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Preface to the Second Edition

Efficient and economical use of ground and surface water, using state-of-the-art equipment and technology, is of great importance in the present day development scenario. Water Wells and Pumps is a comprehensive treatise intended to serve as a basic reference to professionals and scientists working in the areas of irrigation, drainage, water supply, agriculture, ground water development, public health engineering, and rural development in government and non-government sectors. It will also serve as a reference for students of agricultural engineering, water resources engineering, civil engineering, environmental engineering, public health engineering, and urban and rural water supply and sanitation as well as management institutes, polytechnics, land and water management institutes, and staff training colleges of banks.

For the past two decades the book has enjoyed the status of an authoritative work on the subject. The present edition is revised and updated with emphasis to the subject areas of wells and pumps, including theory and applications. It lays particular emphasis to meet the specific socio-economic situations in India and other developing countries.

The book has been divided into two parts with seven chapters each. The first part Wells for Irrigation and Water Supply comprises of (i) Water Resources Development and Utilization, (ii) Hydraulics of Wells, (iii) Open Wells, (iv) Tube Wells and their Design, (v) Tube Well Construction, (vi) Development and Testing of Tube Wells, and (vii) Rehabilitation of Sick and Failed Tube Wells. The second part Pumps and Pumping comprises of (i) Man and Animal Powered Water Lifts and Positive Displacement Pumps, (ii) Variable Displacement Pumps and Accessories, (iii) Centrifugal Pumps: Design, Installation, Operation, Maintenance and Troubleshooting, (iv) Deep Well Turbine and Submersible Pumps, (v) Propeller, Mixed Flow and Jet Pumps, (vi) Application of Non-Conventional Energy Sources in Pumping, and (vii) Techno-Economic Evaluation of Projects on Wells and Pumps. The discussions on each topic range from basic to most advanced areas. A large number of illustrations, tables, solved examples and problems have been included to facilitate easy understanding of the subject matter. There is a comprehensive coverage on various geo-hydrological formations, and influence of geographical situations and climate on ground water availability and quality to provide the necessary information required for selection of location, design and construction of tube wells and open wells for irrigation and water supply. Aquifer characteristics and basic equations governing ground water flow as well as legal aspects of ground water extraction and utilization, including water quality criteria for drinking water and irrigation have also been elaborately presented. Further, this new edition discusses open wells in hard rock, semi-consolidated, and unconfined formations, including their location, design, construction, operation and maintenance, along with procedures for deepening and boring of open wells and sanitary protection of open wells and tube wells. The chapter on rehabilitation of sick and failed tube wells is a unique attempt and provides specific details on the subject. The treatment on pumps and pumping provides detailed information on the various types of water lifts and pumps for irrigation and water supply, including their types and design, characteristics, adaptability, installation procedures, maintenance, advantages and limitations. Application of modern economic theories on the techno-economic evaluation of projects on wells and pumps are presented with a view to provide the required information for planning of projects. Short answers and objective type questions are provided at the end of each chapter to test the in-depth knowledge of students and candidates appearing for competitive examinations.

The authors acknowledge Er. B.S. Sidhu, Director Agriculture, Punjab, for providing the photograph for the cover. Every effort has been made to acknowledge the sources of information included in the book, wherever applicable. Omissions, if any, are inadvertent and will be rectified when pointed out. The authors welcome the suggestions of readers for improvements in the book.

A. M. MICHAEL
S. D. KHEPAR
S. K. SONDHI


Preface to the First Edition

The major limiting factor in the economic and efficient utilization of ground water for irrigation and water supply has been the inadequate application of appropriate technology in this area. Water well and pump technology is yet to receive its due place in minor irrigation and water supply programmes in India and other developing countries. The result has been heavy expenditure on these projects and inefficient operation of both the well structure and the pumping system. The successive five year plans in India have been laying increasing importance to the development of irrigation potential to cover millions of hectares of land by ground water through wells and pumps. The Government has also launched a massive programme of rural water supply to provide potable water in every village in the country within the shortest possible time. This book is intended to provide the needed technology in these vital areas in national development.

Water Well and Pump Engineering presents a comprehensive treatment of the theory and practice of water wells and pumps for irrigation and water supply. It is intended as a basic text for students of agricultural engineering degree programme. It will also serve as a valuable text/reference to public health, civil, and mechanical engineering students and to students of agriculture and geology as well in-service trainees of professional organizations and institutions in ground water development, irrigation water management, public health engineering and rural development.

In addition to student readership the book will be a valuable reference to engineers and scientists working in the area of ground water development and utilization in irrigation and water supply. The section on river and canal pumping provides the technology for the utilization of this usually under-exploited resource. The treatment on techno-economic evaluation of water wells and pumps is intended to establish the credit-worthiness of projects proposals on the subject. The book is intended primarily to meet the requirement of students and practising professionals in India and other developing countries.

This book comprises three parts. Part I provides the technology for the design, construction, operation and maintenance of water wells for irrigation and water supply. Part II presents the application of electric motors and diesel engines in water pumping. The treatment on pumps and pumping, including the application of non-conventional energy sources in pumping, is included in Part III. It also includes a comprehensive treatment on techno-economic evaluation of projects on wells and pumps.

Each topic on wells and pumps has been discussed with the help of self-explanatory diagrams. A large number of solved examples have been included to facilitate the application of the principles to solve field problems. For additional practice, many unsolved problems along with answers have been appended with each chapter. Metric units of weights and measures have been used throughout the text. Tables, figures and articles are numbered chapterwise. A list of important references is given for each chapter to establish authority and to assist the student who may wish to verify or read more deeply into any particular area. Further than this, citations from the exceedingly voluminous literature are not attempted.

We are deeply indebted to many individuals and organizations for the supply of useful material for inclusion in this book and the assistance provided at various levels for the preparation of the manuscript. Every effort has been made to acknowledge the material received/adapted from different sources. Any omission therein is inadvertent and will be rectified in the subsequent reprint of the book, if pointed out by any one. We would welcome suggestions from the readers to improve the text.

A. M. MICHAEL
S. D. KHEPAR
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1
Ground Water Resources Development and Utilization

Ground water has been a source of drinking water and irrigation since the dawn of recorded history. It is the most important of natural resources because of the physiological needs of man, animal and plant. It not only supports life on earth, but also governs the economic, industrial and agricultural growth of a nation.

The many uses of water—agricultural, domestic, industrial, pollution control, recreation, maintenance of aquatic life, power generation and navigation—are all related to the economic, mental and physical health of the world’s population. Water is required not only in sufficient quantity, but of potable quality to live a healthy life. Water, whether in plenty or inadequate can cause diseases, especially in areas where people congregate. It is estimated that in the developing countries three out of five people have no access to safe drinking water and only one in four has any sanitary facilities.

Amongst the different components of the water resources of a nation, ground water is the most widely distributed, dependable and pure. Ground water irrigation provides for the maximum control on the supply of irrigation water to precisely meet the requirements of crops. It enables adoption of a diversified cropping pattern to maximise production from a given area in a given time. If the water bearing formation provides water from small voids and water movement is by intergranular flow, such as in sands, natural filtration takes place and, after a passage of about 15 m, all pathogenic bacteria generally get removed and the water can be used untreated. However, in hard rock wells, where water is transmitted through fissures, no filtration takes place and pathogenic bacteria can be transported rapidly over long distances. Hence, supplies from such sources are never totally safe without disinfection. A major problem with ground water is the possibility of pollution. This can originate from solution of the source rock itself or from artificial sources such as industrial wastes, fertilizers, pesticides or seepages from pit latrines and dumping pits.

Ground water development is usually through open wells in hard rock regions and tube wells in alluvial formations. Open-cum-bore wells are often employed to increase the yield of wells in water scarcity areas. In almost all cases, except when artesian conditions exist, ground water is to be lifted by human or animal power, mechanically operated pumps or through devices operated by non-conventional energy sources. Pumping from streams, rivers and canals usually offer an under-exploited resource for irrigation and domestic water supply in the developing countries.

1.1 THE HYDROLOGIC CYCLE

The total amount of water contained in the earth is constant and can neither be increased nor decreased. However, the availability of water for the use of man is dependent on the earth’s unending moisture cycle known as the hydrologic cycle. It comprises a gigantic distillation system operating in and on the land and water bodies of the earth, and in the atmosphere surrounding it, with energy derived from the sun. Moisture is constantly circulating between the land, ocean and atmosphere. This complex series of phase changes and inter-connected flows is shown schematically in Fig. 1.1. The cycle has neither a beginning nor an end. The concept of the hydrologic cycle commonly begins with the water of the oceans, since it holds the bulk of the water of the planet. Radiation from the sun evaporates water from the oceans to form water vapour. The water vapour rises and collects in the atmosphere to form clouds. The circulation of moisture from the ocean to the land is influenced by the winds, atmospheric pressure differences, physiography of the continents, temperature differences and other factors. Under certain conditions, the cloud moisture condenses and falls back to the earth as precipitation (rain, hail, sleet or snow). Precipitation reaching the earth’s surface may be intercepted by vegetative material, infiltrate into the ground, flow over the land surface as runoff or evaporate. Evaporation may be from the surface of the ground, free water surface, or leaves of plants (through transpiration).

[image: Image]

Fig. 1.1 Schematic diagram illustrating the earth’s water cycle—the hydrologic cycle

A part of the precipitation, after wetting the foliage and ground surface, runs off over the land to streams, rivers and oceans. Another part infiltrates into the soil. Much of the water that enters the soil is detained in the plant root zone and is eventually drawn back to the surface by plants or soil capillarity, and returns to the atmosphere by evaporation or plant transpiration. Some of it, however, percolates below the plant root zone and, under the influence of gravity, continues to move downward until it enters the ground water reservoir. On joining the body of ground water, the percolating water may move through the pores of saturated subsurface materials and reappear at the surface, in areas at lower elevations, as subsurface flow. The ground water discharges naturally at such places, in the form of springs and seeps which maintain the flow of streams in dry periods. The streams, carrying both surface and subsurface flows, join the rivers and eventually flow back to the oceans.

