . 4 0 0 0  0 . 9 5048 E+OO 
4 . 4 5 0 0  0 . 9 5 1 85E+OO 

. 50 0 0  0 . 9531 9E +OO 
4 . 5 5 0 0  0 . 9 5448 E+OO 
4 . 6 0 0 0  0 . 9 5573E+OO 
4 . 6 5 0 0  0 . 9 569 5E+OO 
� . 7 0 0 0  0 . 958 1 3E+OO 
4 . 7 5 00 0 . 95 92 7 E+OO 
4 . 8 0 0 0  0 . 96038 E+OO 
4 . 8 5 0 0  0 . 9 6 1 45E +OO 
;i . 9 0 0 0  0 . 96249E+OO 
:t 9 5 0 0  0 . 96350E+OO 
0 . 00 0 0  0 . 96448E+OO 

d i rect2 1 

C XT F I T VERSION 2 . 0 ( 1 /2/9 5) 
* 

A N A LYT ICAL SO L U T ! O N S  F O R  O N E -D I M E N S I O NAL C D E  
D I R E CT PR O B L R M  

* 

F i g . 4 - 1 5 .  Equ i l ib r ium o ne-site C D E  
E ffect of C h a n g i n g  D 

* 

* 

* 

* 
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d i rect2 1 
* 

� * * * * * * * * * * * * * * * * * * * . * � * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

.J D E L  D E S C R I PTI ON 

J E T E R M I N I ST I C  EQ U I L I B R I U M  CDE ( M O D E = 1 )  
=- L U X-AVE RA G E D  CO N C E NTRAT ION 
� E D U C E D  T I M E  (T) , P O S I T I O N (Z) 

(ALL P A RA M ET E RS E X C E PT D AND V A R E  D I M E N S I O N L E S S )  
:: HA RA C T E R I STIC L E N GT H  = 50.0000 

F O R  D I M E N S I O N L E S S  P A RA M ETE R S  

T I A L  VAL U E S  OF CO E F F I C I E N TS 

.\M E  I N I T IAL VAL U E  
0 . 4 0 0 0 E +00 
0 . 1 0 0 0 E + 0 1  
0 . 3 0 0 0 E + 0 1  

J . . . . . . .  O . O O O O E +OO 

' U N DARY,  I N IT IAL,  A N D P R ODUCTION C O N D I T I O N S  

E P  I N P U T  O F  CON e .  = 1 . 0000 
:J L U T E  F R E E  I N IT IAL C O N D I T ION 
o P R O D U C T I O N T E R M  

� . 00 0 0  ( F L U X  C O N C .  VS . T I M E) 
( C >< d T ) =  2 . 0235 

'1 E  C 
:000 O . O O O O O E +OO 

00 O . O OOOO E+OO 
0 0  O . O OO O O E +OO 

C500 O . OOOOO E+OO 
.J O O  0 . 2 7480 E-29 
300 0 . 92476 E-23 
JOO 0 . 2 0 5 5 6 E- 1 8 
300 0 . 2 5 8 8 8 E - 1 5 
JOO 0 . 54 1 3 5 E- 1 3 
600 0 . 34 1 6 9 E - 1 1 
JOO 0 . 9 3 1 9 6 E- 1 0 
300 0 . 1 3803 E-08 
JOO 0 . 1 2929 E-07 
600 0 . 8 5 1 1 1  E-07 
JOO 0 . 4 2464 E-06 
000 0 . 1 697 1 E-05 
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0 . 8500 0 . 1 6289E-04 
0 . 9000 0 . 4 1 4 1 3E-04 
0 . 9 500 0 . 94 8 1 8 E-04 
1 . 0000 0 . 1 9868E-03 
1 . 0500 0 . 38587E-03 
1 . 1 00 0  0 . 7 0 1 85E-03 
1 . 1 50 0  0 . 1 2 058E-02 
1 . 2000 0 . 1 9709 E-02 
1 . 2500 0 . 3 0 8 3 1  E-02 
1 . 3000 0 . 46395E-02 
1 . 3500 0 . 67452 E-02 
1 . 4000 0 . 9 5098 E-02 
1 .4 50 0  0 . 1 3 044 E-0 1 
1 . 5000 0 . 1 7453E-0 1 
1 . 5500 0 . 22838E-0 1 
1 . 6000 0 . 2 9288 E-0 1 
1 . 6500 0 . 3 6876 E-0 1 
1 . 7000 0 . 45663 E-0 1 
1 . 7 5 0 0  0 . 5 5690 E-0 1 
1 . 8000 0 . 66 9 8 1  E-0 1 
1 . 8500 0 . 7 9 540E-0 1 
1 . 9000 0 . 9 3 354E-0 1 
1 . 9500 0 . 1 0839E+00 
2 . 0000 0 . 1 2461 E+00 
2 . 0 500 0 . 1 4 1 95E+00 
2 . 1 00 0  0 . 1 6033E+00 
2 . 1 500 0 . 1 7967E+00 
2 . 2000 0 . 1 9988E+00 
2 . 2 5 0 0  0 . 2 2 087 E+00 
2 . 30 0 0  0 . 24 2 53 E+ 0 0  
2 . 3 500 0 . 2 6476E+00 
2 .4 0 0 0  0 . 2 874 5E+00 
2 .4 5 0 0  0 . 3 1 049E+00 
2 . 5000 0 . 3 3 379E+00 
2 . 5500 0 . 3 5 725E+00 
2 . 6000 0 . 38077E+00 

- 2 . 6 5 0 0  0 . 4 0426E+00 
..
.
. 2 . 7 000 0 . 42764 E+00 
2 . 7500 0 . 4 5083E+00 
2 . 8 000 0 . 4 7 375 E+00 
2 . 8 500 0 . 4 9635E+00 
2 . 9000 0 . 5 1 856E+00 

' 2 . 9 5 0 0  0 . 54032E+00 
3 . 00 0 0  0 . 56 1 6 1 E+OO 

, 3 , 0 5 0 0  0 . 58236E+00 
: 3 . 1 000 0 . 60256E+00 
, 3 . 1 500 0 . 622 1 8E+00 
, 3 . 20 0 0  0 . 64 1 1 8 E+00 
:3 .2500 0 . 65956E+00 

d i rect2 1 
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.3500 0 . 69438E+00 
4000 0 . 7 1 082 E + 00 
4 500 0 . 72661 E + OO 
5000 0 . 74 1 75E+00 
5500 0 . 7 5624 E +00 
6000 0 . 77009E +00 
6500 0 . 78332E +00 
7000 0 . 79593 E+00 
7500 0 . 8 0795 E+00 
8000 0 . 8 1 937E +00 
8500 0 . 83023 E +00 
9000 0 . 84053E+00 
9500 0 . 8503 1 E + OO 
0000 0 . 85956 E+00 
0500 0 . 86832 E +00 
1 000 0 . 876GO E +00 
1 500 0 8 8442 E+00 
2000 0 . 8 9 1 80E+00 

500 0 . 89876 E +00 
3000 0 . 9 0 532E+00 
3500 0 . 9 1 1 50E +00 

000 0 . 9 1 7 3 1  E+OO 
500 0 . 9 2277E+00 

-5000 0 . 92790E+00 
500 0 . 9 3272 E+00 
000 0 . 9 3725E+00 
500 0 . 94 1 4 9 E+00 

7000 0 . 9 4 547E+00 
7500 0 . 9 4 9 1 9 E+00 
3000 0 . 9 5268E+00 
8500 0 . 9 5594E+00 
dOOO 0 . 9 5899 E+00 
�500 0 . 9 6 1 84 E + 00 
JOOO 0 . 96451  E+OO 

CXT F I T V E R S I O N  2 . 0  ( 1 /2/95) 

d i rect2 1 

A N A LYT I CA L  S O L U T I O N S  F O R  O N E -D I M E N S I O NAL C D E  
D I R E C T  P R O B L R M  

* 

F i g A- 1 5 .  Equ i l i b rium o n e-site C D E  
Effect of C h a n g i n g  D 

DATA I N P UT F I L E :  D i rect2 1 . in  

* 

* 

* 

* 

* 

* 

* * * * * * * * * * * * * * * * * * * � * * * * * * * * * * * * * * * +. * * * * * * * * * * * * * * * * * * * * * * * * * � * *  
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d i rect2 1 
M O D E L  D E S C R I PT I O N  ----------------------------------

D E T E R M I N I STIC EQ U I L I B R I U M CDE ( M O D E= 1 )  
F L U X-AV E RAGED C O N C E NTRAT I O N  
R E D U C E D  T I M E  (T) , P O S I TI ON (Z) 

(ALL PARAM ETE RS E X C E PT D A N D  V A R E  D I M E N S I O N L E S S )  
C HA RA C T E R I STIC L E N G T H  = 50.0000 

F O R  D I M E N S I O N L E S S  PARAMETE R S  

I N I T I A L  VAL U E S  OF C O E F F I C I E N TS 

N A M E 
V . . . . . .  . 
D . . . . . . .  . 
R . . . . . . .  . 
m u  . . . . . .  . 

