
Chapter VII: References

103

CHAPTER VII

REFERENCES

Abu-Sharar, T.M.; F.T. Bingham, & J.D. Rhoades. 1987. Soil Sci. Soc. Am. J.,  51, 309 pp.
Adin, A., & A. Chelminsky. 1986. Preventive methods of filter clogging in filtration of water of high

salinity. Proc. of the 4th World Filtration Congress (Ostend, Belgium. 1986): 10.99-10.103.
Adin, A., & M. Rebhun. 1987. Deep bed filtration: accumulation-detachment model parameters.

Chem. Eng. Sci,  42(5): 1213-1219.
Albrechtsen, H-J., & A. Winding. 1992. Microbial biomass and activity in subsurface sediment from

Vejen, Denmark. Microbial Ecology,  23: 303-317.
Albrechtsen, H.-J.; R. Boe-Hansen; M. Henze, & P.S. Mikkelsen. 1998. Microbial growth and

clogging in sand column experiments simulating artificial recharge of groundwater. Third Int.
Symp. on Artificial Recharge of Groundwater (TISAR). 21-25 September 1998. In: J.H. Peters et
al., Balkema, Amsterdam, the Netherlands. pp. 73-77.

Albrechtsen, H.-J.; R. Boe-Hansen; M. Henze, & P.S. Mikkelsen. 1999. Microbial growth during
clogging in sand column experiments. Final report, EU Project on Artificial Recharge of
Groundwater.

Allison, L.E. 1947. Effect of microorganisms on permeability of soil under prolonged submergence.
Soil Sci,  63: 439-450.

Aris, R., & N.R. Amundson. 1973. First-order differential equations with applications. Prentice-
Hall, Englewood Cliffs, N.J. USA. 1973.

Avnimelech, Y., & R.G. Menzel. 1983. Biologically controlled flocculation of clay in lakes. In
Developments in Ecology and Environment Quality. H.I. Shuval (Ed.),  2: 257-265- Balaban,
Rehovot.

Backhus, D.A.; J.N. Ryan; D.M. Groher; J.K. MacFarlane, & P.M. Gschwend. 1993. Ground Water,
31: 466.

Baveye, P., & A. Valocchi. 1989. An evaluation of mathematical models of the transport of
biologically reacting solutes in saturated soils and aquifers. Water Resour. Res,  25: 1413-1421.

Baveye, P.; P. Vandevivere; B.L. Hoyle; P.C. DeLeo, & D.S. de Lozada. 1998. Environmental
impact and mechanisms of the biological clogging  of saturated soils in aquifer materials. Critical
Reviews in Environm. Sci. & Technol. Edited by T.J. Logan, CRC Press: 123-191.

Benefield, L.D., & F.J. Molz. 1985. A model for the activated sludge process which considers
wastewater characteristics, floc behaviour, & microbial population. Biotechnol. Bioeng,  26: 352-
361.

Benet, I.; C. Ayora, and J. Carrera. 1998. RETRASO, a parallel code to model REactive TRAnsport
of  SOlutes. Inter. Symp. on Computer Methods for Engineering in Porous Media, Flow and
Transport. 28 September-1 October 1998. Giens, France.

Bianchi, W.C.; J.J. Nightingale, & R.L. McCormick. 1978. A case history to evaluate the
performance of water-spreading projects. J AWWA: 176-180. March 1978.

Bichara, A. F. 1986. Clogging of recharge wells by suspended solids. J. of Irrigation and Drainage
Eng,  112(3): 210-224.

Bichara, A. F. 1988. Redevelopment of clogged recharge wells. J. of Irrigation and Drainage Eng,
114(2): 343-350.

Biot, M.A. 1941. General theory of three-dimensional consolidation. J. Appl. Phys,  26: 155-164.
Bosher, C.B.; T.O. Simms, & B. Kracman. 1998. Wastewater aquifer storage and recovery (ASR)-

Towards sustainable reuse in South Australia. Third Int. Symp. on Artificial Recharge of
Groundwater (TISAR). 21-25 September 1998. In: J.H. Peters et al., Balkema, Amsterdam, the
Netherlands. pp. 87-92.



Integrated Modelling of Clogging Processes in Artificial Groundwater Recharge

104

Boucher, P.L. 1947. A new measure of the filterability of fluids with applications to water
engineering. J. Inst. Civil Engrs., 4: 415-446.

Bouwer, H. 1990. Effects of water depth and groundwater table on infiltration from recharge basins.
Proc. of the 1990 Nat. Conf. on Irrigation and Drainage (Durango, CO, USA): 377-384. Publ.
by the ASCE.

Bouwer, H. 1995. Issues in artificial recharge. Proc. of the International Symp. on Groundwater
Management (San Antonio, TX, USA): 265-270. 1995.

Bouwer, H., & R.C. Rice. 1989. Effect of water depth in groundwater recharge basins on infiltration.
J. of Irrigation and Drainage Eng,  115(4): 556-567.

Boyd, R. H,, & M. M.Ghosh. 1974. An investigation of the influence of some physicochemical
variables on porous-media filtration. AWWA J,  66(2): 94-98.

Brun, A.; P. Engesgaard, & E.O. Frind. 1994. A coupled microbiology-geochemistry transport
model for saturated groundwater flow. Proc. of the IAHR/AIHR Symp. on Transport and
Reactive Processes in Aquifers. Zurich (Switzerland).

Brun, A.; F.D. Christensen; J.S. Christiansen; P.J. Stuyfzand, & H. Timmer. 1998. Water qualtiy
modelling at the Langerak deep-well recharge site. Third Int. Symp. on Artificial Recharge of
Groundwater (TISAR), Amsterdam, 21-25 September 1998. In: Artificial Recharge of
Groundwater, Ed. by J.H. Peters et al., pp 305-310.

Camp, T.R. 1937. Discussion of the filter sand for water purification plants. Amer. Soc. Civil Eng:
769-777.

Carman, P.C. 1937. Fluid flow through a granular bed. Trans. Inst. Chem. Engng., London, 15: 150-
156.

Chapelle, F.H. 1992. Groundwater microbiology and geochemistry. John Wiley & Sons, New York,
USA.

Childs, E.C. 1967. Soil moisture theory. Advances in Hydroscience,  4: 73-117.
Cleasby, J.L. 1984. Is velocity gradient a valid turbulent flocculation parameter? J. Environ. Eng.

Div. ASCE,  110: 875-897.
Cleasby, C.L. 1990. Filtration. Water Quality and Treatment. McGraw-Hill, New York. USA.
Clement, T.P.; B.S. Hooker, & R.S. Skeen. 1996. Macroscopic models for predicting changes in

saturated porous media properties caused by microbial growth. Groundwater 34(5): 934-942.
Corapcioglu, M.Y., & S. Jiang. 1996. Dimensional analysis of colloid-facilitated groundwater

contaminant transport. J. Hydrologic Engng. 1(4): 139-143.
Custodio, E. 1981. Estudio de la recarga artificial con aguas residuales tratadas en el acuífero

cautivo del Delta del Besós, mediante las curvas características del pozo. Proc. of the IV
Asamblea General de Geodesia y Geofísica (Zaragoza, Spain. 1981): 1643-1673.

Custodio, E. 1986. Recarga artificial de acuíferos. Boletín de Informaciones y Estudios, n 45.
Servicio Geológico, Ministerio de Obras Públicas y Urbanismo (MOPU, Madrid, Spain). 148
pp.

Custodio, E.; J. Isamat, & J. Miralles. 1982. Twenty-five years of groundwater recharge in
Barcelone (Spain). DVWK Bulletin 11, Artificial Groundwater Recharge. Verlag Paul Parey,
Hamburg/Berlin,  I: 171-192.