In the hydrologic cycle, the soil acts as a reservoir; water is always in transitory storage in the soil. Considerable period of time may elapse before this stored water flows underground to the stream or is returned to the atmosphere by evaporation. Eventually, however, all water temporarily stored in the soil must enter the transitory part of the hydrologic cycle by percolating to underground storage reservoirs or reaching streams and rivers through subsurface flows and ultimately, the evaporation component of the hydrologic cycle. The hydrologic cycle is not always punctual. Delays and shortages in precipitation may therefore give rise to problems of water scarcity and drought. Even though man cannot influence the hydrologic cycle directly, there are many opportunities to increase the rainfall contribution to ground water.

1.2 TYPES OF WATER-BEARING FORMATIONS

An understanding of ground water occurrence requires a study of the vertical distribution of water in subsurface geologic formations. The earth’s crust is called the lithosphere. It is composed predominantly of rock, consisting of disintegrated rock materials such as granite and sandstone. The lithology of a section through the earth’s crust reveals the kind of rocks that occur in a succession of layers of strata below the surface, that make up any part of the lithosphere.

The outer part of the earth’s crust is usually porous to varying depths, at different places. This is the zone of rock fracture. The pores or openings in this part of the lithosphere may be partially or completely filled with water. In the surface strata, the openings are only partially filled with water. This strata is called the zone of aeration. The layer below this, where the openings are completely filled with water, is called the zone of saturation (Fig. 1.2). The zone of aeration is divided into three zones—the soil water zone, the intermediate zone and the capillary fringe. The zones vary in depth and their limits are not sharply differentiated by differences in physical properties of earth material. A gradual transition exists from one zone to another.
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Fig. 1.2 Schematic sketch illustrating soil moisture and ground water

Formations or strata within the saturated zone below the ground surface, from which ground water can be obtained for beneficial use, are called aquifers. Ground water reservoirs or water-bearing formations are the other terms commonly used instead of aquifer. These are permeable geologic formations that permit appreciable amounts of water to pass through them. Most aquifers extend over large areas and may be visualized as underground storage reservoirs. The thickness of the zone of saturation varies from a few metres to hundreds of metres.

The portion of the rock or soil not occupied by solid material may be occupied by ground water. These spaces are known as voids, interstices, pores or pore spaces. The porosity of a rock or soil is a measures of the void space between particles. It is the ratio of void space to the total volume of soil or rock. Expressed as percentage,
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	where, p

	= porosity, per cent


	Vω

	= volume of entire pore space, cm3 (or m3)


	V

	= total volume of rock or soil, cm3 (or m3)




The size of the pores and the total pore space of an aquifer vary with the type of formation material. Individual pores in a fine-grained material like clay are extremely small, but the total pore space is usually large. While a clay formation has large water-holding capacity, water cannot move readily through the tiny pores. It is hence not an aquifer even though it may be saturated. On the other hand, a coarse material such as sand contains large pores through which water can move fairly easily. A saturated sand formation is, therefore, an aquifer since it can hold water and transmit it at a satisfactory rate when pressure differences occur.

Water enters a ground water reservoir from natural or artificial recharge. It flows out under the action of gravity or is extracted by wells. Ordinarily, the annual volume of water removed or replaced represents only a small fraction of the total storage capacity of the aquifer.

1.2.1 Unconfined Aquifer

An unconfined aquifer (Fig. 1.3) is a permeable bed, only partly filled with water, and overlying a relatively impervious layer. Its boundary is formed by a free, water table or phreatic level. It is also known as a free, phreatic, water table or non-artesian aquifer. The water in a well penetrating an unconfined aquifer does not, in general, rise above the phreatic level (Fig. 1.3).
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Fig. 1.3 Diagram illustrating artesian and water table aquifers, water table well, flowing artesian well, sub-artesian well and potential recharge area for the artesian aquifer

The upper boundary of the zone of saturation is called the water table. At the water table, the hydrostatic pressure is equal to the atmospheric pressure. The hydraulic pressure at any level within a water table aquifer is equal to the depth from the water table to the point. It is referred to as the hydraulic head. When a well is dug in a water table aquifer, the static water level in the well stands at the same elevation as the water table.

In general, the shape of the water table tends to follow the topography of the ground surface. It is, however, not a stationary surface, but rises or falls with the addition or withdrawal of water. Obviously, it would rise during the rainy season and fall during periods of drought.

1.2.2 Confined Aquifer

The zone of saturation may consist of permeable, impermeable and semi-permeable earth materials. An aquifer found between two impermeable layers is said to be confined (Fig. 1.3). It is also called an artesian aquifer. Because of the presence of an upper confining layer, the water in the pores of a confined aquifer is not open to atmospheric pressure, but is at a greater pressure.

When a well is drilled into a confined aquifer, water rises in it to a level above the aquifer, depending on the pressure of water in it. The elevation to which the water level rises is called the piezometric level. An imaginary surface representing the hydrostatic pressure in a confined aquifer is called the piezometric surface. The piezometric surface is analogous to the water table in an unconfined aquifer. The hydrostatic pressure within a confined aquifer is sometimes sufficiently large to cause the water to rise in a well and flow out, resulting in a flowing artesian well.

1.2.3 Semi-Confined Aquifer

A semi-confined or leaky aquifer is a completely saturated aquifer that is bounded above by a semi-pervious layer and below by a layer that is either impervious or semi-pervious. A semi-pervious layer is defined as one that has a low, though measurable, hydraulic conductivity. The elevation to which the water level rises in a well that taps a semi-confined aquifer is refered to as the piezometric level. The piezometric level is the same as that of a phreatic water table before pumping. Lowering of the piezometric head in a semi-confined aquifer, for example by pumping, will generate a vertical flow of water through the semi-pervious layer into the pumped aquifer. Hence, unlike confined and unconfined aquifers, two types of hydraulic heads are developed. They are the phreatic head above the semi-pervious layer lying over the main aquifer, and the piezometric head in the main aquifer. The piezometric head is always more than the phreatic head. The ratio of the heads depends on the hydraulic conductivity and the thickness of the semi-pervious layer.

In semi-confined aquifers, when the phreatic level is lowered almost simultaneously with the lowering of the piezometric level, the aquifer is called a semi-confined aquifer with prompt yield. When there is a significant time lag between the lowering of the two water levels, the formation is called a semi-confined aquifer with delayed yield.

1.2.4 Perched Water Table

A special case of a localized water body in an unconfined aquifer is the perched water table (Fig. 1.4). It is a body of water which has been retarded in its downward movement by a layer of earth materials at some distance above the water table. The impermeable layer is small in a real extent. The upper surface of the ground water in such a water body is called a perched water table.
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Fig. 1.4 Illustration of perched water table

1.3 TYPES OF SOIL WATER

Water can be present within soils and rocks in gaseous, liquid and solid phases. It can be present within certain crystal lattices or adsorbed on the outer surfaces of certain molecules or soil particles. In the unsaturated zone, the different types of water may be classified as hygroscopic water, capillary water and gravitational water.

1.3.1 Hygroscopic Water

The water which is held tightly to the surface of soil particles by adsorption forces. It is not available for use by plants.

1.3.2 Capillary Water

Water held by surface tension to soil particles, thus forming a continuous film (a few microns thick) around particles in void spaces.

1.3.3 Gravitational Water

Gravitational water is free water within the voids which moves downwards, under gravity, from the soil zone, through the intermediate zone, and to the zone of saturation, where it is termed as ground water. Immediately above the zone of saturation extends the capillary fringe where water is held by surface tension to the rock particles or walls of fissures, joints or fractures. The height of the capillary fringe is related to the effective size of the void spaces. The capillary fringe may be several metres above the water table in clays, or as low as a few centimetres in sands.

1.4 HYDROLOGIC UNITS

1.4.1 Water Courses

Water courses are hydrologic units that include both surface and ground water, i.e. the water in a stream channel plus the ground water in the alluvium that underlies the channel and forms the bordering flood plains. Large quantities of ground water are pumped from water courses. Many wells are so situated that the water pumped from them is readily replaced by infiltration from the river, and their yield is exceptionally large. High permeability of the aquifer throughout the route, from river channel to well, is a prerequisite for successful wells. Water courses may offer excellent opportunities for large ground water supplies at some places, whereas at other places the alluvium is predominantly of fine texture and will yield only meagre supplies.

1.4.2 Abandoned Valleys

Abandoned valleys are no longer occupied by the streams that originally formed them. The abandoned valley may resemble a water course in respect of the permeability of materials and the quantity of ground water storage. However, the recharge and, therefore, the capability of high perennial yields are not likely to be as great as in those valleys which are occupied by streams.

1.4.3 Plains

Extensive plains flank the highlands or other features in many regions that were the source of their sediment. Sand and gravel beds form important aquifers under these plains in some places; but they can be relatively thin or discontinuous and not very productive in other places.

1.4.4 Intermontane Valleys

Intermontane valleys are similar to alluvial plains in that they may be underlain by large volumes of unconsolidated rock materials derived from the erosion of mountains. However, these materials are in separate basins bordered by mountain ranges. The coarser sediments are deposited by the larger tributaries close to the mountain flanks. Sand and gravel beds are the aquifers in intermontane valleys. They are of great economic importance and produce a major part of the ground water in most countries.

1.5 MINERALS AND ROCKS

The crust of the earth consists of different types of rocks which are composed of one or more mineral elements or chemical compounds. Common rock-forming minerals are quartz, calcite, feldspar, hornblende, mica and chlorite. The different types of rocks are arranged in groups, according to the manner in which they are formed.

1.5.1 Rocks

The term ‘rock’ is usually used by geologists to denote all materials of the earth, whether consolidated or firm or unconsolidated and loose or soft. Rocks are generally classified as sedimentary, igneous and metamorphic. The geologic structure, lithology and stratigraphy of rocks influence their potential as an aquifer.