I N I T IAL VAL U E  
0 .4000E+00 
0 . 1 000E+01 
0 . 5000E+01 

O . O O OOE+OO 

B O U N DARY, I N IT IAL, A N D P RODUCT I O N  C O N D I T I O N S 

S T E P  I N P UT O F  CO N C .  = 1 . 0000 
S O L U T E F R E E  I N ITIAL C O N D I TION 
NO P R O D U CT I O N  T E R M  

= 1 . 0 0 0 0  ( F LUX CO N C .  VS . T I M E ) 
J m ( C * d T ) =  0 . 6 1 6 1  
r i M E  C 
) . 0000 O . OOOOO E+OO 
) . 0500 O . O O O O O E +OO 
) . 1 0 00 O . O O O O O E+OO 
L 1 5 00 O . OOOOO E +OO 
L 2000 O . O OO O O E +OO 
L 2 500 O . OOOOO E+OO 
' L 3000 O . O O O O O E +OO 
1 . 3500 0 . 98508 E-28 
) . 4 0 00 0 . 756 1 0 E-24 
1 . 4 500 0 . 79 1 88 E-2 1 
' . 50 00 0 . 20556E- 1 8  
1 . 5500 0 . 1 9338 E- 1 6  
. 6000 0 . 84953E- 1 5  
. 6 500 0 . 20769 E-1 3 
. 7 000 0 . 32032 E-1 2 
. 7 500 0 . 34 1 69 E- 1 1 
. 8000 0 .270 1 1 E-1  0 
. 8 500 0 . 1 6682 E-09 
.. 9000 0 .83859 E-09 

�500 0 1 S4 4 � 1= ()P 
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. 0500 0 . 4 1 559 E-07 

. 1 000 0 . 1 1 977 E-06 

. 1 500 0 . 3 1 390 E-06 

. 2 000 0 . 7 5706 E-06 

. 2 5 0 0  0 . 1 69 7 1  E-05 

. 3000 0 . 35657 E-05 

. 3 500 0 . 7 0 7 3 1  E-05 

. 4 000 0 . 1 3327 E-04 

.4500 0 . 2 3 9 9 1 E-04 

. 5000 0 . 4 1 4 1 3 E-04 

. 5 500 0 . 68858 E-04 

. 6000 0 . 1 1 067 E-03 

. 6 500 0 . 1 7247E-03 

. 7 000 0 . 26 1 3 1 E-03 

. 7 5 0 0  0 . 38 587 E-03 

. 8 0 0 0  0 . 5 565:) E-03 

. 8 5 0 0  0 . 7 8 547 E-03 
9 0 0 0  0 . 1 0867E-02 
9 500 0 . 1 4760 E-02 
0000 0 . 1 9709 E-02 
0500 0 . 2 5906 E-02 
1 000 0 . 3 3 5 56E-02 
1 500 0 . 4 2 87 7 E-02 
2 000 0 . 54 0 9 8 E-02 
2500 0 . 67452 E-02 
3000 0 . 83 1 78 E-02 
3500 0 . 1 0 1 52E-0 1 
4 0 0 0  0 . 1 2270E-0 1 
4 50 0  0 . 1 4697E-0 1 
5000 0 . 1 7453E-0 1 
5 500 0 . 2 0 56 1 E-0 1 
6000 0 . 24 04 1  E-0 1 
6500 0 . 2 7909 E-0 1 
7000 0 . 32 1 83 E-0 1 
7 500 0 . 36876 E-0 1 
8000 0 . 4 2 002E-0 1  
8 500 0 . 4  7569E-01 

:9 000 0 . 5 3 584 E-0 1  
9500 0 . 6 0054 E-0 1 
0000 0 . 66 9 8 1  E-0 1 

)0 500 0 . 74 365E-01 
1 00 0  0 . 8 2203E-01 
1 50 0  0 . 9 0492 E-01 

000 0 . 99225E-0 1 
�500 0 . 1 0839E+00 
:3000 0 . 1 1 798 E +00 
':3500 0 . 1 2799 E+00 
i:4 00 0  O . 1 3839E+00 
;4 5 0 0  0 . 1 49 1  R F +nn 

di rect2 1 
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3 . 5500 0 . 1 7 1 82E +00 
3 . 6000 0 . 1 8 365E+00 
3 . 6500 0 . 1 9 578E+00 
3 . 7000 0 . 2 0 8 1 9E +00 
3 . 7500 0 . 22 087E+00 
3 . 8000 0 . 2 337 9E+00 
3 . 8500 0 . 24693 E+00 
3 . 9000 0 . 2 6 02 7 E+00 
3 . 9500 0 . 2 7 378E+00 
4 . 0000 0 . 2 8745 E+00 
4 . 0500 0 . 3 0 1 24 E+00 

A . 1 0 00 0 . 3 1 5 1 4E +00 
4 . 1 500 0 . 32 9 1 2E +00 
4 . 2 000 0 . 34 3 1 6E +00 

04 .2500 0 . 3 5 72 5 E+00 
4 . 3 00J 0 . 37 1 36E+00 
4 . 3 500 0 . 38548 E+00 
4 .4000 0 . 3 9957E+00 
4 .4500 O A 1 363 E+00 
4 . 5000 O A2 764E+00 
4 . 5500 O A4 1 58E+00 
4 . 6000 O A 5 544E+00 
4 .6500 O A6 9 1 9E+00 
4 . 7000 O A8 283 E+00 
4 . 7500 O A 9635 E+OO 
4 . 8000 0 . 5 0972 E+00 
4 . 8500 0 . 52 2 95 E+OO 
t 9 000 0 . 5 360 1 E+OO 
4 . 9 500 0 . 5 4 8 90E+OO 
6 . 0000 0 . 56 1 6 1 E+OO 

CXT F I T  VERS ION 2 . 0  ( 1 /2/9 5) 

d i rect2 1 

* 

ANALY T I CAL SOLUT I O N S  FOR O N E- D I M E N S I O N AL C D E  
D I R E C T  P ROBLRM 

* 

Flg A - 1 5 .  Eq u i l ib r ium one-s i te CDE 
Effect of  Chan ging D 

DATA I N PUT F I LE: D i re ct2 1 . i n  

* 

* 

* 

* * * * * . * * * * * * * * * * * * * * . * � � . * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

II'l O D E L  D E S C R I PT I O N  
: = = = = == = =========  

D ET E R M I N I STIC EQ U I L I B R I U M  CDE ( M O D E = 1 )  
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d i rect2 1 
=< E D U C E D  TI M E  (T) , POS I T I O N (Z) 

(AL L  PARA M ETERS EXC E PT 0 AND V ARE D I M E N S I O N L E S S )  
-� HA RAC T E R I STI C LENGTH = 50.0000 

F O R  D I M E N S I O N LESS PARA M ETE R S  

IT IA L  VA L U E S  O F  COEF F I C I E N T S  

AM E I N IT IAL VAL U E  
0 . 2650 E+00 
0 . 2 50 0 E +00 
0 . 1 000 E +02 

u . . . . . . .  O . OOOOE+OO 

') U N DA R Y ,  I N IT IAL, AND P RO D UCl l O N  CON D I T I O N S  
-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T E P  I N P UT OF CONC.  = 1 . 0000 
D L U T E  F R E E  I N IT IAL C O N D I T I O N  
,0 P R O D U CT I O N  TERM 