Dahneke, B. 1975. J. Colloid Interface Sci,  50(89).
Darby, J.L.; R.E. Attanasio, & D.F. Lawler. 1992. Filtration of heterodisperse suspensions:

modelling of particle removal and head loss. Water Res,  26(6): 711.
Davis. E. 1989. The clogging of sewage lagoon aerators. Proc. of the 14th Biennial Conf. of the

Internat. Assoc. On Water Pollution Research and Control (IAWPRC). Part 2 (Brighton, UK.
1988). Water Sci. and Tech,  2: 669-676. Publ. in 1989.

Deb, A.K. 1969. Theory of sand filtration. J. Sanit. Eng. Div. Am. Soc. Civ. Eng,  95 (SA3): 399-
422.

Degallier, R. 1987. Décolmatage des puits et forages. Manuel pratique. Hydrogeologie, n 1: 3-25.
Delachambre, Y. 1966. Contribution à l’étude de l’écoulement d’une suspension à travers un milieu

poreux et du mecanisme de la filtration. Thése Fac. Des Sci., Nancy (France).
Diaper, E.W.J., and K.J. Ives. 1965. Filtration through size graded media. J. Sanit. Eng. Div.  Proc.

Am. Soc. Civil Eng. SA3. Paper 4378: 89-114.



Chapter VII: References

105

Dillon. P. J.; M. R. Hickinbotham and P. Pavelic. 1995. Review of international experience in
injecting water into aquifers for storage and reuse. Proc. of Water Down Under 1994 Conf.
(Adelaide, Australia). Part 2-A, n 94/14: 13-19.

Driscoll, F. G. 1986. Groundwater and wells. Published by Johnson Filtration Systems Inc., (St.
Paul, MI, USA).

Elimelech, M., & C.R. O'Melia. 1990. Effect of particle size on collision efficiency in the deposition
of Brownian particles with electrostatic energy barriers. Langmuir,  6(6): 1153.

Ernisee, J.J., & W.H. Abott. 1975. Binding of mineral grains by a species of Thalassiosira. Nova
Hedwigia Beih,  53: 241-252.

Eschweiler, B.; B. Kilb; B. Kuhlmann; G. Preuß, & E. Ziemann. 1998. DNA-analysis to study the
microbial diversity in recharged groundwater. In: Peters, J.H. et al. (eds.). Proc. of the Third Int.
Symp. on Artificial Recharge of Groundwater, TISAR’98, Am-sterdam, 21-25 September 1998:
129-134.

Fair, G.M. 1951. The hydraulics of rapid sand filters. J. Inst. of Water Eng,  5: 171-213.
Ford, M. E. Jr. 1990. Rehabilitation of water wells. Proc. of the 1990 Nat. Conf. on Irrigation and

Drainage (Durango, CO, USA): 493-500. Publ. by the ASCE in 1990.
Frycklund, C. 1992. Artificial groundwater recharge- state of the art. VA*VA-FORSK, Report 1992-

04. 55 pp.
Frycklund, C. 1998a. Long-term sustainability in artificial groundwater recharge. Third Int. Symp. on

Artificial Recharge of Groundwater (TISAR). 21-25 September 1998. In: J.H. Peters et al.,
Balkema, Amsterdam, the Netherlands. pp. 113-117.

Frycklund, C. 1998b. Artificial Recharge of groundwater for public water supply. Potential and
limitations in Boreal conditions. Ph.D. Thesis, Dept. of Civil Engng., Royal Institute of
Technology (KTH). Stockholm.

Frycklund, C. 1999. Colloids in infiltration water and their retention in filter sand. Final report, EU
Project on Artificial Recharge of Groundwater.

Gerges, N. Z.; X. P. Sibenaler, & S. R. Howles. 1996. South Australian experience in Aquifer
Storage and Recovery. Proc. of the Internat. Symp. on Artificial Recharge of Groundwater
(Helsinki, Finland). Edited by A-L. Kivimaki and T. Suokko.

Ghosh, M.M.; C.D. Cox, & T.M. Prakash. 1985. Polyelectrolyte selection for water treatment. J
AWWA,  77: 67-73. 1985.

Goldenberg, L.C.; M. Margaritz, & S. Mandel. 1983. Water Resour. Res., 19: 77.
Goldenberg, L.C.; M. Margaritz; A.J. Amiel, & S. Mandel. 1984. J. Hydrol., 70: 329.
Goodrich, J.A.; D.W. Phipps Jr.; G.Z. Gordon, & W.R. Mills Jr. 1990. Bottom plugging dynamics in

recharge basin. Proc. of the 1990 Nat. Conf. on Irrigation and Drainage (Durango, CO, USA):
369-376. Publ. by the ASCE in 1990.

Govindaraju, R.S. & L.N. Reddi. 1994. Movement of colloids under hydraulic gradients. Proc. of the
1994 ASCE Nat. Conf. on Hydraulic Eng. (Buffalo, NY, USA). Part 1: 322-326.

Happel, J. 1958. Am Inst. of Chem. Eng,  4: 197.
Harmeson, R.H.; R.L. Thomas, & R.L. Evans. 1968. Coarse media filtration for artificial recharge. J

AWWA, v 60: 1396-1403.
Herzig, J.P.; D.M. Leclerc, & P. Le Goff. 1970. Flow of suspensions through porous media. -

Application to deep filtration. Industrial and Eng. Chemistry,  62(5): 8-35.
Hijnen, W. A. M., & D. van der Kooij. 1992. The effect of low concentrations of assimilable organic

carbon (AOC) in water on biological clogging of sand beds. Water Research,  26(7): 963-972.
Hijnen, W.A.M.; J. Bunnik; J.C. Schippers; R. Straatman, & H.C. Folmer. 1998. Determining the

clogging potential of water used for artificial recharge in deep sandy aquifers. Third Int. Symp. on
Artificial Recharge of Groundwater (TISAR). 21-25 September 1998. In: J.H. Peters et al.,
Balkema, Amsterdam, the Netherlands. pp. 437-440.

Hills, D. J.; F. M. Nawar, & P. M. Waller. 1989. Effects of chemical clogging on drip-tape irrigation
uniformity. Transactions of the American Society of Agric. Eng. (ASAE),  32(4): 1202-1206.

Hofmann, T., & U.Schöttler. 1998. Microparticle facilitated transport of contaminants during
artificial groundwater recharge. Third Int. Symp. on Artificial Recharge of Groundwater



Integrated Modelling of Clogging Processes in Artificial Groundwater Recharge

106

(TISAR). 21-25 September 1998. In: J.H. Peters et al., Balkema, Amsterdam, the Netherlands. pp.
205-210.

Hofmann, T. & B. Eschweiler. 1999. Sampling procedures for colloids and bacteria. Final report,
EU Project on Artificial Recharge of Groundwater.

Holm, J. 1999. Effect of biomass growth on the hydrodynamic properties of groundwater aquifers.
Dep. Hydrodyn. & Water Resour., Technical Univ. of Denmark (DTU). Ph.D. Thesis, Lyngby
(Denmark).

Horton, R.E. 1933. The role of infiltration in hydrologic cycle. Amer. Geophys. Union Trans., 14:
446-460.

Huisman, L., & T.N. Olsthoorn. 1983. Artificial Groundwater Recharge. Pitman, London (United
Kingdom). 320 pp.

Hutchinson, A., & R. Randall. 1995. Estimation of injection well clogging with the modified fouling
index (MFI). Proc. of the 2nd Internat. Symp.  on Artificial Recharge of Groundwater (Orlando,
FL, USA, 1994). Published by the ASCE: 710-719.

Ison, C.R., & K.J. Ives. 1969. Removal mechanisms in deep bed filtration. Chem. Eng. Sci,  24: 717-
729.