Magmatic rocks have oozed out in molten (magma) from the interior of the earth and crystallized. If the magma has solidified slowly under high pressure at great depth, rocks with relatively large crystals are formed, e.g. granite. When the magma has penetrated higher up, in crevices or to the surface of the earth, in the form of lava, it cools more quickly and forms fine-grained rocks such as basalt.

Sedimentary rocks have been formed by weathered material, from the solid crust of the earth, which has disintegrated and sedimented at river mouths and on the beds of prehistoric seas. Examples of sedimentary rocks are sandstone, shale and limestone.

Metamorphic rocks are formed from eruptive or sedimentary rocks. The influence of pressure or heat, or exchange of elements with the surroundings, has transformed their structure and composition. Earth stresses may be large enough to deform rocks. When the deformation occurs at great depths, most rocks yield by flowage. At shallower depths the rocks are fractured. Since every rock has been exposed to the natural erosion process within the zone of fracture, outcrops on the earth’s surface are traversed by cracks and fractures. Most cracks and fractures come under the group joints.

1.5.2 Limestone and other Soluble Rocks

Limestone and dolomite, composed predominantly of calcium and magnesium carbonates, constitute a good part of all sedimentary rocks. They vary widely in permeability. Some are relatively dense; others have appreciable porosity from the initial interconnecting pore space that remains in consolidated rocks. Many have developed permeable zones subsequent to their deposition.

1.5.3 Basalt and other Volcanic Rocks

Basalt, a dark-coloured volcanic rock that may spread as a sheet to form extensive plains, usually has comparatively good permeability. In general, the basalt flows are permeable, except for massive flows. Other permeable zones in these volcanic rocks include porous zones between successive lava beds, lava tubes, shrinkage cracks and joints.

1.5.4 Crystalline and Metamorphic Rocks

These occur chiefly in mountainous areas, or in areas that have been mountainous in past geologic ages. They are poor water bearers. Where these rocks are close to the surface in humid regions, they yield small but reliable water supplies. Water occurs in the partially weathered rocks near the surface, and this zone may extend to depths as great as 30 m. Most wells in these rocks yield supplies sufficient only for domestic use.

1.5.5 Sandstone and Conglomerate

Sandstone and conglomerate are the consolidated equivalents of sand and gravel. They differ from the latter chiefly because of the presence of cementing materials between the grains of pebbles. The porosity has been reduced by the cement, and many of the rocks are thoroughly cemented to yield any appreciable quantity of water.

1.6 INFLUENCE OF PHYSIOGRAPHY AND CLIMATE ON GROUND WATER AVAILABILITY

The origin, distribution and utilization of the water resources of any country are profoundly influenced by its physiography, climate and soils. The Indian subcontinent lies between 8°4′ and 37°6′ North latitude and 68°7′ and 97°25′ East longitude, covering an area of 328 million hectares. India has a land frontier of 15,290 km and a coastline of 5,700 km. The diversity of landforms is matched by the diversity of climate, people and cultures. Towering mountain ranges, rolling hills, lofty plateaus and extensive plains have all played major roles in shaping the physical features of this great country and the cultural, economic and political history of its people.

India is a vast country with diversified geological, hydrological, hydrometeorological and geomorphological settings. Variations in the nature and compositions of rock types, geological structures, geomorphological setup and hydrometeorological conditions have correspondingly given rise to widely varying ground water conditions, thereby resulting in varying conditions for well drilling in different parts of India. In the high-relief areas of the northern and north-eastern regions occupied by the Himalayan ranges, the various conspicuous hill ranges of Rajasthan and the central and southern Indian regions, the presence of steep land slopes and geological structures offer extremely high run-off. Thus, there is very little scope for rain water to find favourable conditions for storage and circulation as ground water. The large alluvial tract, extending over 2,000 km in length from Punjab to Assam, often referred to as the Sindhu-Ganga-Brahmaputra plains, is the most potential and important region in India from the standpoint of ground water resources.

Almost all of central and southern India is occupied by a variety of hard rocks with hard sediments (including carbonate rocks) in the intertectonic and major river basins. Rugged topography, the hard and compact nature of the rock formations, geologic structures and meteorological conditions have yielded an environment which allows ground water to store itself in the weathered formations and circulate through the underlying fracture systems. In hard-rock terrains, the river valleys and abandoned channels, wherever they have sufficient thickness of porous materials, act as potential areas of ground water development on an intensive scale under favourable hydrometeorological conditions.

The coastal and deltaic tracts, particularly of the east coast, are covered with vast and extensive alluvial sediments. Though the tracts are highly productive in terms of water supply, the overall ground water regime in the vicinity of the coasts suffers salinity hazards. Ground water development efforts in the coastal fringe area have to regulate withdrawals in such a manner that contamination of the fresh ground water by the saline ground water body is avoided.

1.6.1 Rainfall

The major source of water available, either for agriculture or human consumption, is obtained from the rain that falls on the earth’s surface. India has a monsoon-dominated rainfall pattern. The south-west monsoon, north-east monsoon, cyclonic depressions and local storms contribute to rainfall in different degrees in the various rainfall regions of India. An outstanding feature of the wind system over the Indian ocean and the adjoining sea and land areas is the seasonal reversal of the monsoons. (The monsoon is the periodic wind of the Indian ocean, which is south-west from April to October and north-east during the rest of the year).

About 80 per cent of the rainfall in most parts of India is contributed by the south-west monsoon. This is confined mainly to four months, namely, June to September. The rainy-season crop, known as the kharif crop in most parts of the country, is mainly dependent on the south-west monsoon rains. Figure 1.5 shows the mean annual rainfall in India.
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Fig. 1.5 Map of India showing average annual rainfall

1.7 HYDRO-GEOLOGICAL FORMATIONS

Ground water availability in a formation is largely governed by the state of cementation and compaction of the formation. The geological formations encountered in India may be broadly divided into three categories, namely, unconsolidated, semi-consolidated, and consolidated formations. Figure 1.6 present the geographical distribution of ground water formations in India.
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Fig. 1.6 Map of India showing major ground water formations

1.7.1 Unconsolidated Formations

Unconsolidated formations include the alluvial plains built up by the Himalayan rivers, namely, the Indus, the Ganga, the Brahmaputra and their tributaries; the inland valleys of the rivers Narmada, Tapti and Purna in Central India; the coastal alluvial plains of the East and West Coasts and the plains of Gujarat; and the aeolion sand-tracts of Western Rajasthan. These formations are rich in ground water, except in parts of the north-western arid and semi-arid zones not served by irrigation canals. They comprise about one-third of the total land area of India, but account for about 50 to 60 per cent of the total usable ground water resources. The lithology includes zones of sand, gravel, pebbles, etc., which not only store large quantities of ground water but are also favourable from the point of view of ground water extraction. The ground water productivity of unconsolidated formations is given in Table 1.1.

TABLE 1.1 Ground Water Productivity of Unconsolidated Aquifer Systems
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1.7.2 Semi-Consolidated Formations

These include the semi-consolidated sandstone formations of the Masozoics and Tertiary age, in different parts of the country, such as Western Rajasthan, Lathi Series and Palana and Nagpur sandstones; the East Coast, the Cuddalore sandstones and Rajamundry sandstones; the West Coast, the Varkalli formations in Kerala, the Himmatnagar sandstones, the sandstones of Bhuj and Katrol series in Gujarat; and the rocks of the Gondwana systems, which have sandstones and shales in Andhra Pradesh, Bihar and Orissa. The semi-consolidated formations are next in importance from the ground water availability angle, but hardly cover about 5 per cent of the total land area of India. The lithology is generally favourable for ground water storage and extraction. The ground water productivity of semi-consolidated formations is given in Table 1.2.

TABLE 1.2 Ground Water Productivity of Semi-consolidated Rock Aquifers
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1.7.3 Consolidated Formations

The major part of India, including almost the entire Indian peninsula, consists of hard rock formations. These comprise crystalline rocks, granites, gneisses, schists, etc. of the Archean age; basaltic formations of the Upper Cretaceous to Oligocene age; and compact sedimentary formations, Cuddapah, the Delhi’s and Vidhyan systems which belong to the Pre-Cambrian age. Nearly 65 per cent of the total land area in India is covered by hard rock formations, of which about one-fourth is accounted for by basaltic formations.

The rocks in consolidated formations have no primary pore spaces and hold limited quantities of ground water, contained in the weathered and the fractured zones. However, sizeable quantities of water are available at some locations in Vasicular lava flows, intertrappean beds and caverneous limestones. Table 1.3 presents the extent of hard rock areas and geological formations in Central and South India.

Hard rock is a general term used by hydrogeologists to terrain comprising largely of igneous and metamorphic rocks. They virtually have no primary porosity. However, they have a secondary porosity due to fracturing and weathering, which permits the flow and storage of ground water. The storage capacity of unweathered hard rocks is limited to the interconnected system of fractures, joints and fissures in the rock. Such openings are mainly the result of world-wide tectonic phenomena in the earth’s crust. Weathering processes influence the storage capacity of hard rocks. Mechanical disintegration, chemical solution and deposition and the influence of climate and vegetation on weathering bring about local modification of the primary rocks and its fractures.

TABLE 1.3 Extent of Hard Rock Areas and Geological Formations in Different States of Central and South India

[image: Image]

1.7.4 Influence of Weathering in Hard Rocks on Ground Water Availability

To provide for significant quantity of ground water in hard rock areas, the weathered layer must attain a minimal areal extent and thickness and have sufficient porosity to store water and permeability to permit its flow into wells. The thickness of the weathered layer and the presence of permeable zones are influenced by a number of factors including climate, topographic position, mineralogic composition and lithologic texture, and the distribution and spacing of fracture system in the host rock. The thickest weathered layers generally develop in sub-humid and humid tropical regions where vegetative cover is relatively dense and rainfall exceeds 1000 mm. Relatively thick weathered layers are also found in semi-arid regions. In the low-altitude regions of western Rajasthan, for example, the weathered layers may be as much as 25 to 30 m thick in areas where the annual rainfall may be as low as 380 to 460 mm. Topography and stage of geomorphic evolution are important factors influencing the development of a really extensive weathered layers. Between rock types, fine grained rocks are less susceptible to weathering than coarse grained rocks. The spacing and distribution of fracture systems have profound influence on weathering. In granite and other rock terrains, where the fracture systems are closely spaced (a few metres or less), weathering agents may penetrate deep into the host rock to form thick weathered layers with permeable zones. On the other hand, massive and poorly fractured granite resists weathering.