1 . 0 0 0 0  ( F L U X  CON C .  VS . T I M E )  
I ( C * d T ) =  0 . 0000 
� E  C 
0 0 0  O . OO OOO E +OO 

,500 O . OO OOOE+OO 
0 0 0  O . OO OOOE+OO 
5 0 0  O . O OOOO E +OO 

,00 0  O . OOOOOE+OO 
. 0 0  O . O OOOOE +OO 
0 0 0  O . OOOOO E +OO 

0 0  O . OOOOO E+OO 
.000 O . OOOOO E +OO 

0 0  O . O O OOOE+OO 
'"J O O  O . OOOOOE +OO 

00 O . O OOOOE+OO 
.J O O  O . O OOOO E+OO 
600 O . O OOOO E+OO 
'J O O  O . O OOOO E +OO 
3 0 0  O . OOOOO E+OO 
:J O O  O . O OOOO E +OO 
::; 0 0  O . O OOOOE+OO 
'JO O  O . OOOOOE+OO 
6 0 0  O . OOOOO E +OO 
JOO O . O OOOOE+OO 
600 O . O OOOO E+OO 
JOO O . O OOOO E+OO 
600 O . OOOOOE+OO 
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1 . 2 5 0 0  O . OOOOOE+OO 
1 . 3000 O . OOOOOE+OO 
1 . 3 5 0 0  O . OOOOO E +OO 
1 . 4 0 0 0  O . O OOOOE+OO 
1 . 4 5 0 0  O . O OOOOE+OO 
1 . 5 0 0 0  0 . 1 1 709 E-28 
1 . 5 5 0 0  0 . 1 9272 E-27 
1 . 6 0 0 0  0 . 2 65 34 E-26 
1 . 6 5 0 0  0 . 3 1 058 E-2 5 
1 . 7000 0 . 3 1 352 E-24 
1 . 7 5 0 0  0 . 2 7642 E-23 
1 . 8 0 0 0  0 . 2 1 527 E-22 
1 . 8 5 0 0  0 . 1 4 9 58 E-2 1 
1 . 9 0 0 0  0 . 9 3 578 E-2 1 
1 . 9 5 0 0  0 . 5 3 1 32E-20 
2 . 0 0 0 0  0 . 27580E- 1 9  
2 . 0 5 0 0  0 . 1 3 1 74 E-1 8 
2 . 1 00 0  0 . 58255E-1 8 
2 . 1 5 0 0  0 . 2 3975E-1 7 
2 . 2 0 0 0  0 . 92280E- 1 7 
2 . 2 5 0 0  0 . 3 3 369E- 1 6 
2 . 30 0 0  0 . 1 1 382E- 1 5 
2 . 35 0 0  0 . 36758E- 1 5 
2 . 4 0 0 0 0 . 1 1 2 78E- 1 4  
2 . 4 50 0  0 . 32978E- 1 4 
2 . 5 0 0 0  0 . 9 2 1 66E- 1 4 
2 . 5 500 0 . 24685E- 1 3 
2 . 6 0 0 0  0 .6 35 1 5 E- 1 3 
2 . 6 5 0 0  0 . 1 5736E- 1 2  

. 7 0 0 0  0 . 37 6 1 6E- 1 2 

. 7 5 0 0  0 . 86932E- 1 2 

. 80 0 0 0 . 1 94 58E-1 1 
2 . 8 5 0 0  0 .4 2 2 54 E-1 1 

. 9 0 0 0  0 . 89 1 58E-1 1 
. .  9 5 0 0  0 . 1 8307E- 1 0 
- . 00 0 0  0 . 36628E-1 0 

0 5 0 0  0 . 7 1 5 0 1 E-1 0 
3 1 00 0  0 . 1 3634 E-09 
3 . 1 5 0 0  0 . 25425E-09 
3 . 2 0 0 0  0 . 464 1 5E-09 
8 . 2 5 0 0  0 . 8303 1 E-09 
8 . 3 0 0 0  0 . 1 4568 E-08 
8 . 3 5 0 0  0 . 2 5093 E-08 
8 . 4 0 0 0  0 .4 2462 E-08 
3 .4 50 0  0 . 706 50E-08 
8 . 50 0 0  0 . 1 1 566 E-07 
8 . 5 5 00 0 . 1 8644E-07 
8 . 6 0 0 0  0 . 296 1 1 E-07 
8 . 6 5 0 0  0 .46363 E-07 

d i rect2 1 
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7500 0 . 1 0 9 1 5E-06 
8000 0 . 1 64 3 1  E-06 

, 8 500 0 . 24435 E-06 
' 9000 0 . 3 5 9 1 9 E-06 
9500 0 . 5 2 2 1 2 E-06 

l O O O O  0 . 7 5 0 82 E-06 
J0500 0 . 1 0686E-05 

1 000 0 . 1 5057 E-05 
1 50 0  0 . 2 1 0 1 2 E -05 
2000 0 . 2 9 0 53 E-05 

:2 500 0 . 3 9 8 1 2 E-05 
:3 000 0 . 54086 E-05 
,3 500 0 . 72 86 8 E-05 
AOOO 0 . 9 7 3 8 5 E-05 
4500 0 . 1 29 1 4 E -04 
5000 0 . 1 7006 E-04 
5500 O . 2 22 1 9 E-04 
6000 0 . 2 8 8 2 8 E-04 
"500 0 . 37 1 50E-04 
7000 0 . 47560E-04 
7500 0 . 6 0 4 9 9 E-04 
3000 0 . 76487E-04 
3500 0 . 96 1 2 2 E-04 
::3000 0 . 1 2 0 1 0E-03 

. 500 0 . 1 4 9 2 2 E-03 
JOOO 0 . 1 8440 E-03 

d i rect2 1 
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* * * * * � * � � * * * � * * 7 * * * * * * * * * * � * * * * * * * * * * * * * * * �  

Fi g . 7 - l : 

E f f e e  
I NV E R S E  

o 

MODC 
3 

T h e  determi n i s t i c  CDE ( BVP+ PV P )  
o f  the f i r s t - d e c a y  con s t a n t  ( Mu = O ) 

MODE N RE DU 

1 2 

Z L ( BLAN K I F  MODE=NRE DU= l ) 
1 0 0 0 0  

* * *  B LOCK C :  T RANS PORT PARAMETERS 

V 0 R Mu 

1 . 6 9 8  6 . 2 2 1 . 2 5  0 . 0  

* * *  B LOCK 0 :  BVP ; MOD B = O  Z ERO ; = 1  D i r a c ; = 2  ST E P ;  = 3  A P U L S E  
* * * * * * *  .. * * *  

MODB 
2 

2 0 . 0 

= 4  MU LT I PLE ; = 5  EX PON ENT I AL ;  = 6  ARB I T RARY 

* * * B LOCK E :  I V P ;  MOD I = O Z E RO; = 1  CONSTANT ; =2 S T E PW I S E ;  = 3  EX PC �:�NT - :'...i. 
* *  

MOD I  ( 3 s t eps d i s t r i bu t i on )  
o 

* * *  B LOCK l: :  PVP ; MOD P = O  Z E RCJ ;  = 1  CONSTANT ; =2 S T E PW I S E ;  = 3  EX PC. :.,-T - :'-.l. 
.. * 

MOD P  

o 

* * *  B LOCK H :  POS I T I ON A N D  T I ME FOR D I RECT P ROBLEM 

* * * * * * * * * * * * * * * * * * * * * * * *  

N Z  
1 0  

DZ 
1 

Z I  

0 . 0  
* * *  B L OC K  A :  MODEL D E S C R I PT ION 

NT 

1 . 0  

DT 

0 . 0  

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

F i g . 7 - 1 : 

E f f e c t  

I NV E RS E  
o 

MODC 

3 

T h e  de t e rmi n i s t i c  CDE ( BV P + PVP ) 

o f  t h e  f i r s t - d e cay con s t a n t  ( Mu = O . O ) 

MODE N RE DU 
1 2 

ZL ( BLANK I F  MODE=NRE DU= I ) 

1 0 0 0 0  

* * *  B LOCK C :  TRANS PORT PARAMETERS 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