Ives, K.J. 1961. Filtration using radioactive algae. J. Sanit. Eng. Div., ASCE,  87 (SA3): 23-37.
Ives, K.J. 1963. Simplified rational analysis of filter behaviour. Proc. Inst. Civil Eng,  25: 345-364.
Ives, K.J. 1965. Research on deep fitlers. Trans. Inst. Chem. Eng,  43: 238-247.
Ives, K.J. 1969. Theory of filtration. Special subject No. 7, IWSA. Congress in Vienna (Austria).
Ives, K.J. 1973. Capture mechanisms in filtration. The Scientific Basis of Filtration. Part II, Chapter

9. NATO Advanced Study Institute. Cambridge, England.
Ives, K.J. 1975. The scientific basis of filtration. NATO Adv. Study Inst. Ser., Ser. E: Applied

Sciences, v 2. Leyden: Noordhoff. 444 pp.
Ives, K.J., & V. Pienvichitr. 1965. Kinetics of the filtration of dilute suspensions. Chem. Engng. Sci.,

20: 965.
Iwasaki, T. 1937. Some notes on sand filtration. J AWWA,  29(10): 1591.
Jenne, E. A.; O. Andersson, & A. Willemsen. 1992. Well, hydrology and geochemistry problems

encountered in ATES systems and their solutions. Proc. of the Intersociety Energy Conversion
Eng. Conf. (San Diego, CA, USA). Publ. by SAE,  4: 4.77-4.88.

Johnson, A. I. 1981. Some factors contributing to decreased well efficiency during fluid injection.
Proc. of the 2nd  Nat. Conf. of the Am. Soc. for Testing and Materials (ASTM): 89-101.

Kallay, N.; E. Barouch, & E. Matijevic. 1987. Adv. Colloid Interf. Sci,  27: 1.
Kaplan, D.I.; P.M. Bertsch; D.C. Ariano, & W.P. Miller. 1993. Environ. Sci. Technol,  27: 1193
Khilar, K.C., & H.S. Fogler. 1984. The existence of a critical salt concentration for particle release.

J. Colloid Interf. Sci,  101(1): 214-224.
Khilar, D.C., & H.S. Fogler. 1987. Rev. Chem. Eng,  4: 41.
Konno, H., & A. Sato. 1986. On study for sand filter clogging by diatoms. Proc. of the 5th Water

Supply Conf. of the Asian Pac. Reg. of  IWSA (Seoul, South Korea. 1985). Water Supply,  4(1):
339-346. Water Seoul’85.

Kozeny, J. 1927. Über kapillare leitung des wassers im boden. Sitzungsber. Akad. Wiss. Wien, 136:
271-306.

Lasaga, A.C. 1981. Rate laws of chemical reactions. In Kinetics of Geochemical Processes. A.C.
Lasaga and R.J. Kirkpatrick (Eds.). Society of American Reviews in Mineralogy, 8. Mineralogical
Society. Washington, D.C. USA: 1-68.

Leenheer, J.A.; R.L. Malcolm, & W.R. White. 1976. Physical, chemical and biological aspects of
subsurface organic waste injection near Wilmington, North Carolina. U.S. Geol. Surv.
Professional Paper 987.

Lichtner, P.C.; C.I.Steefel, & E.H. Oelkers. 1996. Editors of: Reactive Transport in Porous Media,
Mineralogical Society of America. Reviews in Mineralogy, 34, 400 pp.

Lluria, M.R.; T. L. Gorey, & R. B. Mack. 1991. Hydrochemistry and chemical compositional
changes of ground water from a deep well recharge operation using river water subjected to
limited on-site treatment. Proc. of  5th Bieenial Symp. on Artificial Recharge of Groundwater,
(Tucson, AR, USA): 155-168.



Chapter VII: References

107

Lucas, M.; K. McGill, & D. Glanzman. 1995. Controlling iron concentration in the recovered water
from aquifer storage and recovery (ASR). Proc. of the 2nd Internat. Symp.  on Artificial Recharge
of Groundwater (Orlando, FL, USA. 1994). Published by the ASCE: 574-587.

Mackrle, V. 1960. L'étude du phénoméne d'adhérance -Colmatage dans le milieu poreux. Thésis Fac.
Sci. Grenoble (France).

Maroudas, A. 1961. Clarification of suspensions: a study of particle deposition in granular filter
media. Ph.D. Thesis, London (United Kingdom).

McDowell-Boyer, L.M. 1992. Chemical mobilisation of micron-sized particles in saturated porous
media under steady flow conditions. Environ. Sci. Technol,  26(3): 586-593.

McDowell-Boyer, L.M.; J.R. Hunt, & N. Sitar. 1986. Particle transport through porous media.
Water Resour. Res,  22(13). pp1901-1921.

McNeal, B.L., & N.T. Coleman. 1966. Soil Sci. Soc. Am. Proc,  30: 308.
Medina, A.; G. Galzarza & J. Carrera. 1995. TRANSIN II. Fortran code for solving the coupled low

and transport inverse problem. User’s guide. Technical University of Catalonia (UPC).
Barcelona, Spain.

Metcalf & Eddy. 1991. Wastewater Engineering, Treatment, Disposal and Reuse. 3rd Edition,
McGraw Hill, Inc.

Mintz, D.M. 1964. Theoretical principles of water purification. Building and Construction Publ.,
Moscow (in Russian).

Molz, F. J.; M. A. Widdowson, & L. D. Benefield. 1986. Simulation of microbial growth dynamics
coupled to nutrient and oxygen transport in porous media. Water Resour. Res,  22(8): 1207-1216.

Moran, D.C.; M.C. Moran; R.S. Cushing, & D.F. Lawler. 1993. Particle behaviour in deep bed
filtration: Part 1 --ripening and breakthrough. AWWA J,  85(12): 69-81.

Mualem, Y. 1976. A new model for predicting the hydraulic conductivity of unsaturated porous
media. Water Resour. Res., 12(3): 513-522.

Nielsen, D.R.; M.T. van Genuchten, & J.W. Biggar. 1986. Water flow and solute transport
processes in the unsaturated zone. Water Resour. Res,  22(9): 89S-108S.

Okubo, T., & J. Matsumoto. 1979. Effect of infiltration rate on biological clogging and water quality
changes during artificial recharge. Water Resour. Res,  15(6): 1536-1542.

Olivella, S., J. Carrera, A. Gens & E.E. Alonso. 1994. Nonisothermal multiphase flow of brine and
gas through saline media. Transport in Porous Media. 15: 271-293.

Olivella, S. & A. García-Molina 1996. CODE_BRIGHT: User’s Guide. Technical University of
Catalonia (UPC), Barcelona, Spain

Olsthoorn, T.N. 1982. The clogging of recharge wells, main subjects. KIWA-communications 72,
Working group on recharge wells (Rijswijk, The Netherlands), 136 pp.

Olsthoorn, T.N. 1995. Artificial recharge by wells at the Amsterdam Water Supply. Proc. of the 2nd

Internat. Symp.  on Artificial Recharge of Groundwater (Orlando, FL, USA. 1994). Published by
the ASCE: 700-709.

O'Melia,, C.R., & D.K. Crapps. 1964. Some chemical aspects of rapid sand filtration. J AWWA Ass,
56: 1326-1344.

O'Melia, C.R., & W. Ali. 1978. The role of retained particles in deep bed filtration. Prog. in Water
Technol,  10: 167.

Omura, T.; T. Umita; V. Nevov; J. Aizawa, & M. Onuma. 1991. Biological oxidation of ferrous iron
in high acid mine drainage by fluidized bed reactor. Proc. of the 15th Biennial Conf. of the
Internat. Assoc. On Water Pollution Research and Control -IAWPRC- (Kyoto, Japan. 1990).
Water Sci. and Tech,  23(7-9): 1447-1456.

Orr, C. 1977. Filtration principles and practices Part I. Edited by C. Orr. Marcel Dekker Inc., New
York, USA. Chapter 2 (Akers & Ward) and Chapter 3 (Rushton & Griffiths): 169-308.

Osei-Bonsu, K. 1996. Clogging by sediments in injected fluid flowing radially in a confined aquifer.
Ph.D. Thesis, Flinders University of South Australia, Adelaide. 253 pp.