Thin weathered layers may not contain adequate water for exploitation. Locally, however, even relatively thin weathered layers may sustain perennial aquifers if there is a prevailing high recharge, either natural or artificial. In some irrigated areas of India, deep percolation from irrigated areas plus the normal rainfall recharge sustain wells in weathered layers which are only 5 to 7 m thick. In most places, however, weathered layers less than 10 m thick do not contain exploitable quantities of ground water. Many productive wells, where ground water has been developed for domestic supply and small scale irrigation, tap the water bearing layers of the weathered zone with average thickness of 10 to 20 m. In some regions where the weathered layers are thin or absent, ground water may occur in the fracture system below and could be tapped by boring. Even thin weathered layers help in transmitting the infiltrated water from the surface to deeper fracture systems. In many situations it is possible for a well to tap ground water both from the weathered layer and from a deeper underlying fracture system, when water in the weathered layer becomes depleted during dry season. The ground water productivity of consolidated formations is given in Table 1.4.

TABLE 1.4 Ground Water Productivity of Fractured Rock Aquifers
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1.8 GROUND WATER INVESTIGATIONS

A programme of ground water investigations is to obtain information on the resource through systematic collection, synthesis, interpretation and compilation of data. It seeks information on its occurrence, movement, storage, recharge, discharge, quality and quantity. It includes the study of its geological environment, as also the hydrologic and hydraulic aspects of its flow system.

There is some water under the earth’s surface almost everywhere. Ground water exploration, however, means determining whether the water occurs under conditions that permit utilization through wells. It is essential to appraise the available ground water resource qualitatively as well as quantitatively. Knowledge of geological conditions and hydrologic parameters are important for the proper design and construction of open wells and tube wells.

A comprehensive programme for hydrogeological investigations may comprise the following activities:

1.8.1 Surface Investigations (Covering Hydrogeological Aspects)

(i) Geological field reconnaissance, including observations and collection of data from excavations, bore holes and wells. The appraisal includes information on geological factors, particularly tectonics, lithology, permeability, fissuring and outcrop area.

   (ii) Geophysical surveys

  (a) Electrical resistivity method

  (b) Seismic refraction method

1.8.2 Subsurface Investigations of Ground Water

(i) Test drilling and preparation of lithological logs

   (ii) Sub-surface/bore hole geophysical investigations:

  (a) Electric logging: resistivity and potential

  (b) Radiation logging: gamma ray and neutron

  (iii) Collection of lithological and other logs of existing bore holes and correlation of lithological logs

1.8.3 Hydrological Investigations

(i) Preparing inventory of existing wells, giving their location, depth, depth of water, construction features, type of pumping equipment used, pumping records and water analysis

   (ii) Study of ground water levels—preparation of water table contour maps, water level profiles, hydrographs and setting up of observation grids

  (iii) Collection and analysis of water samples

  (iv) Aquifer tests—to appraise transmissibility and storage property of aquifers

   (v) Hydrologic appraisal of the geological framework: geometry of aquifers and boundaries affecting recharge and discharge of ground water

  (vi) Correlation of stream-flow factors with ground water recharge and discharge

 (vii) Estimation of seepage and recharge contribution from canals, lakes and ponds

(viii) Study and analysis of meteorological factors; precipitation and evapo-transpiration

  (ix) Rainfall and infiltration studies to estimate contribution of rainfall to ground water recharge

   (x) Hydrologic analysis of ground water systems through analytical and other techniques

Ground water investigations on a sizeable scale have been undertaken in India since the initiation of the Five-Year Plans in 1950–51. The emphasis, until a few years ago, had been on delineation and assessment of aquifers, mainly through geological and geophysical surveys and test drilling. Emphasis on hydrological aspects and resource evaluation studies were initiated in the seventies.

Several new techniques have been introduced in ground water investigations during the last few years in advanced countries. These include use of radioactive materials in tracing ground water movement, aerial photo-interpretation in hydrogeological studies, sophisticated bore hole geophysical methods including radioactivity, temperature, fluid conductivity and flow-meter logging. Techniques for automated data processing, using digital computers and numerical analysis, graphical (flow net analysis) and other analytical methods in solving ground water problems are being employed.

1.8.4 Water Divining

Water divining is the art of detecting underground water by means of an involuntary muscular reaction on the part of the practitioner. Generally, a pointer, such as a twig, metal rod or piece of wire is used. Nothing is precisely known about the basis of this art. Water diviners, where successful, have generally located small flows. However, water engineers do not depend on water diviners’ recommendations as reliability of the method does not have adequate scientific justification.

1.8.5 Test Drilling

The most reliable method of identifying the character of aquifer and non-aquifer formations beneath the earth’s surface is to drill test holes past them and obtain samples while drilling. A well log is a systematic record of the characteristic properties of the samples of subsurface materials obtained during the progress of drilling.

Test drilling is done to satisfy two objectives: (i) to explore the ground water resources of a region, and (ii) to obtain information on the geologic and ground water conditions of a well site prior to installing a regular well. Almost any well drilling method may be used for test drilling. However, in unconsolidated formations, cable tool and hydraulic rotary methods are the most common. The cable tool method is slower but provides more accurate samples from the bailer. The rotary method is faster but it is sometimes difficult to determine the exact character of the formation. This is particularly true where fine-grained materials are encountered, as they mix with the drilling fluid.

1.8.6 Geophysical Methods

Geophysical surveys provide direct evidence of the characteristics of subsurface formations with reference to their being aquifers or not. The methods do not measure the type of rock, its porosity, intrinsic permeability or mass density. They measure other properties of the formations which determine whether it may be adequately porous and permeable to satisfy the requirements of an aquifer.

Geophysical methods may be surface-type or borehole-type operations, depending on whether the measurements are done at or above the ground surface, or below the ground in drilled holes. The commonly used geophysical methods of ground water prospecting are the electrical resistivity method and the seismic refraction method.

Electrical Resistivity Method

Measurements of electrical resistivities of underground formations reveal certain specific aquifer characteristics. For instance, clean sand saturated with fresh water shows relatively high resistivity. A sandy layer containing clay shows a lower resistivity. By measuring the electrical resistivities of the two materials, the higher electrical resistivity of clean sand is interpreted to mean that it is a better aquifer than the sand having lower resistivity. Because various types of underground formations usually exhibit characteristic values of resistivity, strata of different materials can be broadly identified. Sands, gravels, and sandstones have high resistivity, compared to low resistivity materials such as clay and shales.

Electric Logging

A common bore-hole geophysical method is electric logging (Fig. 1.7). An electric log is a record of the apparent resistivities of underground formations and the spontaneous potentials generated in the bore hole, both plotted in relation to depth below the ground surface. These two properties are indirectly related to the characteristics of the formations and to the quality of ground water in them. The procedure is applicable only to uncased bore holes.
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Fig. 1.7 Electrode arrangement and electrical circuits for the two-electrode logging procedure

Many types of electrode arrangements are employed for electric logging. Instrumentation for electric logging varies from simple hand-operated portable equipment to truck-mounted and power-driven equipment. The type of equipment required depends on the depth of the hole and its diameter. For wells 300 to 1000 m deep, it is advantageous to have power-driven equipment. Shallow wells can be logged easily by manually operated portable equipment.

Interpretation of electric log data is influenced by the diameter of the bore hole, chemical quality of ground water, porosity of the formation and degree of mud intrusion into it, and the type of electrode arrangement used in the survey. An important variable in electric logging is the chemical quality of the ground water. The formation resistivity varies inversely with the dissolved solids content of ground water in the formation. A clean sand saturated with water having, say, 600 parts per million (ppm) dissolved solids, will show a formation resistivity about half that of the same sand containing water with 300 ppm dissolved solids.

Gamma-Ray Logging

Gamma-ray logging is based on measuring the natural radiation of gamma rays from certain radioactive elements that occur in subsurface formations. The log is a diagram showing the relative emission of gamma rays. The rays are measured in counts per second and plotted against depths below the surface (Fig. 1.8). The resulting curve is similar in appearance to the resistivity curve of an electric log.
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Fig. 1.8 Gamma-ray log and well log—a typical case

Equipment for gamma-ray logging is similar to that used for electric logging, except for the well probe and detecting device. Logs can be made using a suitable counter for the down-the-hole sensing unit. The counter at the ground surface converts the number of electric pulses per second, received from the probe, into voltages. The voltage is continuously recorded on a tape or film as the probe is pulled up the hole.

Gamma-ray logs can be obtained in cased and uncased wells. Thus, it can be used in situations where electric logging is not possible. Further, a gamma-ray log is not influenced by changes in water quality. So the log is valuable in identifying the position and thickness of clay formations where the alternating sand formations may contain saline water.

Electrical Resistivity Surveying

In electrical resistivity surveying, the measurements of earth resistivity are made from the ground surface. The relative values of electrical resistivity are interpreted in terms of the general geology of the subsurface to limited depths. Resistivity values are measured with four electrodes set in the ground. Electric current is applied to the ground through two of the electrodes and the potential drop across the other two is noted. A common arrangement is with the electrode equally spaced along a straight line (Fig. 1.9).
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Fig. 1.9 Definition sketch illustrating prospecting of ground water by electrical resistivity method

The apparent resistivity is computed on the basis of the potential drop, the applied current, and the electrode spacing. In most instruments the ratio of the potential drop to the applied current could be read directly as resistance in ohms. This value is referred to as the apparent resistivity of the lithosphere, down to a depth proportional to the electrode spacing. Apparent resistivity is the weighted average of the real resistivities of the individual strata within the range of resistance measurement.