V 0 R Mu 

1 .  7 6 . 2 2 1 . 2 5  0 . 0  

T I  
9 . 6 4 5  

M P R I �� 
2 

* * *  B LOCK 0 :  BV P ;  MO D B = O  Z E RO ; = 1  D i rac ; = 2  ST E P ;  = 3  A P U l S E  

* * * * * * * * * * *  

M O D B  

2 

= 4  MULT I P LE ; = 5  EX PON ENT I AL ; = 6  ARB I T RARY 

2 0 . 0 
" * ... B LOCK E :  I V P ;  MOD I = O Z E RO ; = 1  CONSTANT ; =2 S T E PW I S E ;  = .3 EX L ' . :: N T  = ;-_L 

* *  

MOD I  ( 3 s t eps d i s t r i b u t i on )  
o 

* H  B LOCK F :  PVP ; MOD P= O  Z E RO; = 1  CONSTANT ; =2 S T E PW I S E ;  = 3  F:X E' : · ::: . :- = -.:.- � ,  
* * 

MOD P  
o 

* * *  B LOCK H :  POS I T I ON AN D T I ME FOR D I RECT P ROBLEM 

* * * * - * * * * * * * * * * * * * * * * * * *  

o 

N Z  
1 0  

DZ 

1 

Z I  

0 . 0  

NT 
1 

DT 

0 . 0  

T I  

1 2 . 8 6 
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4 

* * *  BLOCK A :  MODEL DESCR I PT I ON 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

C D E  ( BVP+ PVP ) T h e  d e t e rmi n i s t i c  
P r e d i c t i on for S r  
I NV E R S E  MODE 

T r a n sport in a Fl e 1 d  Condi t i on ( Sand Dune So i l ,  
N REDU 

o 1 2 
MODC 

3 
Z L ( BLANK I F  MODE=NREDU = l ) 
1 0 0 0 0  

* * * B LOCK C :  T RANS PORT PARAMETERS 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

V D R Mu 
1 . 3 4 0 5 9  7 . 8 8  3 . 32 0 . 0  

* * *  B LOCK D :  BV P ;  MODB=O ZERO; = 1  Di rac ; =2 ST E P ;  =3 A PULSE 
* * * * * * * * * * *  

MODB 
2 

2 0 . 0 

= 4  MULT I PLE ; = 5  EX PON ENT I A L ; =6 ARB I T RARY 

* * * B LOCK E :  I V P ;  MOD I =O ZERO ; = 1  CONSTANT ; =2 S T E PW I S E ;  = 3  EX PO�,=:�';T :::: _� 
* * 

�OD I ( 3 s t eps di s t 1 i b u t i on ) 
o 

* * *  BLOCK F :  PV P ;  MODP=O ZEF � ;  = 1  CONSTANT ; =2 )':'EPW I S E ;  = 3  E X PO�:::  
* *  

M O D P  
o 

* * * B LOCK H :  POS I T I O N  AN D T IME FOR D I RECT PROBLEM 
* * * * * * * * * * * * * * * * * * * * * * * *  

N Z  
1 0  

DZ 
1 

Z I  
0 . 0  

* * * B LOCK A :  MODEL DESC R I PT ION 

NT 
1 

DT 
0 . 0  

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

Fl g . 7 - 1 : 
E f fe c t  

I NV E RS E 
o 

MODC 
3 

The de termi n i s t i c  CDE ( BV P + PV P )  
o f  t he f i r s t -decay con s t a n t  ( Mu=O ) 

MODE N REDU 
1 2 

Z L ( BLANK I F  MODE=NREDU= l ) 
1 0 0 0 0  

* * *  B LOCK C :  TRANS PORT PARAMETERS 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

V D R Mu 
1 . 6 � 8 6 . 2 2  1 . 2 5  0 . 0 

T I  
8 . 3 5 9  

M P R I l'-=-
2 

* * *  BLOCK 0 : BVP ; MODB=O ZERO ; = 1  Di rac ; =2 STE P ;  = 3  A PULS E 
* * * * * * * * * * *  

MODB 
2 

= 4  MULT I PLE ; =5 EX PON ENT I A L ;  = 6  ARB I T RARY 

2 0 . 0 
* * *  B LOCK E :  I V P ;  MOD I =O ZERO ; = 1  CON STANT ; =2 S T E PW I S E ;  = 3  EX PO: ' :: ' ; -::- = ':" -=-
* +  

MOD I ( 3 s t eps d i s t r i bu t i on )  
o 

* 7 * BLOCK F :  PV P ;  MODP=O ZERO ; = 1  CONSTANT ; =2 ST E PW I S E ;  = 3  EX PC; ;: \ T ::- ':---=--
* * 

MODP 
o 

* * *  BLOCK H :  POS I T I O N  AN D T I ME FOR D I RECT PROB LEM 
* * * * 7 * * * * * r * * * * * * * * * * * * *  

N Z  
1 0  

DZ 
1 

Z I  
0 . 0  

* * * B LOCK A :  MODEL DESCR I PT ION 

NT 
1 

DT 
0 . 0  

T J  
9 . 0 0 2  

M I ' R I t�-::-
2 
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CXT F I T  V E R S I O N  2.0 ( 1 /2195) " 

ANALYTI CAL SOLUTIO N S  F O R  O NE-DIM E N S IO NAL CDE " 

D I RECT PROBLRM " 

The determi n i stic CDE (BVP+ PVP) " 

Prediction for S r  Transport i n  a F ield Condition (Sand Dune " 

DATA I N PUT F I LE:  Direct i n " 

* 

l" ••••• ****** ***, ••••• , ••• • * ••••••••••• * * ,  • •  ,.***" •• * * * * ****** 

>DEL D E S C R I PT I O N  
- - - - - - - - - -- - - - -- - - - - - - - - - - - - -

)ETE RM I N I ST I C  E Q U I LI B R I U M  CDE (MODE= 1 )  
tES I Q E N T  C O N C E NTRAT'O . -J  (THI RD-TYPE I N PUT) 

tEDUCED TIME (T), POSITION(Z) 

I(ALL PARAM �TERS EXCE P T  D AND V ARE D I M E N S I O N LESS) 

:HARACTER I STIC LENGTH = ......... 

F O R  D I M E N S I O N LESS PARAM ETERS 

IAL VAL U E S  O F  COEFF I C I E NTS 
- - - - - - - - - - - - - -------- - - - - - - -- - - - - - - - - - - -- ------ - - - - - - - - -

'M E I N ITIAL VALUE 

0 . 1 698E+01 

0.6220E+01 

0. 1 250E+01 

O. OOOOE+OO 

U N DARY, I N ITIAL, AND PRODUCTION CON D I T I ONS 

-EP I N P U T  O F  CONC.  = 20. 0000 

OLUTE F RE E  I N ITIAL CON D I T I O N  

P R O D U C T I O N  TERM 

1 . 8 1 500 ( R E S I DENT AND TOTAL RESIDENT CONC.  VS. DEPTH) 

:C"dZ) = 1 0. 00000 Sum(Ct*dZ) = 1 2 .50000 (TOTAL MASS) 

C Ct (=R*C) 

000 0 . 20000E+02 0.25000E+02 
000 O. OOOOOE+OO O.OOOOOE + OO 

000 O.OOOOOE+OO O.OOOOOE+OO 

000 O. OOOOOE+OO O.OOOOOE+OO 

000 O.OOOOOE+OO O.OOOOOE+OO 

000 O. OOOOOE+OO O. OOOOOE+OO 
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1)000 O. OOOOOE+OO O.OOOOOE+OO 
1)000 O. OOOOOE+OO O.OOOOOE+OO 
11000 O.OOOOOE+OO O.OOOOOE+OO 
1000 O. OOOOOE+OO O.OOOOOE+OO 

CXT F I T  VERSION 2.0 ( 1 /2/95) * 

ANALYTICAL SOLUTIO N S  FOR ONE-DIM ENS IONAL CDE 
D I RECT P ROBLRM * 

* 

Fig.7- 1 : The deterministic CDE ( BVP+ PVP) 

Effect of the fi rst-decay constant (Mu=O) 
• 

DATA I N PUT F I LE:  D i rectin 
* 

* 

* 

'4IIt-'It-****-r*********** ___ ***************'i. ************************'*"*** 

I D E L  D E S C R I PTION 
- - - - - - - - - - - - ---
- - - - - - - - -- - - - - -

E T ER M I NI STIC EQUILI B R I U M  CDE (MODE= 1 )  

E S I D E NT CONCENTRATION (TH I RD-TYPE I NPUT) 
E D U C E D  T I M E  (T), POSITION(Z) 

.. 