Osei Bonsu, K. In preparation. Laboratory study of clogging of artificial recharge wells by particle
suspended in injection fluid.

Osei-Bonsu, K., & D. Armstrong. Effects of clay suspension on the hydraulic conductivity on a
porous material. Paper in preparation.



Integrated Modelling of Clogging Processes in Artificial Groundwater Recharge

108

Pavelic. P., & P. Dillon. 1996. The impact of two seasons of stormwater injection on groundwater
quality in South Australia. Proc. of the Internat. Symp. on Artificial Recharge of Groundwater
(Helsinki, Finland): 105-110. Edited by A-L. Kivimaki and T. Suokko.

Pavelic, P.; P. Dillon; S. Ragusa, & S. Toze. 1996. The fate and transport of microorganisms
introduced to groundwater through wastewater reclamation. Centre for Groundwater Studies
Report n 69. 22 pp.

Pavelic, P., P.J. Dillon, K.E. Barry, A.L. Herczeg, K.J. Rattray, P. Hekmeijer & N.Z. Gerges 1998.
Well clogging effects determined from mass balances and hydraulic response at a stormwater
ASR site. Third Int. Symp. on Artificial Recharge of Groundwater (TISAR). 21-25 September
1998. In: J.H. Peters et al., Balkema, Amsterdam, the Netherlands. pp. 61-66.

Pérez-Paricio, A. 1998. M.Sc. Thesis.
Pérez-Paricio, A., & J. Carrera. 1998a. A conceptual and numerical model to characterise clogging.

Third Int. Symp. on Artificial Recharge of Groundwater (TISAR). 21-25 September 1998. In:
J.H. Peters et al., Balkema, Amsterdam, the Netherlands. pp. 55-60.

Pérez-Paricio, A., & J. Carrera. 1998b. Operational guidelines regarding clogging. Third Int. Symp.
on Artificial Recharge of Groundwater (TISAR). 21-25 September 1998. In: J.H. Peters et al.,
Balkema, Amsterdam, the Netherlands. pp. 441-445.

Pérez-Paricio, A., & J. Carrera. 1999a. Clogging Handbook.
Pérez-Paricio, A., & J. Carrera. 1999b. CLOG, a comprehensive model of clogging. Final report,

EU Project on Artificial Recharge of Groundwater.
Pérez-Paricio, A., & J. Carrera. 1999c. Modelling of physical clogging in recharge well: the

Langerak site. Final report, EU Project on Artificial Recharge of Groundwater.
Pérez-Paricio, A., & J. Carrera. 1999d. Modelling of biological clogging in soil columns. Final

report, EU Project on Artificial Recharge of Groundwater.
Pérez-Paricio, A., J. Carrera, & B. von Christierson. 1999. Numerical modelling of clogging. Final

report, EU Project on Artificial Recharge of Groundwater.
Pérez-Paricio, A.; J. Carrera; H.-J. Albrechtsen, & H. Timmer. 1999b. Numerical interpretation of

real clogging problems. The 9th Biennial Symp. of the Artificial Recharge of Groundwater.
Symposium Proc. Tempe, Arizona (USA). June 10-12, 1999: 137-146.

Pérez-Paricio, A., & J. Carrera. 2000. Validity and sensitivity analysis of a new comprehensive
clogging model. Presented in ModelCare 99: International Conf. on Calibration and Reliability
in Groundwater Modelling -Coping with uncertainty. Zurich (Switzerland), 20-23 September
1999. Edited by F. Stauffer et al. Intern. Assoc. of Hydrogeology (IAHS). IAHS Press. IAHS
Publication no. 265: 47-53.

Pérez-Paricio, A.; I. Benet; C. Ayora; M. Saaltink, & J. Carrera. 2000. CLOG: a code to address the
clogging of Artificial Recharge systems. Presented at the Inter. Symp. on Computer Methods for
Engineering in Porous Media, Flow and Transport. 28 September-1 October 1998. Giens,
France. Edited by J.M. Crolet. Kluwer Academic Publishers. Series on Theory and Applications
of Transport in Porous Media (Series ed.: J. Bear). Volume 17: 339-351.

Pérez-Paricio, A.; J. Carrera, & S. Rinck-Pfeiffer. Integrated numerical modelling of clogging in
laboratory columns following the injection of treated wastewater. Paper in preparation.

Pérez-Paricio, A.; J. Carrera; K. Osei-Bonsu; D. Armstrong, & P. Dillon. 2000b. Numerical
interpretation of clogging in recharge wells by suspended sediments. Paper in preparation.

Person, M.; J. P. Raffensperger; S. Ge, & G. Garven. 1996. Basin-scale hydrogeologic modelling.
Reviews of Geophysics,  34(1): 61-87.

Peters, J.H. 1994. Artificial Recharge and water supply in the Netherlands, state of the art and future
trends. Second Intern. Symp. on Artif. Rech. of Ground Water (SISAR), Orlando, Florida (USA).

Peters, J.H., et al. 1998. Artificial Recharge of Groundwater. Editor of the Proc. of the Third Int.
Symp. on Artificial Recharge of Groundwater (TISAR). 21-25 September 1998, Amsterdam.
Publ. by A.A. Balkema (Rotterdam, the Netherlands).

Philip, J.R. 1969. Theory of infiltration. Advances in Hydroscience (Academic Press),  5: 215-296.
Pyne, R.D.G.  1989. ASR: a new water supply and groundwater recharge alternative. Proc. of the 1st

Internat. Symp. on Artificial Recharge of Groundwater (Anaheim, CA, USA. 1988). Edited by A.
I. Johnson and D. J. Finlayson: 107-121.



Chapter VII: References

109

Pyne, R.D.G. 1995b. Groundwater recharge and wells: a guide to Aquifer Storage Recovery. CRC
Press, Inc. (Lewis Publishers imprint), Boca Ratón, FL, USA.

Quirk, J.P., & R.K. Schofield. 1955. J. Soil Sci,  6: 163.
Rajagopalan, R., & C. Tien. 1976. Trajectory analysis of deep bed filtration with the sphere-in-cell

porous media model. Am. Inst. of Chemical Eng. J,  22(3): 523-533.
Rajagopalan, R., & R.Q. Chu. 1982. Dynamics of adsorption of colloidal particles in packed beds. J.

of Colloid and Interface Sci,  86(2): 299-317.
Ralph, D. E., & J. M. Stevenson. 1995. The role of bacteria in well clogging. Water Research,

29(1): 365-369.
Randall, R. 1995. ASR well clogging relationships. Chapter 3 of Aquifer Storage Recovery of

treated drinking water. AWWA Research Foundation: 27-50.
Refsgaard, J.C.; T.H. Christensen, & H.C. Ammentorp. 1991. A model for oxygen transport and

consumption in the unsaturated zone. J. Hydrol,  129: 349-369.
Rice, R.C. 1974. Soil clogging during infiltration of secondary effluent. J. Water Pollution Control

Fed,  46(4): 708-716.
Rinck-Pfeiffer, S.; S.R. Ragusa, & T. Vandevelde. 1998. Column experiments to evaluate clogging

and biochemical reactions in the vicinity of an effluent injection well. Third Int. Symp. on
Artificial Recharge of Groundwater (TISAR). 21-25 September 1998. In: J.H. Peters et al.,
Balkema, Amsterdam, the Netherlands. pp. 93-97.

Rinck-Pfeiffer, S.; S. Ragusa; P. Sztajnbok; & T. Vandevelde. 2000. Interrelationships between
biological, chemical and physical processes at an analog in aquifer storage and recovery (ASR)
wells. Water Research, :38(7): 2110-2118.