Seismic Refraction Surveying

Seismic refraction surveying is based on the principle of differential rates of travel of shock waves through different earth materials. In denser materials, the shock waves travel faster. From field measurements of differences in velocity, the existence of different layers of subsurface materials are identified. The method is suitable only where the velocity of the shock wave increases with depth.

Shock waves are produced by setting off an explosive charge in a shallow hole, or by striking the ground with a heavy hammer. A seismograph is used to detect the time of arrival of the shock wave over a measured distance from the point of application of the shock. The velocity of the first part of the shock wave is then calculated. Comparison of shock wave velocities measured at various distances between the shock point and detector instruments enables characterization of subsurface geologic formations.

1.9 GROUND WATER QUALITY

The quality of ground water is an essential factor in determining its suitability for water supply and irrigation. Surface water is often turbid and contains considerable quantities of bacteria, whereas ground water is often free of suspended matter and bacteria. Ground water is usually clear and colourless and is therefore, normally superior to surface water from sanitary considerations. Ground water, however, has higher salt content than surface water, as slow moving water remains in contact with the substrata for longer periods, increasing the soluble mineral content until a condition of equilibrium is reached.

Water, being a universal solvent, carries minerals in solution which, though present in small quantities, determine its suitability for various purposes. The quantity and composition of the dissolved minerals in natural water depend upon the type of rock or soil with which it has been in contact or through which it has percolated, and the duration it has been in contact with these rocks. The quality of ground water may vary from place to place and stratum to stratum. It also varies from season to season. The requirement of quality of water for various purposes, such as drinking, industrial use and irrigation vary widely. The determination of suitability of ground water would involve a description of the occurrence of the various constituents and their relation to the use to which the water would be put. The water quality data also provide information about the geologic history of rocks, ground water recharge, discharge, movement and storage.

1.9.1 Definition of Terms

Some of the important terms used in ground water quality are defined as follows:

Electrical Conductivity (EC)

This is the reciprocal of electrical resistivity. Quantitatively, electrical resistivity is the resistance, in ohms, of a conductor (metallic or electrolytic) which is 1 cm long and has a cross-sectional area of 1 cm2. Hence, electrical conductivity is expressed as the reciprocal of ohm-centimetre, or mhos per centimetre. The term “electrical conductivity” and specific electrical conductance have identical meanings. The units commonly used for expressing electrical conductivity are as under:
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Leaching Requirement

The fraction of water entering the soil that must pass through the root zone in order to prevent soil salinity from exceeding a specified value.

Parts Per Million (ppm)

The results of a chemical analysis of water are usually reported in parts per million of the various substance present in the sample. One part per million (ppm) means one part in a million parts. As commonly measured and used, parts per million is numerically equivalent to milligrams per litre.

pH

The pH value of soil or natural water is a measure of its alkalinity or acidity. More accurately, the pH value is a measure of the hydrogen-ion concentration in water. Water molecules (H2O) have a slight tendency to break down into ions. Ions are atoms or groups of atoms carrying positive or negative electrical charges. The chemical formula H2O may also be represented as HOH. When a water molecule breaks down, it divides into a positive hydrogen ion (H+) and a negative hydroxyl ion (OH–). In distilled water, the concentration of H+ ions formed is expressed by a pH value of 7. (Mathematically this is the logarithm, to the base 10, of the reciprocal of the hydrogen-ion concentration of pure water). Thus, a pH value of 7 indicates a neutral solution, neither alkaline nor acid. A pH value of 7.5 to 8 usually indicates the presence of carbonates of calcium and magnesium, and a pH of 8.5 or above usually indicates appreciable exchangeable sodium.

Total Dissolved Solids

The total dissolved solids in a water sample include all solid materials in solution, whether ionized or not. It does not include suspended sediments, colloids, or dissolved gases. The total dissolved solids is the numerical sum of all dissolved solids determined by chemical tests. In general, the total concentration of dissolved salts (TDS) is an indication of the overall suitability of water. The quality of water for drinking and irrigation diminishes as the value of TDS increases. Figure 1.10 presents the broad delineation of ground water quality in India.
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Fig. 1.10 Map of India showing quality of ground water (Based on data generated by Central Ground Water Board)

The more important constituents affecting water quality have been divided into two groups: major constituents and minor constituents. The major constituents are the cations—calcium, magnesium, sodium and potassium; and the anions—carbonates, bicarbonates, sulphates, chlorides and nitrates. These occur in most waters. These constituents form the bulk of the dissolved salts and determine, to a very large extent, the quality of the water, with the exception of boron and, rarely, one or two of the minor constituents. The minor constituents include boron, silica, fluoride, nitrite, lithium, sulphide, phosphate, iron, aluminium, ammonia, hydrogen ion (as measured by pH) and organic matter.

1.9.2 Quality Criteria for Drinking Water

The most undesirable constituents of drinking water are those capable of having a direct adverse impact on public health. Water intended for human consumption must be free from organisms and concentrations of chemical substances that may be a hazard to health. The appearance, taste and odour of drinking water should be acceptable to consumer. The acceptability of drinking water to consumers is subjective and can be influenced by many different constituents. The concentration at which constituents are objectionable to consume is variable and dependent on individual and local factors, including the quality of the water to which the community is accustomed and a variety of social, environmental and cultural considerations. The standards for drinking water prescribed by the World Health Organization is the most accepted international standard on the potability of water. In addition many countries have established national standards for drinking water. In India, agencies like the Indian Council of Medical Research (ICMR), Bureau of Indian Standards (BIS) and Central Public Health and Environmental Engineering Organization (CPHEEO) have formulated drinking water standards which are being followed by different authorities. Table 1.5 presents the drinking water standards of different agencies.

TABLE 1.5 Drinking Water Standards
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1.9.3 Quality Criteria for Irrigation Water

Whatever may be the source of irrigation water, viz, river, canal, tank, open well or tube well, some soluble salts are always dissolved in it. The nature and quantity of dissolved salts depend upon the source of water and its course before use. The main salts in water, from irrigation point of view, are calcium, magnesium, sodium and sometimes potassium, as cations, and chloride, sulphate, bicarbonate and carbonate, as anions. However, ions of some other elements, such as lithium, silicon, bromine, iodine, copper, nickel, cobalt, fluorine, boron, zirconium, titanium, vanadium, barium, rubidium, cesium, arsenic, antimony, bismuth, beryllium, chromium, manganese, lead, molybdenum, selenium and phosphorus, and organic matter, are present in minor quantities. These elements usually do not affect the quality of irrigation water as far as the total salt concentration is concerned, but some ions, such as selenium, molybdenum and fluoride, if absorbed by plants in excessive amounts, may prove harmful to animal life when taken by them through drinking water, feed or forage. Among the soluble constituents, calcium, magnesium, sodium, chloride, sulphate, bicarbonate, and boron are of prime importance in determining the quality of irrigation water and its suitability for irrigation. However, other factors, such as texture and structure of the soil, its drainage characteristic, nature of the crop grown and climatological condition, are equally important in determining the suitability of irrigation water.

The suitability of a water for irrigation will be determined by the amount and kind of salts present. With poor water quality, various soil and cropping problems can be expected to develop. Special management practices may then be required to maintain full crop productivity.

The following are the most common problems that result from using poor quality irrigation water:

Salinity

A salinity problem related to water quality occurs if the total quantity of salts in the irrigation water is high enough for the salts to accumulate in the crop root zone to the extent that yields are affected. If excessive quantities of soluble salts accumulate in the root zone, the crop has difficulty in extracting enough water from the salty soil solutions. Reduced water uptake by the plant usually results in slow or reduced growth.

Permeability

A permeability problem related to water quality occurs when the rate of water infiltration into the soil and its movement through the soil are reduced by the effect of specific salts in water, to such an extent that the crop is not adequately supplied with water and its yield is reduced. Poor soil permeability makes it more difficult to supply the crop with water. It may add to cropping difficulties through crusting of seedbeds, waterlogging of surface soil and accompanying disease, salinity, weed, oxygen and nutritional problems.

Toxicity

A toxicity problem occurs when certain constituents in the water are taken up by the crop and accumulate in amounts that result in reduced yield. This is usually related to one or more specific ions in the water, namely, boron, chloride and sodium.

Miscellaneous

Various other problems related to irrigation water quality occur with sufficient frequency and should be specifically noted. These include excessive vegetative growth, lodging and delayed crop maturity resulting from excessive nitrogen in the water supply, white deposits on fruits or leaves due to sprinkler irrigation with high bicarbonate water, and abnormalities indicated by an unusual pH of the irrigation water.

1.9.4 Water Quality Criteria

Of the several factors influencing irrigation water quality, the generally accepted criteria for judging quality are: (i) total salt concentration, as measured by electrical conductivity, (ii) relative proportion of cations, as expressed by sodium adsorption ratio (SAR), and (iii) bicarbonate and boron contents.

The suitability of irrigation water (SIW) can be expressed as
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in which,

Q = quality of irrigation water

S = soil type

P = salt tolerance characteristics of the plant

C = climate

D = drainage characteristics of the soil

Some other factors, like the depth of water table, presence of a hard pan of lime or clay, calcium carbonate content in the soil, and potassium and nitrate ions in irrigation water, also indirectly affect the suitability of irrigation water. This is probably the main reason for the several classifications, varying in limits of salinity and other chemical indices. The soil type, major crops of the area, climate, and drainage characteristics profoundly influence the suitability of a particular water for irrigation. A highly saline water may be suitable in a well-drained, light textured, fertile soil, while a much less saline water may be more harmful for the same crop grown on a heavy textured soil with impeded drainage. It is the actual salt concentration near the root zone which determines the suitability of an irrigation water, rather than the chemical properties of irrigation water alone.