(ALL PARAMETERS EXCEPT 0 AND V ARE D I M ENSION LESS) 

HARACTE RI STIC LENGTH = .UUH" 

O R  D I M E NS IONLESS PARAMETERS 

TIAL VAL U ES OF COEFF I C I E NTS 
. _ - - - - - - - - - - - - - - - - - - - - - - - - - ­

- - - - - - - - - - - - - - - - - - - - - - - - - - - -

N1 E I N ITIAL VALUE 

0. 1 698E+01 

0 .6220E+01 

0 . 1 25C:::: : � �  
O. OOOOE+OO 

N DARY, I N ITIAL, AND PRODUCTION CONDITIONS 

= = = = = = == ================================ 
-E P  I N PUT OF CONC. = 20.0000 
OLUTE F R E E  I N ITIAL CONDITION 

� P R O DUCTION TERM 

.63000 ( R E S I DE NT AND TOTAL RESIDENT CONC. VS. DEPTH) 

I C*dZ) = 30.00000 S um(Ct*dZ) = 37.50000 (TOTAL MASS) 

C Ct (= R*C) 

000 0 . 20000E+02 O.25000E+02 

000 0 . 20000E+02 0.25000E+02 

.. 
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' . 0000 O.OOOOOE +OO O.OOOOOE+OO 
.. 0000 O. OOOOOE+OO O.OOOOOE+ OO 

. 0000 O. OOOOOE+OO O.OOOOOE+ OO 
,. 0000 O. OOOOOE+OO O.OOOOOE + OO 
. 0000 O. OOOOOE +OO O.OOOOOE+OO 

. 0000 O.OOOOOE+OO O.OOOOOE + OO 

. 0000 O. OOOOOE+OO O.OOOOOE + OO 

. 0000 O. OOOOOE+OO O.OOOOOE+OO 

t************ .. **.**�** •• ***.**" ,,*,*,, ************** • •  ***** •• * *  

• 

CXTFIT V E RSION 2.0 ( 1 /2/95) 
* 

ANALYTICAL SOLUTIONS FOR ONE-DIM E N S IONAL CDE 

D I R ECT P ROBLRM * 

F i g . 7-1 : The determi nistic CDE ( BVP+PVP) 
Effect of the firs,�ecay constant (Mu=O) 

• 

DATA I N . )UT F I LE :  Direct in  

* 

!**.**********'*'****'*****'�*********" ****'**.**** *'*****" " ** *  

10DEL DESCR I PTION 
- - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - -

DETER M I N I STIC EQU I LI BR I U M  CDE (MODE= 1 )  

R E S I D E N T  CONCENTRATI O N  (THI RD-TYPE I NPUT) 
REDUCED T I M E  (T). POS ITION (Z) 

* 

(ALL PARAM ETERS EXC E PT D AND V ARE D I M E N S I O N LESS) 

CHARACTE RI STIC LENGTH = ......... 

FOR D I M E N S IONLESS PARAM ETERS 

oJ lT IAL VALU E S  OF COE F F I C I E NTS 

I N ITIAL VALUE 

0. 1 698E+01 

0.6220E+01 

0. 1 250E+01 

u . . . . . . .  O. OOOOE+OO 

-::::O U N DARY, I N ITIAL, AND PRODUCTION CO N D I T I O N S  

:�================================= = ======= 

·oTEP I N PUT OF CONC. = 20. 0000 
(30LUTE F R E E  I N I TIAL CON DITION 

\10 PRODUCTION TERM 

2.44500 (RESIDENT A N D  TOTAL RESIDENT CONC. VS. DEPT H )  
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.8 P R ODUCTION TERM 

B.26000 (RES I DENT AND TOTAL RESIDENT CONC. VS. DEPTH) 
(C*dZ) = 50. 00000 Sum(Ct*dZ) = 62. 50000 (TOTAL MASS) 

C Ct (= R*C) 

)00 0.20000E+02 0.25000E+02 

)00 0 .20000E+02 0.25000E+02 

)00 0.20000E+02 0.25000E+02 

)00 0 .28662E-1 7  0. 35827E-1 7 

)00 O.OOOOOE+OO O. OOOOOE+OO 

)00 O.OOOOOE+ OO O.OOOOOE+OO 

)00 O .OOOOOE+OO O.OOOOOE+OO 

)00 O .OOOOOE+OO O. ooooOE+oo 

1)00 O.OOOOOE+OO O. OOOOOE+OO 

1)00 O.OOOOOE+OO O. OOOOOE+OO 
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........ . ..... * *  .. . . . . . . . . .... .. .. .. .. ......... .... .. . . .... * .. .. ... . . .... .. . . . .... .. .... . . .. . . ........ . . .. .. . . .  * *  . ..  

CXTF I T  VERS ION 2 0 ( 1 /2195)  

A NALYTICAL SOLUT IONS FOR ONE-DI M E NS IONAL C D E  

D I R E CT PROBLRM 

The d eterministic CDE (BVP+ PVP) 

P rediction for Sr Transport in  a F ield Condit ion (Sand D u ne • 

DATA I N PUT F I LE Di rect in ( I n-place Sol i )  

11 0 D E L  D E S C R I PTION 

D E TE R M I N ISTIC E Q U I L I B R I U M  CDE (MODE= 1 )  

R E S I DE N T  C ONCENTRATIO N  (THIRJ-TYP E  I N PUT) 

R E DU C E D  T I M E  (T), POSITION(Z) 

(ALL PARAM ETERS EXCEPT D ,t.,N D  V ARE DIMENS I O N LESS) 

C HARACTERISTIC LENGTH = h,,****** 

F O R  D I M ENSIONLESS PARAM ETERS 

'J I T IA L  VALUES OF COE F F I C I E NTS 

lAM E  I N ITIAL VALUE 

. ..;. . . .  . . .  0. 1 34 1 E+01  

). . . . .  . . .  0 . 7880E+01 

0. 3320E+01 

u . . . . . . .  O . OOOOE+OO 

IO U N DARY, I N ITIAL, AND PRODUCTION CO N D ITIONS 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

S T E P  I N PUT OF CONC. = 20. 0000 
S O L U T E  F REE I N I TIAL CONDITION 

N O  P R O D UCTION TERM 

0.64 320 (RES IDE N T  AND TOTAL RES I DE NT CONC VS. DEPT H )  

m (C*dZ)  = 1 0 00000 Sum(Ct*dZ) = 33 20000 (TOTAL MASS) 
v C Ct (=WC) 

. 0000 0 . 20000E+02 0 66400E+02 

. 0000 O .OOOOOE+ OO O. OOOOOE+OO 

. 0000 O .OOOOOE+OO O.OOOOOE+OO 

. 0000 O.OOOOOE+OO O.OOOOOE+OO 

. 0000 O.OOOOOE+ OO O.OOOOOE+ OO 

. 0000 O .OOOOOE+OO O.OOOOOE+ OO 
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10000 O OOOOOE+OO O OOOOOE + OO 
0000 0 OOOOOE+OO 0 OOOOO E + OO 
0000 O . OOOOOE+OO O.OOOOOE+ OO 

.0000 O . OOOOOE+OO O.OOOOOE+ OO 

............  * *  ..... * * *. * 1r* ....... � .. .. .. .. .. .... .. ..... ..... * '* .... * '* '* ** . .... .... .... * .' . . . ..... . . .. .  .. 