Rittman, B.E. 1982. The effect of shear stress on biofilm loss rate. Biotechnol. Bioeng,  24: 501-506.
Rittman, B.E., & P.L. McCarty. 1980. Model of steady-state-biofilm kinetics. Biotechnol. Bioeng,

22: 2343-2357.
Rosowski, J.R.; K.D. Hoagland, & J.E. Aloi. 1986. Structural morphology of diatom-dominated

stream biofilm communities under the impact of soil erosion. In L.V. Evans and K.D. Hoagland
(Eds.). Algal Biofouling, Elsevier, Amsterdam (The Netherlands): 247-297.

Ryan, J.N., & P.M. Gschwend. 1994. J. Colloid Interf. Sci,  164: 21.
Ryan, J.N.; B.D. Honeyman; R. Murphy, & R. Shannon. 1995. V.M. Goldschmidt Conf. Geochem.

Soc., Penn. State Univ.
Ryan, J.N., & M. Elimelech. 1996. Colloid mobilization and transport in groundwater. Colloids and

Surfaces.  A: Physicochemical and Engineering Aspects,  107: 1-56.
Saaltink, M.W., C. Ayora & I. Benet. 1997.  RETRASO: User’s Guide. Technical University of

Catalonia (UPC), Barcelona, Spain.
Saaltink, M.W.; C. Ayora, and J. Carrera 1998a. A mathematical formulation for reactive transport

that eliminates mineral concentrations. Water Resources Research, v 34(7): 1649-1656.
Saaltkink, M.W.; C. Ayora; P.J. Stuyfzand, & H. Timmer. 1998b. Modelling the effects of deep

artificial recharge on groundwater. Third Int. Symp. on Artificial Recharge of Groundwater
(TISAR), Amsterdam, 21-25 September 1998. Poster presentation. In: Artificial Recharge of
Groundwater, Ed. by J.H. Peters et al., pp 423-425.

Saaltink, M.W.; C. Ayora, and J. Carrera 1998b. The 9th Biennial Symp. of the Artificial Recharge
of Groundwater. Symposium Proc. Tempe, Arizona (USA). June 10-12, 1999: 137-146.

Saaltink, M.W. 1999. On the approaches for incorporating equilibrium and kinetic chemical reactions
in transport models. Dep. Geotech. Engng. & Geosciences, Technical Univ. of Catalonia (UPC).
Ph.D. Thesis, Barcelona (Spain).

Sakthivadivel, R. 1966. Theory and mechanisms of filtration of noncolloidal fines through a porous
medium. Tech. Report HEL 15-5, Hydraulic Eng. Lab.  Univ. Of California, Berkeley (USA).

Sakthivadivel, R., & S. Irmay. 1966. A review of filtration theories. University of California,
Berkeley. USA.

Sallès, J.; J. F. Thovert, & P. M. Adler. 1993. Deposition in porous media and clogging. Chemical
Eng. Sci,  48(16): 2839-2858.



Integrated Modelling of Clogging Processes in Artificial Groundwater Recharge

110

Sanford, L.H., & C.D. Gates. 1956. Effects of synthetic detergents on rapid sand filter performance.
J. AWWA: 45-54.

Schippers, J.C., & J. Verdouw. 1980. The modified fouling index, a method of determining the
fouling characteristics of water. Desalination,  32: 137-148.

Schippers, J.C.; J. Verdouw, & G.J. Zweere. 1995. Predicting the clogging rate of artificial recharge
wells. J. of Water Supply Research and Technology -Aqua (Oxford)-,  44(1): 18-28.

Schoettler, U., & U. Schulte-Ebbert. 1995. Pollutants in Groundwater, Part III. German Research
Found. (DGF), Verlag Chimie, Weinheim (Germany).

Scott, V.H.; W.E. Johnston, & J.C. Scalmanini. 1974. Engineering, economic and environmental
factors in urban artificial groundwater recharge facilities: final report. Dep. Water Sci. &  Engng.,
Dep. Agricult. Economics. Univ. California, USA. 50 pp.

Shaver, R.B., & J. Wucetich. 1995. An evaluation of injection well plugging from a groundwater
heat pump system in SouthEastern North Dakota. Proc. of the 2nd Internat. Symp.  on Artificial
Recharge of Groundwater (Orlando, FL, USA. 1994). Published by the ASCE: 720-729.

Shaw, J.C.; B. Bramhill; N.C. Wardlaw, & J.W. Costerton. 1985. Bacterial fouling in a model core
system. Appl. Envir. Microbiol,  49: 693-701.

Shekhtman, Y.M. 1959. The filtration of a liquid containing suspended solid particles. Izv. Akad.
Nauk. SSSR. Otd. Tekh. Nauk., Mekh. Mashinostr,  2: 205-207.

Shekhtman, Y.M. 1961. Filtration of low concentration suspensions. Publishing House of the USSR
Academy of Sciences. Moscow (in Russian).

Sherard, J.L.; L.P. Dunningan, & J.R. Talbot. 1984. Basic properties of sand and gravel filters. J.
Geotech. Engng., 110(6): 684-700.

Siegrist, R.L., & W.C. Boyle. 1987. Wastewater induced soil clogging development. J. of Environm.
Eng,  113(3): 550-566.

Smith, C.V. 1967. Electrokinetic phenomena in particulate removal by rapid sand filtration. Ph.D.
Thesis, The Johns Hopkins Univ. (USA).

Sniegocki, R.T., & R.F. Brown. 1970. Clogging in recharge wells, causes and cures. Artificial
Groundwater Recharge Conf. Reading (England). The Water Res. Assoc,  II, paper 13: 337-352.

Speitel, G.E., & F.A. DiGiano. 1987. Biofilm shearing under dynamic conditions. J. Environ. Eng.,
Am. Soc. Civ. Eng,  113(3): 464-475.

Spielman, L.A. 1977. Particle capture from low-speed laminar flows. Ann. Rev. Fluid Mech., 9: 297-
319.

Stanley, D.R. 1955. Sand filtration studied with radiotracers. Proc. ASCE,  81(592): 1-23.
Steefel, C.I. 1992. Coupled fluid flow and chemical reaction: Model development and application to

water-rock interaction. Ph. D. Thesis. Yale University, USA.
Stein, P.C. 1940. A study of the theory of rapid sand filtration of water through sand. D.Sc. Thesis,

M.I.T. (USA).
Stuyfzand, P.J. 1986. Behaviour of main constituents upon artificial recharge in the coastal dunes of

The Netherlands. Kiwa-meded., 82. 336 pp (in Dutch).
Stuyfzand, P.J. 1989. Hydrology and water quality aspects of Rhine bank groundwater in The

Netherlands. J. Hydrol,  106: 341-363.
Stuyfzand, P.J. 1993. Hydrochemistry and hydrology of the coastal dune area of the Western

Netherlands. Ph.D. Thesis, edited by Kiwa. ISBN 90-74741-01-0, 366 pp.
Tare. V. 1986. Modelling and simulation of granular filters: II simulation of filter performance and

filter state. Proc. of the 4th World Filtration Congress (Ostend, Belgium. 1986),  3: 8.47-8.56.
Tare. V., & C. Venkobachar. 1985. New conceptual formulation for predicting filter performance.

Environm. Sci. and Tech,  19(6): 497-499.
Taylor, S.W., & P.R. Jaffé. 1990a. Substrate and biomass transport in a porous medium. Water

Resour. Res,  26(9): 2181-2194.
Taylor, S.W., & P.R. Jaffé. 1990b. Biofilm growth and the related changes in the physical properties

of a porous medium. 1. Experimental investigation. Water Resour. Res,  26(9): 2153-2159.
Taylor, S.W.; P.C. Milly, & P.R. Jaffé. 1990. Biofilm growth and the related changes in the physical

properties of a porous medium. 2. Permeability. Water Resour. Res,  26(9): 2161-2169.



Chapter VII: References

111

Taylor, S.W., & P.R. Jaffé. 1990c. Biofilm growth and the related changes in the physical properties
of a porous medium. 3. Dispersivity and model verification. Water Resour. Res,  26(9): 2171-
2180.