The quality of irrigation water is generally judged by its total salt concentration, relative proportion of cations or sodium adsorption ratio, and the contents of bicarbonate and boron.

Salinity. Irrespective of the ionic composition, the harmful effects of an irrigation water increases with its total salt concentration as it increases soil salinity significantly. Water of low salinity (EC < 3 dS/m) are generally composed of higher proportions of calcium, magnesium and bicarbonate ions. Highly saline water (EC > 10 dS/m) consist mostly of sodium and chloride ions. Moderately saline (EC = 3 to 9 dS/m) water has varying ionic compositions. Water containing high concentrations of sodium, bicarbonate and carbonate ions have high pH.

Sodium adsorption ratio (SAR). Any increase in the SAR of irrigation water increases the SAR of the soil solution. This ultimately increases the exchangeable sodium of the soil. Generally, there is a linear relationship between SAR and exchangeable sodium percentage (ESP) of the soil upto moderate ESP levels. At high ESP levels the relationship tends to be curvilinear.

In judging the suitability of irrigation water, both salinity and SAR should be kept in view along with the salinity and sodicity developed during the cropping period. Salinity increases the osmotic stress while adsorption of sodium is increased both by salinity and SAR.

Magnesium calcium ratio. At the same level of salinity and SAR, but with varying proportions of calcium and magnesium, adsorption of sodium by soils and clay minerals is more at higher Mg:Ca ratios. This is because the bonding energy of magnesium is generally less than that of calcium, allowing more sodium adsorption. It suggests that soil sodicity would increase at the same SAR if the water contains a higher proportion of magnesium to calcium. Thus, it is desirable to analyse both calcium and magnesium in irrigation water separately in order to predict the soil sodicity hazard more accurately. It is more important if the Mg:Ca ratio in irrigation water happens to be more than 4.

Bicarbonate. Irrigation water rich in bicarbonate content tend to precipitate soluble calcium and magnesium in the soil as insoluble carbonates:
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This leaves a higher proportion of sodium to divalent cations in the soil solution and increases the SAR. This bicarbonate-induced increase in the SAR of the soil solution ultimately results in higher adsorption of sodium on the soil exchange complex. Residual sodium carbonate (RSC) is used to assess the sodicity of carbonate and bicarbonate rich waters.

Boron. Though boron is an essential nutrient for plant growth, it becomes toxic beyond 2 ppm in irrigation water, for most field crops. It does not affect the physical and chemical properties of the soil but, at high concentrations, it affects the metabolic activities of the plant.

Potassium and nitrate. Potassium and nitrate ions are often present in significant amounts in irrigation water. Being essential nutrients, they act favourably in reducing the harmful effect of saline water on crop growth by providing these nutrients regularly, rather than by reducing soil salinity. Among these, the effect of the nitrate ion has been found more spectacular than potassium because irrigated soils are themselves deficient in nitrogen status and are generally well supplied with potassium. Regular supply of nitrate helps in mitigating the salt-induced nitrogen deficiency and increasing crop productivity.

1.9.5 Classification of Irrigation Water

Several classifications of irrigation water have been proposed in India and abroad, on the basis of their chemical characteristics and effect on crop growth. Amongst these, the classification proposed by the United States Soil Salinity Laboratory (USSSL) staff is widely used because it includes both the factors of salinity and sodium hazard (Richards, 1954). However, such a system is not very suitable under Indian conditions as water of greater salinity levels than the highest limit proposed by the USSSL staff are being successfully used in some areas of Haryana and Rajasthan.

Based on extensive research in different argo-ecological regions of India, Central Soil Salinity Research Institute (CSSRI), Karnal (Minhas and Samra, 2003) proposed the classification of ground water for irrigation into different groups and sub-groups as given in Table 1.6. Since each sub-group needs specific treatment and practices, this classification also serves the purpose of planning their development and management at micro level.

TABLE 1.6 Grouping of Ground Waters for Irrigation in India
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1.9.6 Water Quality Guidelines for Irrigation

The suitability of specific water for irrigation depends on soil, climate, crop etc. and the other management practices followed. Therefore, broad guidelines for assessing the suitability of irrigation waters have been suggested by Central Soil Salinity Research Institute (CSSRI), Karnal (Table 1.6). The recommended guidelines for utilizing poor quality water for their wide applicability in different agroecological zones of India are given in Table 1.7 (Gupta, 1998). For meeting site specific water quality objectives, factors like water quality parameters, soil texture, crop tolerance and rainfall have been given due considerations. Some of the suggestions added to these guidelines include use of gypsum for saline water having SAR > 20 and Mg:Ca > 3 and rich in silica; fallowing during rainy season when SAR>20 and higher salinity waters are used in low rainfall areas; additional phosphorus application especially when Cl: SO4 ratio is > 2.0; canal water preferably at early growth stages including pre-sowing irrigation for conjuctive use with saline water; putting 20 per cent extra seed rate and quick post-sowing irrigation (within 2 – 3 days) for better germination; when ECiw (Electrical conductivity of irrigation water) < ECe (Electrical conductivity of saturation extract) (0 – 45 cm Soil at harvest of rabi crops), saline water irrigation just before the onset of monsoon; use of organic material etc. For soils having (i) shallow water table (within 1.5 m in kharif) and (ii) hard sub soil layers, the next lower ECiw/alternate modes of irrigation (canal/saline) is applicable.

TABLE 1.7 Guidelines for using Saline Irrigation Waters in India
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1.10 TYPES OF WATER WELLS

Diverse geological formations require different types of wells for tapping ground water for irrigation and water supply. The choice of the type of well for irrigation is influenced by the size of farm holdings and the relative preference given to private, cooperative and public wells. Broadly, water wells may be divided into three categories, namely, dug wells, dug-cum-bore wells, and tube wells. Tube wells may be deep or shallow.

1.10.1 Dug Wells

Dug wells comprise of open surface wells of varying dimensions dug or sunk from the ground surface into the water-bearing stratum. They may be circular or rectangular in cross-section. Usually, two types of wells are constructed: masonry (lined) wells and unlined wells in the hard rock. A typical masonry well, usually constructed in alluvial or semi-consolidated formations, has a masonry steining wall sunk in sub-soil by applying static weight with sand bags and simultaneously scooping out earth from inside. A typical dug well constructed in a hard-rock formation is usually an open excavated pit through the top soil and weathered rock. The top portion along the soil mantle is usually lined with bricks or stones. The well taps water from the sides as well as from the bottom, and is generally large to provide for storage of water.

1.10.2 Dug-cum-Bore Wells

Dug wells are frequently bored through the bottom to augment their yield. These are referred to as dug-cum-bore wells.

In sedimentary formations, boring consists essentially of drilling a small bore of diameter usually ranging from 7.5 cm to 15 cm, through the bottom of the well, and extending the bore down to a layer of good water-bearing formation to tap that aquifer. Bores are made by percussion or calyx rigs or down-the-hole rigs.

1.10.3 Tube Wells

A tube well consists essentially of a bore hole drilled into the ground for tapping ground water from the pervious zone. Tube wells constructed in India may be broadly divided into three categories: (i) shallow tube wells; (ii) deep tube wells; and (iii) bore wells.

Shallow Tube Wells

A tube well in a sedimentary formation, not exceeding 60 to 70 m in depth, is called a shallow tube well. They are lined with pipes usually made of mild steel, rigid PVC or other types of pipes. Shallow tube wells are usually privately owned by individual farmers.

Deep Tube Wells

Deep tube wells usually extend to depths of 100 m or more and are designed to give a discharge of 100 to 200 m3/h. These are usually drilled by direct rotary or reverse circulation rigs, except in boulder formations where percussion or rotary-cum-percussion rigs have to be used. They operate round the clock during the irrigation season. Usually, deep tube wells in India are constructed as artificially gravel packed wells. Slotted steel tubes are mainly used as screens and it has hitherto not been possible to cut satisfactory slots of width less than 1.6 mm on these tubes. Deep tube wells in India are usually owned by the Government or public sector organizations like state tube well corporations.

Bore Wells

Tube wells in hard rock areas are called bore wells because the bore hole is able to hold on its own in the bottom portion and a tube is pushed only in the upper weathered zone. These wells usually depend on joints, fissures and fractures in rock formations for their water supply. Even with a heavy drawdown of 20 to 30 m, such wells are usually not able to yield more than 5 to 10 m3/h, except when they tap some embedded water bearing strata.

1.11 GROUND WATER RESOURCE ASSESSMENT

Ground water is replenishable resource, the quantification of which is of paramount importance for drawing plans for its utilization, management and conservation. Excessive ground water development during recent years had shown that the resource is not inexhaustible as is evidenced by the continuous water level decline in some parts of the country. Although the situation is not alarming, the need for an appraisal of ground water resource is apparent. Since 1970 AD, extensive availability of credit facilities, through the National Bank for Agriculture and Rural Development (NABARD) and Commercial and Land Development Banks for well sinking programmes and installation of pump sets and energization by the Rural Electrification Corporation, has given an impetus to ground water development. Rapid industrialization and rural and urban water supply programmes have also given rise to heavy withdrawal of ground water in localized areas. Even in areas where there is surface water irrigation under the various major, medium and minor irrigation projects, ground water is playing in increasingly important role in supplementing the irrigation water by conjunctive use of ground water with surface water.

A significant breakthrough in ground water development came around the year 1965 with the development of high yielding varieties of crops. It was realized that ground water development was essential for providing controlled and assured supply of water needed for irrigation of these crops. It is well recognized that ground water is an important and assured source of water than surface water sources which are affected seriously during periods of drought and erratic rainfall. The ground water resources are dynamic in nature, as they grow with the expansion of canal irrigation.