CXTF I T  VERSION 2.0 ( 1 /2/95) 

ANALYT I CAL SOLUTIONS F O R  O NE-DI M E N S I O NAL CDE 

D I R E CT P ROBLRM 

F i g  7- 1 :  The determmistic CDE ( BVP+ PVP) 

E ffect of the fl rst-decay constant (M u=O) 

DATA I N PUT F I LE' Direct . i n  

) D E L  D ES C R I PTION 

) E TE RM I N I STIC EQU I LI B R I UM CDE (MODE= 1 )  

� E S I DE N T  CONCENTRAT I O N  (TH I R D-TYPE I N P UT) 

·�E D U C E D  T I M E  (T), POS I T I O N (Z) 

(ALL PARAM ETERS EXCEPT D AND V ARE D I M E N S I O N LESS) 

'� HARACTE R I STIC LENGTH = *********  

F O R  D I M EN S IONLESS PARA M ETERS 

T IAL VAL U E S  OF COE F F I C I E N TS 

.M E I N I T IAL VALUE 

0. 1 698E+01 

0.6220E+ 0 1  

0 . 1 250E+01 

o OOOOE +OO 

' U N DARY, I N IT IAL. AND PRODUCTION CON D I T I O N S  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

E P  I N P UT OF CONC = 20.0000 
LUTE F R E E  I N ITIAL CO N D I T I O N  

o P R O DUCTION TERM 

n .2 8600 ( R ES IDENT AND TOTAL RESI DENT CO NC. VS. DEPTH)  

I (C*dZ)  = 2 7  059 1 7  Sum(Ct*dZ) = 33.82396 (TOTAL MASS) 

C Ct (=R'C) 

noo 0. 20000E + 02 o 25000E+02 

.:000 0 1 7059E +02 0.2 1 324 E + 02 
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Z .OOOO 0 OOOOOE+OO O. OOOOOE +OO 
3. 0000 O OOOOOE+OO O.OOOOOE +OO 

t . 0000 O.OOOOOE+OO O.OOOOOE +OO 
5 . 0000 O.OOOOOE+OO O.OOOOOE + OO 

3. 0000 O. OOOOOE+OO O.OOOOOE+ OO 

' .0 000 O.OOOOOE+OO O.OOOOOE +OO 

'3. 0000 O. OOOOOE+OO O.OOOOOE+OO 

�. OOOO O , OOOOOE+OO O.OOOOOE + OO 

CXTF IT VERSION 2.0 ( 1 /2/95) 

ANALYTICAL SOLUT I O N S  FOR O N E-D I M E N S I O NAL C D E  

D I R E CT PROBLRM 

F i g . 7- 1 ' The deterministic CDE ( BVP+ PVP) 

E ffect of the firsH:Jec�y constant (M u=O) 

DATA I NP UT F 'LE: Directin 

/l O D E L  D E SCRIPTION 

D E T E R M I N ISTIC EQ U I L I B R I U M  CDE (MODE= 1 )  

R E S I DE N T  CONCENTRATI O N  (THI RD-TYPE I N P U T) 

R E DU C E D  T I M E  (T), POS ITION(Z) 

(ALL PARAM ETERS EXC E PT D AND V ARE D I M E N S I O N LE S S )  

C HARACTER I STIC LENGTH = ***-*-

F O R  D I M E NSIONLESS PARAM ETERS 

['N I T IAL VALUES OF COEF F I C I E NTS 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

.�AM E I N ITIAL VALUE 

v. . . . . 0. 1 698E+01 

0.6220E+01 

O, 1 250E+01 

O, OOOOE+OO 

8 0 U N DARY, I N ITIAL, A N D  P R O D UCT ION C O N D I T I O N S  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

� S T E P  I N P UT O F  CO NC. = 20.0000 
? S O LU T E  FREE I N ITIAL C O N DITI O N  

N O  P R ODUCTION TERM 

= 1 . 92960 (RESI DENT A N D  TOTAL RESI DENT CONC.  VS. DEPTH ) 
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:) P R O DU C T I O N  TERM 

'�. 57280 ( R E S I DENT AND TOTAL RESIDENT CONC. VS . DEPTH) 

(C*dZ) = 4 8.66594 Sum(Ct*dZ) = 60.83243 (TOTAL MASS) 

C Ct (= R*C) 

)00 0.20000 E + 02 0 25000E+02 

)00 0 .20000 E + 02 0.25000E+ 02 

)00 0. 1 8666 E + 02 0.23332 E + 02 

)00 O. OOOOOE+ OO O.OOOOOE + OO 

00 O. OOOO O E + OO O. OOOOOE+ OO 

)00 0 OOOOOE + OO 0 OOOOOE+ OO 
00 O.OOOO O E + OO O.OOOOOE+OO 

' 00 O OOOOO E + OO O OOOOO E + OO 

00 O.OOOOO E + OO O OOOOOE + OO 

000 O. OOOOO E + OO O.OOOOOE+ OO 
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APPEN DIX E 

DRI N KI N G  WATER STANDARD 

94 
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T A D A RD I ZA T I O N A l\ 1) M ET R O L O G Y  O R G A N I ZATI O �  

F O R  G .C.C C O U N T RI ES 

D RA FT 

G UL F  STAl'. l]) A RD 

NO . . . . . . . . . . .  . 

U N BOTTLED D RI N KI N G  WATER 

P RE PA RE D  B Y  

K I N G DO M  O F  S A U D I A RA B I A  
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FORE r�ORD 

li S  

inking Water" whicl"l wa s  published ill 07J05/1993 . 

' S  sI2.Ddard has beeil revi.:-ed and some amendments introduced. 
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. .l -

..... , ... .. ...:.. 

SCOPE AND .r'iiLD OF APPLICATION 

Thi� Gulf S!2.nd3..rd is cOGGe[7led wirh unbottl ed d[lP�lQDg w2t �; 

COMPLEl\I!ENTARY REFERENCES 

r-. s r . , 1 /' 98 Q -'1\.f ' . '" - ,... .. . . , , • , -
• - "  -U . 'i O .  1 i _ i � 1' ... ;,e�10d..$ or � e::.--: !Or ...)!;:>�ng a.nG fv'llDer3..l W ;l.1t:'" . .... -: -

1 c- , ' n 
. ..)amp ung . 

Pa.rt· Rout ·-..e Nficrobioio£C2l T�..s". . -

GS No. 8 1 81 1 997 "'MetboCs of Test for DripJ"';"!g 3.ild Iv1iner�l Wate:- . .... ·0 -

j 5 :  Non-Romine MlcTOoiciopcal". 

Gulf St3n.-\.G�ds 2.pproved 
Mineral W Clef - Physic..al., Cl1Q(:al . 

DEl:' b�.!.L.ONS 

...... system 

or 

·:� -:-- "" :: 0 p.. - - - - - - :: :","", "- ... � 
_ .. . _ _ _ oJ ..... . ....... � ... � '-· l  J _ 
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P-. S'jste.m for supp lyjng �e pubjjc with water :;�itaoi� for :illIT1R.'i. 
consumption aDe comprises 2ess than 1 5  cC!1!iectioLls. 

3. 4 Wc.il 
A. vertical hole c-d in:o t.he e�-:h �or access to underg:c und w�e:-. 

3 . 5  Syring 
A place where 2 natur.=.t outflow of water to the surface of the g:-ou.�c rakes 
;:>lace 

r ·f . •  • 

,-, o,�ec-won ram 

collected for �.:.nkjng purposes. 

The following shaD be met in unDonIed dri...l-w.!l.g \;\.fate:-

4. 1 C"1a...-acterlstlcs aes-...heric qual.i-ry 

8 Den 

Lnbonled drin1cing w-G1.er snould not coITt.2iD. any 5Lb5�ances ·).·:-�ch '.;..-o uld 
effec: its color, odour or appearance. l! shadd b� free :Tom �-O��"TI. b-JG�es 
suer:. as soil S2.llC, hai; ::.nc other SUOSLaIlC;::'s ana irrquri:ies wr�c:: 2.:c .,.':...sibie 
t o  the naked eye.. 
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4 . 5  To t � :  residt.l<il c !: i o rine 

4.5 . 1 TO�21 residual chlorine concentration I f:  t fezted c nbot7.!t.: dr. :-�r.g w<:.:e� 

s:'ail be su.fficier�� to �:i!l 211 !T�crobes therein. ?Lc0.de': ::l ?t -:..� e  c t] c, r. �.,: 
concentration snaq range ber..ve.en 0.2 ?pm a.:ld 0 . 5  �pm. 