Taylor, S.W.; C.R. Lange, & E.A. Lesold. 1997. Biofouling of contaminated groundwater recovery
wells: characterisation of microorganisms. Ground Water, 36(6): 973-980.

Theiss, T.L., & P.C. Singer. 1974. Complexation of iron (II) by organic matter and its effect on
iron(II) oxygenation. Environm. Sci. and Technol,  8(6): 569-573.

Tien, C.; R.M. Turian, & H. Pendse. 1979. Simulation of the dynamic behaviour of deep bed filters.
AIChE J., 25(3): 385-395.

Timmer, H., & P.J. Stuyfzand. 1998. Deep well recharge in a polder area near the river Rhine. Third
Int. Symp. on Artificial Recharge of Groundwater (TISAR). 21-25 September 1998. In: J.H.
Peters et al., Balkema, Amsterdam, the Netherlands: 181-185.

Timmer, H.; J.D. Verdel, & P.J. Stuyfzand. 1999. Deep recharge clogging in Langerak, the
Netherlands. Final report, EU Project on Artificial Recharge of Groundwater.

Tobiason, J.E., & C.R. O'Melia. 1988. Physicochemical aspects of particle removal in depth
filtration. J AWWA,  80(12): 54. 1988.

Todd, A.C.; T. Kumar, & S. Mohammadi. 1990. The value and analysis of core-based water-quality
experiments as related to water quality schemes. Soc. of Petroleum Eng., 182, June 1990.

van der Kooij, D., & W. A. M. Hijnen. 1990. Criteria for defining the biological stabillity of drinking
water as determined with AOC measurements. AWWA Water Quality Tech. Conf. (San Diego,
CA, USA): 1281-1298.

van der Kooij, D.; H.S. Vrouwenvelder, & H.R. Veenendaal. 1995. Kinetic aspects of biofilm
formation on surfaces exposed to drinking water. Water Sci. Tech,  32(8): 61-65.

Vandevivere, P.; P. Baveye; D. Sánchez de Lozada, & P. DeLeo. 1995. Microbial clogging of
saturated soils and aquifer materials: Evaluation of mathematical models. Water Resour. Res,
31(9): 2173-2180.

van Oort, E.; J.F.G. Velzen, & K. Leerlooijer. 1993. Impairment by suspended solids invasion:
testing and prediction. Soc. Petroleum Eng. Production & Facilities, August 1993: 178-184.

Vigneswaran, S., & R. B. Aim. 1983. The influence of suspended particle size distribution in deep
bed filtration. Am. Inst. of Chemical Eng. J,  31(2): 321-324.

Vigneswaran, S. & J.S. Chang. 1986. Mathematical modelling of the entire cycle of deep bed
filtration. Water, Air and  Soil Pollution. 29:155.

Vigneswaran, S., & R. B. Suazo. 1987. Biological clogging during artificial recharge. Water, Air and
Soil Pollution, 35: 119-140.

Vigneswaran, S. & R.K. Tulachan. 1988. Mathematical modelling of transient behaviour of deep bed
filtration. Water Res,  22(9): 1093.

von Christierson, B. 1999. User's Guide and Technical Reference Manual. MIKE SHE SC - Soil
Clogging Module. Danish Hydraulic Institute, Denmark.

Vukovic, M., & A. Soro. 1992. Hydraulics of water wells: theory and application. Water Resour.
Publication, 356 pp.

Wegelin, M.; R. Schertenleib, & M. Boller. 1991. The decade of roughing filters -development of a
rural water treatment process for developing countries. J. of Water SRT -Aqua.  v 40(5): 304-
316.

Yao, K-M; M.T. Holsibian, & C.R. O'Melia. 1971. Water and wastewater filtration: concepts and
applications. Envir. Sci. Technology,  5(11): 1105.

Yeh, G.T., & V.S. Tripathi. 1989. A critical evaluation of recent developments  in hydrogeochemical
transport models of reactive multichemical components. Water Resour. Res., 25(1): 93-108.

Zysset, A.; F. Stauffer, & T. Dracos. 1994. Modelling of reactive groundwater transport governed
by biodegradation. Water Resources Research, 30(2): 2423-2434.



Integrated Modelling of Clogging Processes in Artificial Groundwater Recharge

112



Notation

a

Appendix

NOTATION

VARIABLE DESCRIPTION CHAPTER

A
a Reactive surface area (precipitation/dissolution). II-VII
am Effective specific surface of the matrix. VII
aM Specific surface of water-biofilm phase boundary. VII
a1 Dimensionless coefficient in Hurni’s equation. VI
a2 Coefficient in Hurni’s equation. VI
a3 Exponent of pressure-dependent term in the equation of cake filtration

with compression.
VII

a4 Constant that relates τw and q (Govindaraju and Reddi). VII
a5 Constant that relates τw and q (Govindaraju and Reddi). VII
as Coefficient in the equation of Rajagopalan and Chu. VII
A Hamaker constant. II
Ai Screen area of a recharge well. V-VI
Am Membrane area. V-VII
AP Coefficient of Philip’s equation I-V-VI
AS Factor that accounts for the neighboring media grains in the Rajagopalan

and Tien model.
VII

A1 Coefficient of Kostiakov’s equation. VI
A2 Exponent of Kostiakov’s equation. VI

B
b Height of the clogging layer. VII
bS Specific shear loss coefficient. VII
b’S Analogous to bS, though related to biological detachment. VII
B Coefficient of Hazen’s equation. V
BP Thickness of a filtration filling (in meters). VI
BT Dimensionless empirical coefficient of Tare’s model. VII

B (NLO) Function of the London-van der Waals number, NLO.    It is given here by

the equation:   B N N NLO LO LO( ) .. .= +−0 22 2 70 05

VII

BOC Biochemical oxygen demand. VI

C
c Empirical parameter in Bianchi’s equation. VI
cb Concentration of ferrous iron in the liquid. VII
cin Influent concentration of ferrous iron. VII
cm Coefficient of kinetic absorption in membranes. V
cp Concentration of ferrous iron in the matrix (support medium). VII
ct Actual mineral concentration. VII
cw Concentration of ferrous iron in the stagnant liquid film. VII

ccake Concentration of retained particles in the clogging layer. VII
cs,sat Concentration at saturation. VII
c0 Initial concentration. VII
c1 Coefficient. It is defined by:   c q da g1

2 2 4= ηα π / VII

c2 Linear coefficient of removal increase due to the existence of new
retained particles.

VII

c3 Linear coefficient of removal due to a diminution in the grain area. VII
c4 Quadratic coefficient of removal decrease due to the reduction in area of VII
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retained particles.
c5 Constant that relates kc and nb (slope). VII
c6 Constant that relates kc and nb (slope). VII
c7 Constant relating the fluid shear stress to hydraulic magnitudes. VII
C Proportionality coefficient between K and d. V
Cf Microbiological clogging factor (square root of the acceleration factor). V

Cf, max Maximum value of the microbiological clogging factor. V
CM Factor that accounts for methyl orange alkalinity and calcium

concentration in the Ryznar stability index.
V

D
d Diameter of grains (generic). VI-VII
dg Mean diameter of grains (aquifer or soil particles). II-VII
dm A representative mean diameter. V
dp Mean diameter of suspended particles (in water). II-VII
dT Diameter of a tube if there is bioclogging (Okubo and Matsumoto). VII
d0 Diameter of a non-clogged tube (Okubo and Matsumoto) VII
d1 Diameter of type 1 (size 1) particles. VII
d2 Diameter of type 2 (size 2) particles. VII
d5 Grain size diameter at which 5% by weight of the particles is finer. V
d10 Grain size diameter at which 10% by weight of the particles is finer. It is

termed effective grain size.
V

d16 Grain size diameter at which 16% by weight of the particles is finer. V
d84 Grain size diameter at which 84% by weight of the particles is finer. V
d95 Grain size diameter at which 95% by weight of the particles is finer. V
D Coefficient of hydrodynamic dispersion (is a tensor if not 1D). VII
Dij Components of the dispersion tensor. VII