1.11.1 Poor Quality Ground Water Resources

No systematic attempts have been made so far in the country to arrive at the estimates of saline ground water resources. Gupta et al (1994) prepared a map of ground water quality for irrigation, which has been the first approximation in the country (Fig. 1.11). Four legends have been used in mapping the ground water quality. These are good water [image: Image] and [image: Image]), saline water [image: Image] and [image: Image]), high SAR saline water ([image: Image] and [image: Image]) and alkali water [image: Image], [image: Image] and [image: Image]
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Fig. 1.11 Ground water quality for irrigation (First Approximation)
Source: Gupta et al. (1994)

Ground water surveys have shown that about 41 to 84 per cent of the well waters in the north west states of India are brackish. Vertical as well as lateral variation in ground water quality are encountered even at short distances. Higher salinity ground waters are mostly encountered in arid parts of northwest states like Rajasthan, Gujarat and Haryana (Minhas & Tyagi, 1998). The Central Ground Water Board approximated that the total area underlain with saline ground water in India (EC > 4 dS/m) is 19.34 m ha (GWREC, 1997).

1.12 STATUS OF GROUND WATER DEVELOPMENT IN INDIA

In India, the use of ground water through dug wells may be traced back to pre-historic times. The first large-scale venture in scientific planning and development of ground water was undertaken in India in 1934 when a project for the construction of about 1500 tube wells in the Indo-Gangetic basin in Uttar Pradesh was initiated. The rapid stride in ground water use for irrigation in India commenced in the beginning of Five Years Plans in 1951. The growth has, however, been so phenomenal that, of the total ground water draft, about 90 per cent is accounted for by irrigation alone.

There has been large scale increase in the growth of ground water abstraction structure. During the period 1951–97, the number of dug wells increased from 3.86 million to 10.12 million, that of shallow tube wells from 3.00 to 5.38 million and public tube wells from negligible to 68000. The number of electric pump sets has increased from negligible to 9.34 million and the diesel pump sets from 6000 to 4.59 million. During the period 1951 to 1997 the ground water based irrigation potential steadily increased from 6.5 million hectares to 41.99 million hectares. The ultimate irrigation potential from ground water is estimated as 64 million hectares.

The estimated annual replenishable ground water potential of India is about 43.2 million ha-m, keeping a provision of 7.1 million ha-m of ground water for drinking, industrial and other uses, 36.1 million ha-m is available for irrigation. Besides this, about 1081.2 million ha-m of ground water is available as static ground water resource below the zone of water level fluctuation (Sharma, 2001). The National Water Policy forbids the utilization of this static reserve. The net draft in 1998 was 13.5 million ha-m. The stage of ground water development in various States and Union Territories of India is shown in Table 1.8. There is a wide scale variations in stage of ground water development among states. In Punjab, 99 per cent of the annual replenishable recharge available for irrigation has been tapped. The other states, where percentage of development is more than 50 per cent are Haryana (75 per cent) and Rajasthan (73 per cent). The states with level of development less than 10 per cent are Goa (8.3 per cent), Assam (7.5 per cent), Chattisgarh (5.6 per cent) and Jammu & Kashmir (1.1 per cent). The average stage of ground water development at national level is 37.2 per cent.

TABLE 1.8 Ground Water Resource of India (as on 01.04.98)
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Inspite of national scenario on availability of ground water favourable, there are certain areas in country facing the serious problem of declining water table because of over exploitation of ground water resources. Decline in water table of more than 4 m has been observed during the last twenty years in many states of India. A list of district in different States of India with decline of more than 4 m has been recorded during the period 1982 to 2001 is given in Table 1.9. The decline in water table can be checked by adopting suitable technologies to reduce ground water draft and increase ground water recharge.

TABLE 1.9 List of Districts in India with more than 4 m Fall in Water Table During 1982-2001 (Pre-monsoon Period)
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1.13 ARTIFICIAL RECHARGE OF GROUND WATER

Artificial recharge is the process by which the ground water reservoir is augmented at a rate exceeding that under natural conditions of replenishment. Any man-made scheme or facility that adds water to an aquifer may be considered to be an artificial recharge system. The basic purpose of artificial ground water recharge is to replenish the ground water to check decline in water table, conserve water for future use, control of salt-water encroachments etc. Most commonly used artificial recharge methods can be classified as (a) direct, (b) indirect, and (c) combination. The various artificial recharge techniques commonly used under these groups are shown in Table 1.10 (CGWB, 1994).

TABLE 1.10 Artificial Recharge Methods
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1.13.1 Direct Method

The direct methods include surface spreading, sub-surface techniques and combination of surface and sub-surface techniques.

Surface Spreading Techniques

Ground water recharge by surface spreading method means infiltration of water from surface of the soil through the vadoze zone to the saturated part of the aquifer. The downward movement of water is governed by a number of factors such as vertical permeability of the vadoze zone, presence or absence of limiting layers having, low vertical permeability and influence of physical, chemical and bacteriological processes. The requirement of successful recharge through spreading method are: (i) sufficiently thick permeable unconfined aquifer; (ii) permeable surface soil to maintain high infiltration rate; (iii) permeable vadoze zone free from clay lenses; (iv) sufficiently deep ground water level to accommodate the water table rise without causing waterlogging; (v) moderate hydraulic conductivity of aquifer material; and (vi) gently slopping land without gullies or ridges.

Surface water spreading techniques can be broadly classified as (i) flooding; (ii) ditch and furrow method; (iii) recharge basins; (iv) percolation tanks; (v) stream modification; (vi) conservation of water resources in agriculture field; and (viii) soil and water conservation works.

Flooding. This method is the least costly of all water spreading methods. In this method, the surplus water from the canal or stream is diverted to the adjoining areas through a delivery canal. Embankments are made on two sides of the area to ensure proper contact time and water spread, as well as to put back the unutilized surface water to the canal/stream downstream side. In addition to the requirements for spreading method, described above, the specific requirements of this technique is the availability of sufficiently large area adjacent to the canal/stream, which is normally not used for any other purpose and can be legally acquired.

Ditch and furrow method. This system is used only in case of irregular topography, where flooding is not possible. The water from stream is diverted to the ditches through delivery canal/supply ditch to a net work of ditches spread in the area. Excess water from the ditches is diverted back to the canal/stream.

Recharge basin. The basins used for artificial ground water recharge are either excavated or enclosed by dykes or levees (Fig. 1.12). They are commonly built parallel to streams or at other locations to which the water can be diverted from the recharge source. In alluvial areas, multiple recharge basins are generally constructed. This system has number of advantages such as efficient use of space and reduction in suspended matter when water flows from upstream basin to downstream basin. The specific characteristics and design guidelines are as under:
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Fig. 1.12 Schematic sketch showing the layout of recharge basins

(i) The bottom of individual basins should be sufficiently wide to permit movement of scrapers for desilting operation,

   (ii) The inlet and outlet of the basin should be diagonally opposite to permit adequate water circulations in individual basin,

  (iii) Water released to the basin should have minimum sediment,

  (iv) The infiltration capacity can be improved by alternate loading and unloading, periodic scraping of top surface layer etc.,

   (v) The design of the basin may be based on actual infiltration studies.

Percolation tanks. Percolation tanks are small water harvesting structures created by making low elevation stop dams across streams or located adjacent to a stream by excavation and connected to the stream by delivery canal. The requirements of successful recharge operation through percolation tanks are:

(i) High permeability of rocks coming under submerged areas,

   (ii) Uniform degree and extent of weathering of rocks,

  (iii) Sufficient rainfall ensuring filling of percolation tank every year,

  (iv) Light sandy soils in catchment area to avoid silting up of tank bed,

   (v) The size of catchment may vary from 2.5 to 8 sq. km,

  (vi) Existence of good phreatic aquifer with lateral continuity upto percolation tank,

 (vii) Adequate number of ground water structures in the benefited zone of percolation tanks to fully utilize the additional recharge.

Stream modification. The recharge through the natural streams/drains can be increased by determining the stream flow and stream bed area in contact with water. The methods used include provision of low head check dams allowing flood flows passing over them (Khepar et al. 2000a), and construction of L-shaped levees in the stream bed allowing the passage of flow in a zig zag manner, before the start of rainy season. This method has been successfully used in alluvial areas, but also can be used in hard rock areas in case of weathered rocks.

Conservation of water resources in agriculture fields. The declining water table can be controlled either by reducing the ground water draft and/or increasing the ground water recharge. Both these objectives are achieved by conservation of rainfall and/or surplus canal water during rainy season in paddy/sugarcane fields. The water conserved in the field meet partial requirement of irrigation and thus decreases the ground water draft as well as increases the ground water recharge. The studies carried out at Punjab Agricultural University (Khepar et al. 2000b) have revealed that in case of paddy fields an effective dike height of 15.0, 17.5 and 20 cm under light, medium and heavy soils respectively are useful to conserve more than 95 per cent of the rainfall during the rainy season.

The run off conservation structures such as check dams, gully plugs, bench terracing, contour bund, improved agronomic practices etc. induce more infiltration and enhance ground water recharge. These works act like water spreading measures to recharge ground water.

Sub-surface Techniques

The sub-surface techniques are used to recharge the confined aquifer, as the same cannot be recharged by infiltration from soil surface due to the intervening impervious layers lying between the unconfined and confined aquifer. Commonly adopted sub-surface techniques include: (i) injection wells; (ii) gravity head recharge wells; (iii) connector wells; (iv) recharge pits; and (v) recharge shaft.

Injection wells. Injection wells are tube wells in which the treated surface water is pumped in for recharging the confined aquifer (Fig. 1.13). This technique is advantageous when there is a limitation of space as in urban area and also in coastal regions to arrest the ingress of sea water. Their construction is similar to gravel packed pumping wells tapping a single or multiple aquifers. The only difference is that the upper section of the well is plugged with cement to prevent leakage of pressure from annular space of borehole and well assembly. The injection wells get clogged. To prevent the clogging, the recharge water should be properly treated for removal of suspended material and harmful bacterias. The quality of surface water to be recharged should satisfy the criteria laid down for drinking water. Periodic re-development is required to maintain the recharge rate.

[image: Image]

Fig. 1.13 Injection well technique
Source: CGWB, 1994

The recharge well can be used as recharge-cum-pumping well. It should be designed to fully penetrate the aquifer to avoid additional head loss due to partial penetration.