COiiGentratiorr 0: c�orine shall be increased in case of e?: :::r.� .:  (: r S?-::c,:i 

� � \Vl1e:; the ·,J.'atef is �reai.ed v"';th chlorine, ozone, ultl�viOle! :-:'::5 c: -:  oy C l: :: t ,  

water 5 .... _ 1 1  "" l-llCV'"' :-TTI.' l �LO l'he TTl ;c"o'b'lO loa; r� l r ·h" r2.c· p � � tic <" -.. - � -= - = ..,  " ' :: ' ,:.. -IldJJ '-"""J J. . W , .. :::; .. __ _ ..... """"" ft. _ a.  .. ':> .:t ... . �. _ _  ----...... ....... _ . _ . 

. .. .. . � ..... menuoneo. 1I1 ltem "' . 0 .  

4 . 7  B iological character-istics 

4 . 8 . 1  

Unbott!ed drin1cing water shall be completely ;, ee frOffi � =- � C O  ::!. O t.: < . s  

?a.ras�te.s an d  insec,:s, ot.1--Ier eggs, lan.a.e, vesicles 2n d  i"-lScct p2..-� . 

Unbortled dri nking -";'c.ter shaU be completely free :. om ��''':''::'5 ''':: ::'': C 
foccai mer-ODes ane ·"�il.15eS which =:-:ay be haz�d.ou$ :0 public :--::�t :--. 

l r;:atec water �rHe:::;g the distribution system: 
ir  sh2.11 be fre� frOr7l ·;:oii{orm bacteria Md raec2.i coiifofT.1 bac�� - � : :-. :=':-.'-' 

:�2.r . .  _ _  
-:. - - �  

" ,,- J  .:::. _ 
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-�-

6-

t::; , 
� .  I 

Scmpies sb211 be taker: according :c., Gulf s!.2..'1Qc.rci in item C� 1 ·) 

��££THOD S OF EX..-v-1JNA nON A.J\TI) TEST 

All necess2..;-Y teSTs snail be caSed out on t.'te representanve s��,:-:, : �  > :::n 

TeSTS of rr�c;obiolog1cal, routlne 3...l"ld nOD-fomme sn2.11 
a��o-·�; .... a ·0 r..ul� .... �n,..; .."r,... menn'onM ; .., -ll<>m (2 "") "") -:. ' 

__ .1 � l. ""-- � .;) �;� _ � �l _,,_ \. . _ ,  _ . ""' j . 

6.2 T�LS of !JD.ysical chemical shall be carried out according to Gu.E �...L,r: ::=--:: 
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II 

TABLE NO. (1)  
S u bs �a n ces and rarcimeter3 Re!,a ted to Quality of 

vnbottieri Drinking Wa rer 

I S u bs tances and parameters I 

a- Physical par-�me!e:rs 
Colour 

Taste and OOOUT 
Temperarure 

I 
i I i I 
i I ! 
i I 

Quatit:y i.evds :md 
m��.rrement IInits 

1 5  L-ue colour urjt 
5 �ephclome:r.ric nrrbiciity UruI 

ac�tl.ble 
acceptable 

I I 
I I i ap?earance 

I appearance 2nd di!::::"S::i-�!::. 

I ! b- I nor�aruc -::!J �stit!!e�ts i 
I I 1 Al uminiu."'Tl 

: .� .. ,:nrnoni a 
C�.loride 
Copper 
T oeal hardnC7S 

Hydroge� sulfide 
Iron 
tvbnganese 
pH 

SO<llum 

T . D . S .  
LlnC 

I 
I 

0.2 ?pm 
T � ppm L.--' , 2.5 0 ?pm i I 1 ppm 

I 5 00-60� I-' PTl'I 
I 1 : i 
I I 
I 
I � 
i , 
I j j I 
! 
i 
! 
I 
i I 

0 . 05 ppm 
0.3 nom 
0. 1 ppm 
6.5 - gj 

200 ppm 
250 ppm 
l ODO ppm -

;; ?pm 

I depc-siticns, discolC'.:..-a!J.c-� ,: cdour and !:!St. 
, �, COrTVSlon l sr.alrW!g of hundI:' 
I 1.. :_1.. L _ _ ..L. . ._..., : �  �� _� ! ;U� J>Cli ... ;.uess . 5 ........ - ,-_�c.:,�on 
i anQ I sc� fOl1Tl-'!LlOn, low ::..arL�ss: 
I Dossibie cOfTCsion 
i . : 

I, odour zn": taste 
I sraining ofhli1dry I S13ining of laundry 
; low- pH: cor:-osjo!!. I high pH: LaS!e. soap: � 
1 taste 
! -J t2Ste, eJrTOSlon 
! !2Ste 
I 

KfiOl.ving U:3� :':"!e i'2.tu;:;ll levels Cf L'''1.mO-:ll<l 1;i g:oulId <!II': sur:ac: v.:ue!S � :.:s:;;;1 !�· ::6;:;-;;.' -:. -
�:rpm or less anc. incre:25C: i n  tiUs !evel is :ill. indiC2Lton of polJu:jC!! witi', azjQaJ \Vas�. 

� .. 3 

i I 
I I 
I 
I I i 
) 
I I I i 
i I ! i I i I ! 
1 I i 
I i ! i , , 
I 
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COfastiClcn ( 

Arsenic 
J i B 3.J--j urn ! Boron I Cadmium 

I ChSOmlum 
i Copper I Cyanide 

I Silver I Tin I Uranium 
I Beryllium I �ganese 1 Mercury (total) I Molvbdenum 
! Nickel 
i ;?--rrtrate (as NOJ ) 

I 
i ' ol�_; • .,-rn I -' '- ....... il. U w ). � l.  

I .A .... l.timonv 

�uor1ce 

Ma:ri.mlJrn leYel (p.p_In.) 

0.0 1 
0. 7 
0.5 
0.003 
0.05 
.., 

0.07 
0.6 - 1 5  
0. 0 1  
0. 1 

1 LLQ/ 1  
. '> 

0.5 
0. 00 1  
0.07 
0.02 

50 

G .O } 
a .ODS 

� c,.Ot'(Fno : --- ·a·� � ly :J t.:-rlf' S DMP n r ' e T"Tl T"\,:,'-' ''''ur:> - - ;:o llo" '� 
_ ..... .. -�::::I .. 0- c....;. � _ . 1. _ '-' � \!. ...... . ... _ t. � .. .  � ....... �l .J. ...... � .. � .> . 

, -v - o . c� s  - f..: �C62 
:n 'C X .I 

(] j..l. 

- - - - - -
_ . . _- _ .. ... -
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2- T ota! concentraTe nitrate 2..."'ld nitrite shodd n o t  exceed 1 .  :.. � 

C'f1f:-!l!� 
+ C."::::_-,, $ 1 , 50 3 

TAB LE NO. (3) 
Organic Constltuenl:5 Content> 

Constitue.nt 

a- Chlorinated 3.n(an�S : 
Carbon tetr:lchloride 
dichJoromethz..�e 
l ,2.Jjichiorceth.ane 
1 ,  I . 1 -trichlor.::.eth� ne 

b- Chorin� e--.benes : 
Vinyl chloride 
i , I -dichlor�Jbene 
1 ,2 -ciichlorce�:le 
trichloroethe .... e 
tetrachlQroethen� 

c - A!-omatic hydrocarbons : 
Benzene 
TclUQle 
Xyieru::s 

EthylOe!lZene 

Scyrene 

3.!f'-zopyrene 

d- Cnorin2.ted benz�nes 
�fcnochJorobe�zene 
1 .. 2 -di&Jorooer..::ene 
1 _�chlorobe���e 
Lnch1o!oben::e�e !tcfzi)  

Di  �yihe.xyl acij?2..t.t: 
Dt �th�· h�'\.)'l ?i:0z:u::. 
. .:... ;:;,vin.. -cia e 

s�ich.lorohydrin 
ne�ch.JorooI.H.a6 ��� 
::cienc :J.cid LD 7 .. :.... 
�,i it:-ou:.:J.ce'Jc :J.C::: 
- .  . '  . .  