D(θ) Water diffusivity. It is defined by:   D K
m

( )θ
∂ ψ

∂ θ
= I

Do Diffusion constant for oxygen across the diffusion layer. VII
DR Groundwater depth on the right side of a trench. VII
DS Diffusion constant for the substrate (across the diffusion layer). VII
DW Depth of groundwater relative to the water height in a basin. II

DW 80% Value of DW at which infiltration rate is 80% of the initial value. II

E
e Electron charge. II

[e] Concentration of electrolyte. II
E Elasticity module. VII
E1 Coefficient of linear losses for a well. V
E2 Coefficient of non-linear losses for a well. V

F
f Infiltration capacity at a given time. VI
fb Pore size distribution function if bioclogging exists. VII
fC Infiltration capacity at the final time (asymptotic value). VI
fen Coefficient of use of oxygen for energy (by bacteria). VII
f0 Infiltration capacity at t=0. VI

f (r) Pore size distribution function. V-VII
f (ϕ) Function introduced by Shektman and Sherwood. VII
f (Ω) Function of saturation ratio. It describes the precipitation/dissolution

rate.
II-VII

f0
syn Coefficient of use of oxygen for synthesis (by bacteria). VII
F Filter capacity. VII
F Vector of external forces (applied tectonic stress). VII
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c

G
g Gravity modulus. II-V-VI
gb Maximum rate of substrate utilization in the biofilm. VII
gC Clogging constant. It is the Lac value at which Cf is half Cf,max VI
go Oxygen saturation constant. VII
gS Half saturation constant in Monod-type equations for the substrate. II-VII
g1 Linear term coefficient at Taylor et al. empirical equation. VI
g2 Cuadratic term coefficient at Taylor et al. empirical equation. VI
g3 Permeability ratio if [BOC] > 0.4 mg/cm3 at Taylor et al. empirical

equation.
VI

∆G* Activation energy for nucleation. VII

H
h Piezometric head. II-VI-VII
hb Head build-up at the beginning of a recharge cycle (Olsthoorn). VII
he Head build-up at the end of a recharge cycle (Olsthoorn). VII
hs Standard build-up for a recharge well (Olsthoorn). VII
h0 Initial water head. VI
H Screen thickness. VI
Hbi Bulk modulus of the porous medium. VII
Hcap Width of the capillary fringe. II
HW Height of water in a surface system (depth of ponding). II

I
i Infiltration rate I-II-V-VI-VII
i0 Initial infiltration rate. VI
i∞ Final (asymptotic) value of infiltration rate, due to clogging. VI
I Cumulative infiltration: time integral of infiltration rate I-V-VI-VII
IB Factor of blocking filtration. VII
IF A measure of the membrane fouling potential of water (in MFI). V-VII

J
j Empirical coefficient for pressure build-up (Ives’ equation). VII
J Mean velocity gradient. VII

K
k Intrinsic permeability. II-V-VI-VII
kb Intrinsic permeability if there exists bioclogging. VII
kc Probability of capture per unit depth (Herzig). VII
kd Coefficient of pressure build-up (Ives’ equation). VII

kdec Coefficient of microbial decay. VII
kf Microscopic coefficient of attachment (Rajagopalan and Chu). VII
kh Coefficient of detachment rate for microorganisms. VII
kr Detachment coefficient (Rajagopalan and Chu). VII
ks Initial value of pressure in Boucher’s equation. VI
kt Rate constant for the pressure build-up in Boucher’s equation. VI

kOM1 Bioclogging coefficient (Okubo and Matsumoto). VII
kOM2 Bioclogging coefficient (Okubo and Matsumoto). VII
k0 Initial permeability of a medium (column). VI
k1 Biclogging macroscopic model (Vigneswaran and Suazo): coefficient. VII
k2 Biclogging macroscopic model (Vigneswaran and Suazo): coefficient. VII
ks Coefficient of the boundary condition equation. VII
k’ c Probability of capture of a particle per unit time. VII
k’ r Probability of decolmatage of a particle per unit time. VII

k(x,y) Rate of agglomeration of two clusters of masses x and y. VII
k(σ) Factor of physical clogging kinetic terms per unit depth (Herzig). VII
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k’(σ) Analogous, but per unit time. VII
K Hydraulic conductivity. It depends on the water content (θ) I-II-V-VI

K(ϕ)0 Unsaturated hydraulic conductivity at time t=0. V
K(ϕ)j Unsaturated hydraulic conductivity at a given time for layer j. V
K(σ) Generalised function for physical clogging -kinetic term-. VII
Kabio Abiotic rate of oxidation of ferrous iron. II
Kbio Biocatalysed rate of oxidation of ferrous iron. II
KB Boltzmann’s constant. II-VII
KC Hydraulic conductivity of the clogging layer. II-VI
K* Equivalent hydraulic conductivity (Olsthoorn). VI
K1 Accumulation coefficient. VII
K2 Detachment coefficient. VII

L
L Depth within the porous medium. VII

Lac Acetate concentration, in gC/m2d VI
Lb Biofilm thickness. VII
LC Thickness of the clogging layer. II
L1 Coefficient of Loeffler’s equation to describe the time evolution of i. VI
L2 Coefficient of Loeffler’s equation to describe the time evolution of i. VI

M
m Packing factor for a porous medium. V
mc Cell mass per colony. VII
m1 Adjustable exponent (empirical) of a precipitation/dissolution rate. II
m2 Another adjustable exponent (empirical) of a precipitation/dissolution

rate.
II

m3 Empirical coefficient for pressure build-up (Ives’ equation). VII
M Number of terms of Philip’s series. VI

MFI Modified (or membrane) fouling index. V
MV Molecular volume. VII

N
n Number of clogged layers under the bottom of a basin. V
ni Number concentration of particles (type i). VII
nj Number concentration of particles (type j. VII
no Empirical coefficient of the precipitation equation. VII
np Number of blocked pores. VII

n(x,t) Concentration of clusters of mass x at time t. VII
nLOSS Exponent of non-linear losses for a well. V

nb Biomass concentration in the biofilm. VII
n’

1 Number concentration of finer particles in the presence of coarser ones. VII
N Number of retained particles acting as collectors. VII
NA Avogadro’s number. II
Nc Colony density: number of colonies per aquifer volume. VII
Ne Number of elements. VII
Ng Number of filter grains. VII
NG Gravity number. VII
Nij Concentration number of new(agglomerated particles). VII
Nin Concentration of influent cells. VII
NLO Coefficient of London-van der Waals attractive force. VII
NORR Exponent of the Orr generic formulae for particle deposition. VII
Np Number of pores per unit area of filter. VII
Npe Peclet number: ratio of advective to diffusive forces. VII
Nr Concentration of bacteria in the support medium. VII
NR Interception number. VII
Ns Concentration of bacteria in the cylindrical reactor. VII
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e

Nσ Number of retained particles. VII
N1 Number of particles of size 1 (type 1). VII
N2 Number of particles of size 2 (type 2). VII

O
oc Oxygen concentration in the colony. VII
ow Oxygen concentration in the water. VII
Oa Mass of adsorbed oxygen per unit area. VII

O(dp) Function that depends on dp VII

P
p Parameter of kinetic absorption in membranes. V

pHO Adjustable parameter in Horton’s equation. VI
pH Minus decimal logarithm of concentration of protons. V

P or ∆P Pressure or pressure build-up. V-VI-VII

Q
q Darcy’s velocity I-II-VII
Q Flow. V-VI-VII
Qb Flow at the beginning of a recharge cycle in a well. V
Qc Total recharge form a recharge trench. VII
Qe Flow at the end of a recharge cycle in a well. V
QL Recharge from the left side of a trench. VII
QR Recharge form the right side of a trench. VII

R
r Pore radius. Also, radial distance. V-VII

rbact Rate of a bacterial-controlled reaction. II
rc Radius of a microcolony. VII

rclean Rate of particle removal. VII
rcoll Rate of change of collector particles. VII
rmin Rate of precipitation/dissolution of a mineral. II-VII
ro Rate of oxygen utilisation by a microcolony. VII

rnuc Velocity of nuclei formation. VII
rpd Precipitation/dissolution rate. VII
rs Rate of substrate utilisation by a colony. VII
rV Radius of the clogging-affected volume. VI
r0 Minimum pore radius. Also, radius of a well (Olsthoorn). V-VI-VII
r0b Minimum pore radius if there exists bioclogging. VII
rb

b Rate of production of biomass in the biofilm phase. VII
rw

b Rate of production of biomass in the water phase. VII
rw

s Rate of consumption/production of substrate in the water phase. VII
r0

nuc Factor in the equation of nuclei formation. It depends on numerous
factors.

VII

R Maximum pore radius. Also, radial distance for wells (Thiem’s
equation).

V-VI-VII

Rae Membrane resistance due to the preliminary absorption phase. V
RC Time varying resistance of a membrane due to both kinetic absorption

and cake filtration.
V

Rd Rate of biomass deposition on the biofilm due to sedimentation, filtration
and adsorption.

VII

RH Hydraulic radius in an open channel. VII
Rij Radius of an agglomerated particle. VII
Rs Rate of biomass shear form the biofilm due to the action of mechanical

forces.
VII

Rsd Term of substrate-biomass interaction. VII
R’m Resistance of a membrane, it is the sum of a clean resistance component V
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and the preliminary absorption phase (Rm).
R(ϕ)0 Resistance at time t=0. V-VII
R(ϕ)t Resistance at time t. V

RI Ryznar index. V

S
s Drawdown (or build-up) during a pumping (or recharge) test. V
sc Substrate concentration in the colony. VII
sW Concentration of a bacterial substrate (nutrient). II-VII
s’ Empirical exponent of the blocking filtration equation. VII
S Saturation index. VII
Sa Mass of adsorbed substrate per unit area. VII
Sb Microscopic concentration of substrate in the biofilm. VII

SP Absorptivity. It is defined by:    S S dP = = − ∫( , )θ θ η θ
θ

θ

0 1
0

1
I-V-VI

Sh Sherwood number. VII
Shr Sherwood number if repulsive electric interactions exist. VII
S(y) Sink/source term of suspended particles. VII

T
t Time I-II-V-VI-VII
t0 Standard time of injection (wells): 1 year. V

tBOD Total biological oxygen demand: carbonaceous + nitrogenous BOD. VI
T Absolute temperature. II-VII
Tc Flow transport capacity. VII
TD Factor related to TDS in the Ryznar index determination. V
TSS Total concentration of suspended solids (in mg/l). VI

U
u Velocity of particles. VII
u Displacement of the porous medium. VII
um Real flow velocity (Darcy’s velocity divided by the porosity). VII
U Injected volume of water (wells). V
U* Bed velocity, if relevant, for an open channel. VII

V
vS Sedimentation velocity of a particle due to the gravitatory force. II-VII
v0 Standard reference infiltration velocity (wells): 1 m/h V
v1 Velocity of points that stay on the interface fluid-solid during its motion. VII
V Filtrated volume. V-VII
VA van der Waals attractive potential between particles. II
Vc Colony volume. VII

Vmax Maximum value of the interaction energy profile. VII
VR Electric potential between particles. II
Vσ Volume of retained particles. VI

W
w Displacement perpendicular to the interface fluid-solid. VII
wo Term of Olsthoorn’s equation.  w TSS c P k= ( ) / ( )2 0

2µ VI

wb Width of a recharge basin. II
w1 Adjustable coefficient of Behnke’s equation. VI
w2 Adjustable coefficient of Behnke’s equation. VI
w3 Adjustable coefficient of Behnke’s equation. VI

X



Notation

g

x Spatial coordinate. II-VII

Y
y Concentration of suspended particles in water. VII
yD Concentration of suspended particles in number per unit volume. VII
Y Yield coefficient of microorganisms. VII

Z
z Depth I-V-VII
zD Adimensional parameter in the equation of interaction potential. II
Z Adimensional charge of a particle. II

Z(ϕ) Hydraulic impedance of the clogging layer (cake). VII

GREEK LETTERS
αa Attachment coefficient. VII
αCF Specific resistance of the clogging deposit times the concentration of

suspended particles (for cake filtration).
V

αGR Coefficient that relates Tc and τw (Govindaraju and Reddi). VII
αoc Fraction of collisions leading to agglomeration of particles (orthokinetic

coagulation).
VII

αp Attachment coefficient. VII
αpc Fraction of collisions leading to agglomeration of particles (perikinetic

coagulation equation).
VII

αp1 Attachment coefficient for particles 1. VII
αp2 Id. for particles 2. VII
α1 Attachment coefficient for particles of type 1 (size 1). VII
α2 Attachment coefficient for particles of type 2 (size 2). VII

α(j) Coefficients of Philip’s power series for cumulative infiltration, I. VI
α(y) Sticking probability for particle capture. VII
βB Coefficient of clogging properties (Berend’s equation). VI
β1 Coefficient of Kavanaugh’s equation. VII
β2 Exponent of Kavanaugh’s equation. VII
β’ Factor in the model of Tare and Venkovachar. VII
χ Fraction of retained suspended solids. VI
δ Diffuse layer thickness (model of microcolonies for bacteria). VII
δij Kronecker’s delta. VII
ε Permitivity in water. II
ε Strain tensor. VII
ε0 Permitivity in vacuum. II
φ Porosity of the medium. V-VII
φb Porosity affected by the biofilm (Taylor and Jaffé model). VII
φw Water potential per mass unit. I
γint Interfacial free energy. II-VII
γVA Factor in the model of Vigneswaran and Aim. VII
ηp Collision efficiency. VII
ηp1 Collision efficiency of type-1 particles (analogous for subindex 2). VII
ηr Removal efficiency of a single collector. VII
ηr1 Removal efficiency of finer particles in the presence of coarser ones. VII

η(y) Mass transfer (or removal) coefficient. VII
ϕ Impact angle at Mackley and Sherman’s model. VII
κ Inverse of the double layer thickness. II

κMU Mualem’s constant. V-VII
λB Factor that controls the water build-u in Boucher’s law. VI
λ0 Filtration coefficient (introduced by Iwasaki). VII
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h

µ Dynamic viscosity. II-VII
µmax or µm Maximum rate of utilisation of a nutrient by bacteria. II-VII
µ0   or  µ20 Dynamic viscosity at the reference temperature (20 ºC) V

µb Dynamic viscosity at the beginning of a recharge run (wells). V
µe Dynamic viscosity at the end of a recharge run (wells). V
θ Volumetric humidity (water content). I-V
ρc Cell mass per colony volume. VII
ρl Liquid density. II-VII
ρS Density of suspended solids. II
ρb Biomass density. VII
σ Concentration of retained particles. VII
σ Tensor of porous medium stress. VII
σ1 Inclusive standard deviation. It gives an idea of the spread of the

gradation curve, defined by Masch and Denny.
V

τ Fluid shear stress. VII
τcr Critical shear stress. VII
τw Actual shear stress. VII
τ0 Bed shear for open channels. VII
υ Cinematic viscosity: dynamic viscosity divided by water density. VII
υbi Poisson’s ratio. VII
ϖ Sand shape factor of a porous medium (Fair-Hatch equation). V
ξ Detachability parameter. VII
ψ Matrix potential due to suction. I-V
ψϕ Factor of Shekthman’s model. It is the ratio of c0 to (ccake-c0) VII
Γr Reach transmissivity in the absence of clogging. VII
ΓL Local reach effective transmissivity. VII
ΓR Reach effective transmissivity. VII
Ω Saturation ratio. II-VII
% Percentage of sand held between adjacent sieves (Fair-Hatch equation). V