I �v�,:itlr!. O:<..1C;: 
:'" j ·.��:JC·."t!T! - R2... 

:0 

� ; '-' 

1 _ 

�G': 
1 oc-·� 

- .' " ,  
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TABLE ?�O_ (4) 
J>estidd� Contents 

I Pesticide I Ma::ciml!c i e .... e! I (�e:iLjU'e) i I NachJor I 20 I 
I Aldicarb I 1 0  

.dJ d.rm! d iaJ d... ri!l. 0.0: 
Arr<>Zin I Bentazone 300 
Carbofuran I 7 I Chlordane I 0 .:  
Chlorotoluroo I .30 , 
D.D.T. I 2 

I l,2-ci1DromO-3-(;h1oroP[� I I .30 I 2, 4-dichorophenoxyacroc acid I I l�-ciichloropropan� I 40 I 1 1 ,3-<iichloroprope!l.e 20 
I 1 Heptachlor and heptachlor ::poxide J O.O� I ! �e:xacblorobenzene 

I lSoprorur:m I 9 I Lindane ! ..... 
I MCPA 1 2 I Methoxychlor 20 I I I Men:>iachior 1 0  , I Mol.inare I 0 

I Pendirnethal.in I 20 I J 
Pentachlorophenol I 9 

I "'ennethrin 20 ! ! ;;op<mil 1 ! 20 i I Pyridare I � OO , I 1 Sim<cine ., 
T riflllic.iin I , n  i 

_ v  i 
I 2,4-DB I 90 I 
! T1idJl .... '-r·!j I � oo I I � "" r- "'. , 

rcaoproo ! 0 , 
I M�rOF : r.  i j , J 

I I � " - T I "9 .:. ..... J- _ 

1 r . _",-: _ --.:_ .... t c; -{ \.... .... ...iJ.it.....L..£lL;: 

: ! ,2--dib ramoe:h2.r.:: 1 5  , 
� n  I � :.-:"':" :_ '" 

"" J� ""a....... ; T urbut".· :· pme (TBA) I 
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TA..BLF, NO. (5) 
Disinfe!:tlnts a n d  D isinfectant By-Prod ucts Con�el ts  

I Disin fectants 
1 I I /1 Mono::hoI�mi.De 

Chlcrll� 
i 
I I Disinfect2Jlt.s by-p roGUcts 
1 I Bro=," j Chlorite 
2,4,5-tri6iorophe:nol 

I F onnalde:byde 
t Bromoform I Dlbromo chloromethane 
I Bro.71o dlchlorornethanc 

I Chloroform 
Dichlor02.c�c acid 

I T richloroaca:ic acia. I _ I Chloraki�ate (rnchloroc.ceraidehycl!!) 
I Dichloro :lCe:!Onitrile 1 Di bromcar-::-onftrile 

I' ;.. richloro a,��tl:ile 
\.... Y2llOsocuonde 

I 

Ma.:Dm nm Level 
(f.1V1it�) 

,;) 

5 

Maxima.J! 0.-e! 
(fl�rrite:-; 

I 25 

I 200 
200 

I 900 I 

I 1 00 
1 00 

I 60-
f 200 I 
I I 50 

1 00 I 
! 1 0  i 90 
I 1 00 i 1 f ! 70 i 
I 
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! j 
j 
i I 
I 
I 
I 

I j I 
I i i 
I 
, ! I 
I 
i 
i 

I J 
I I ! i 
! 

' A  Without prejudice to  what i s  stat ed i n  t h e  Gulf sta....,daro s  =-=!1· : ·:oneo i n  iter.: 
(2 .2/ a�:vity concentration of various radioTI'JcEdes in dr=.:�l,..i ng W2.ter sh.a2: 
b� camed out according to Table (6) . 

TABLE (6) 
Activity concentration of various radionuclides in drin..\cing-·;..--::.:e:­

�or7esponcii.ng tc a dose of 0. 1 mSv from 1 y�' s  int.a.:";'� 

Radionuclide � 

).,. .... rt 
) .4 ,...., '-

60r ,-0 
89Sr 
�Sf 
1 2..0 I 
i} l i 

; :;4.Cs 
!.37CS 
: lcPb 
2 1Dpo 
...,,--- • •  :;> r--. _ 
:26'0 _ 

� ..... .:;.. 

22sR2. 
:3'"2Tt-. 
:3J :- -

!_-' 

:.3 �T r 
V 

:2 9p U 

Dose conversion 
factor (SvlBq)h 

1 . 3 X 1 0- 1 1 

5 . 6  x 1 0- 10 

1 2 x 1 0-" 
3 . 8  x T �-9 

I V  

2 . S  x 1 0-& 
1 . 1  X 1 0-7 
2.2 x 1 0-& 

1 . 9 x l O-g 
1 . 3 x l O-s 

1 . 3  x 1 0-6 .  
6 2 v- , 0-7 . "'- .. 

8 . 0  X 1 0-8 
2 . :  x � 1"':-7 

i V 

2 . 7  x 1 0-7 
1 . 8 x l O� 

� , �-2  
.J Y X  i u 

3 . 6 x 1 (,\-g 
l V 

5 . 6 x ! 0- ' 

5 
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I � :J  -,J i :r 0 D m �!)  t e l P :;:- 0 t e c �  i o n 2. n d I P c.  S e : ] O c c � J a t i o n 2. 1  � e a l t . �c n c g em e �t l�-----------------------
I . 

� .f t e c t i \' e  D i: : =.  

I .l>. u £, u s t  0 � I : � :n. 

? o l i cy c. :l d  G u i d e l i n e s  

I 
; . .?� � o·v e d  by : 
G = Jl e ::- a l  Y, c il c ; = :-

V e. :r s i oj) : ' 

En l/iro J 7 m en ta l  Pro te c tio n 
O c c up a tio n al He.8 lth 
P. � o c  G r o u p  P o l i c y  2 n d  G u i d s ! i n s s 
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'- �----�----�----�--�----�-

� n v i � o n m e n t a l  P r o � e c t i o n  a n d  P c g e O f 1 
p c c u P G � ':" o n a l  :-! e c l t h  � c r. c g e Ti1 e n t  ,-----------__ -'1 

E f f e c t i v e  Dc t e  I A u g u s t  0 1 , 1 9 S ::: I 
Jl.pp r o v e d  by : 
G e :1 e r c l H c :! a g e �  

I V e r s i o n - 1 . 0  

ADNOC L I H I TS 20R EFFLUE.N1'S D I SCHARG eD I N"'I'O TH� I?�S£.P,:· 

( .�. s ) 
rni e e l Cxy g e7') �eJTIc.;)rj ( BOD ) 

( Cd )  
e ( � e s � "'; " ;:: l \ - - "- '"-1 "-- - I 

( C'.:! ) 
(' /NI l  (vi 0 'f 'j,5 &1 cl f' IN\ � V1 d 

( c!� ) 

cte :U  
? � ) 

1 ( ? e )  

s e ( )�:!) ) 
(:-: g ) 
( l  � i ) 

= ed S o l i. c s  
.2. L. Y 

D�S I RP.BLE 
L IHI TS (mq / l ) 

o s  
O . l  

3 0  

C . l 

1 . 0  

O . l 

1 -
_ . ::> 

0 . ::' 
1 -_ 2)  

2 . 0  

C . l  

2 . 0  

O . O O l  
0 . 2  
5 - 9  
0 . 2  

0 . 0 5 

0 . 0 5 

0 . 2  

1 0  

0 . 5  

s o  

0 . 2  

2 . 0  

0 . 2  

3 . 0  

·J . 2  

5 . 0  

0 . ::  

3 . 0  
0 . 0 5 

1 . 0  

6 - 9  
0 . 5 

0 . 0 9 
O .  l 
0 . 5  

r I'r ;\ -<... ,- ' 

(' , ........... !� 

0 ' � 

� 
\ 

,, ' 

\ -

3 0  S 0 l·\Y'- � :  . - . 

9 0  

0 . 5  5 . 0  

.J-�:� .... ... ��t\ ' -· -"':'-<!--.I 
"- .....- • _, \ __ '\\ '- • f - -_ _ # 

-- ' -



www.manaraa.com

APPENDIX F 
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