Gravity head recharge wells. Ground water can be recharged by directing the surface water to bore wells, tube wells and dug wells. The aquifer is recharged under gravity head. The recharge head available is the elevation difference between the surface water level in feeder reservoir and elevation of water table or piezometric head. The recharge rate is obviously much less as compared to recharge through injection wells. The abandoned wells, which were giving good yield, prove more suitable for ground water recharge as compared to poor yielding wells. Only properly filtered and disinfected water should be used for recharge. The water should be diverted to the well through a conductor pipe to avoid impact waves, air locking etc.

Connector wells. Connector wells are used for ground water recharge from one aquifer to another. The aquifers having higher heads start recharging aquifers having lower heads. Usually deeper aquifers are recharged from phreatic aquifer. Thus connector well connects all the aquifer zones encountered while boring.

Recharge pits. The recharge pits are used for ground water recharge when the phreatic aquifers are not hydraulically connected with surface water due to the presence of impermeable low/permeable layers or lenses, which restricts the infiltration of surface water into the aquifer. The recharge pits (Fig. 1.14) recharge through the vadoze zone and may not necessarily penetrate or reach the unconfined aquifer as required in case of gravity head recharge well. The water used for recharge should be as silt free as possible. It will be desirable to provide a thin layer of filter at the bottom of the pit to avoid clogging of permeable strata.
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Fig. 1.14 Sectional view of a recharge pit

Recharge shaft. The recharge shaft is similar to recharge pit but smaller in diameter (Fig. 1.15). It is suitable when the water table aquifer is overlain by poorly permeable strata. In case of shallow depth and non-caving type strata, the recharge shafts can be excavated manually, while for greater depth it can be drilled by reverse/direct rotary drilling rig. The diameter may vary from 0.8 m (drilled shaft) to about 2.0 m (manually excavated). The difference between a recharge well and shaft is that the shaft ends in more pervious strata below confining layer, without touching the water table, while the recharge wells penetrates the entire confined aquifer. The shallow shafts are backfilled by inverted filter comprising boulders and top few metres by gravel and sand filter. The deeper shafts are lined and not necessarily completely backfilled. Only a few metres at the bottom may be filled with gravel followed by sand filter.
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Fig. 1.15 Sectional view of a ground water recharge shaft at the bottom of a canal/pond, partially penetrating the permeable material underneath

1.13.2 Indirect Methods

The indirect methods include (i) induced recharge; (ii) aquifer modification; and (iii) ground water conservation techniques.

Induced recharge. The artificial recharge from surface water, hydraulically connected with aquifer can be induced by pumping ground water through wells, collector wells and infiltration galleries, the choice of which depends upon the geohydrological condition of the area.

Aquifer modification. The aquifer modification technique such as bore well blasting and hydrofracturing modify the aquifer characteristic enhancing its capacity for ground water recharge. Thus these techniques are also artificial yield augmentation measures, rather than artificial recharge measures. Moreover, these techniques are not only used to increase the yield of the production wells, but also in the surrounding areas to increase the inflow. These techniques are used in hard rock areas.

Ground water conservation techniques. The most common ground water conservation technique is ground water dam/under ground Bandharas (Fig. 1.16). In this method a sub-surface barrier across a nala (seasonal torrent) bed, stream, micro watershed etc. is constructed to store the water flowing below ground surface in its upstream. Thus, the ground water going out of the basin is arrested and stored within the aquifer. The conditions for adoption of this technique are: (i) the stream is hydraulically connected with phreatic aquifer, (ii) the valley is well defined, and wide with narrow outlet (bottle necked), (iii) the unconfined aquifer occurs within shallow to moderate depth (10 to 20 m) below ground level, and (iv) adequate thickness (minimum 5 m) of aquifer underlying the site is available.
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Fig. 1.16 Schematic view (in section) of a sub-surface dam
Source: Based on Central Ground Water Board (1994)

1.13.3 Combination Methods

Under certain hydrological situations a combination of surface and sub-surface recharge methods can be used to enhance the ground water recharge. The combination methods include recharge basin with shaft and induced recharge with connector wells. The recharge basins with shafts are used when rocks exposed on the bottom of the basins are not permeable enough to allow the stored water to infiltrate at a fast rate. Induced recharge with connector wells is suitable in areas comprising of multiple aquifer system existing adjacent to perennial river. In this case connector wells connect the two aquifers.

1.13.4 Selection of Recharge Methods

The selection of suitable recharge method depends upon the hydrogeological characteristics of aquifers, soil characteristics, availability of recharge water, sediment load in recharge water, fluctuations in water levels, rate of discharge and cost/availability of funds. Table 1.11 summarizes the relative suitability of the various types of recharge methods as per topographic and physiographic features.

TABLE 1.11 General Suitability of Recharge Methods
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1.14 CONJUNCTIVE USE OF GROUND WATER WITH CANAL WATER

Several existing canal irrigation systems suffer from inadequate supplies. The available supply in most canal systems in northern India, for instance, is often less than half the amount needed for intensive agriculture. The total quantity of irrigation water is neither adequate nor supplied satisfactorily and in time. This calls for combined or conjunctive use of surface and ground water, wherever possible.

The conjunctive use of surface and ground water can take the form of augmenting canal supplies by direct pumping of ground water through augmentation tube wells or the direct use of ground water during periods of low canal supplies or canal closures. It can also take the form of irrigating a part of the canal command area exclusively with ground water.

Conjunctive use of surface and ground water has been in practice in India to a limited extent. The practice has been prevalent in the Cauvery delta in Tamil Nadu, the Godavari and Pravara canal systems in Maharashtra, the Ganga Canal in Uttar Pradesh and the Western Jamuna Canal in Haryana and in parts of Punjab. In the Cauvery delta, privately owned filter points have been constructed on a large scale to raise paddy seedlings early in June before the canal system is opened. This facilitates the timely growing of the first paddy crop as well as the timely sowing of the second crop. The filter points also provide irrigation to the rice crop after the canals are closed, thus ensuring a rich harvest. Some farmers also raise summer crops of cotton or groundnut with the help of filter points and give irrigation support to sugarcane crops. Under the Pravara and Godavari canal systems in Maharashtra, a large number of open masonry wells have been constructed by farmers, to supplement canal supplies for growing sugarcane. In Uttar Pradesh, conjunctive use of surface and ground water started as early as 1930, when batteries of tube wells were installed in the tail end of some of the distributaries of the Ganga Canal in Meerut district to meet the great demand for water during periods of low canal supply.

Conjunctive use of surface and ground water may be planned to augment canal supplies, combat waterlogging and facilitate irrigation with poor quality ground water. In the Western Jamuna Canal System in Haryana, tube wells have been constructed along the canal bank to augment canal supplies and lower the ground water table. In countries like Israel and the USA, saline ground water has been used for irrigation, to a limited extent, after diluting with good quality surface water. There is scope for adopting such practices in certain areas of Gujarat, Punjab and Rajasthan where the ground water is brackish.

1.15 LEGAL ASPECTS OF GROUND WATER MANAGEMENT

With the increased use of ground water in irrigation and water supply, the need to regulate its use is becoming increasingly important. Unrestricted abstraction of ground water from an area may lead to its exhaustion. It is necessary that there should be a distinct relationship between the use of ground water and its recharge. In general, the optimum level of ground water extraction is between 70 and 80 per cent of the annual recharge. Further, a well constructed near an existing one, may withdraw the percolating water from the existing well, thus reducing its discharge substantially. There is close interaction between ground water and surface water. It is necessary to prevent pollution of ground water. In irrigation project planning, incorporation of suitable schemes for the conjunctive use of surface and ground water to effectively utilize the water resources of the command area are essential.

In India, statutory provisions for regulating ground water exist only to a very limited extent. Amongst the old laws, only the Irrigation Act of Mysore contained provisions for control by the State, over the construction of wells in areas where public irrigation works are constructed. Under the Act, the State Government notifies such areas. Thereupon, no person can construct any well in the areas without the prior sanction of the Government. The Model Irrigation Bill 1976, prepared by the Ministry of Irrigation, Government of India, in collaboration with the Indian Law Institute, provides for the declaration of certain areas for irrigation works, and a ban on the construction of wells in the area, except with the previous permission of the State Government. Wells which are exclusively for domestic use are exempted from the provisions of the Act. The Punjab Tubewells Act, 1954, provides for the construction and maintenance of state tube wells and supply of water from them.

As the Centre lacks legislative jurisdiction to enact legislation to regulate and control the development and management of ground water it formulated a Model Bill (the first one in 1970, the second in 1992 and third in 2005) and addressed it to all States for possible adoption. It provides for establishment of a Ground Water Authority. The 1970 Bill sought to introduce a licensing mechanism by which the prescribed authority could prohibit a landholder or landowner from constructing wells exceeding a prescribed depth except according to the terms and conditions mentioned therein. The Ground Water Authority was authorized to grant permit for sinking wells for purposes other than domestic use taking into account the availability of ground water. The Ground Water Authority has been vested with the powers to cancel any permits, registrations or licences issued by it. The Authority has been empowered to take legal measures to enforce the legislation.

The 1992 Bill also proposes to establish a Ground Water Authority for the development of ground water. The Bill extended the coverage to all uses including drinking and domestic use and granted exemption for small and marginal farmers from obtaining prior permission of Ground Water Authority for construction of wells provided the well water is to be used exclusively for personal purposes and not for commercial purposes. The bill also provides for registration of existing users and prohibits sinking of new wells in notified areas by the Authority. The Bill contains provision for control over use of ground water through permits, certificate of registration and licence and establishment of ground water notified areas.

In 1997, the Ministry of Environment and Forests constituted Central Ground Water Board as Authority under the Environment (Protection) Act 1986 for the purpose of regulation and control of ground water development and management. The Authority exercises powers under various sections of this Act and regulate indiscriminate boring and withdrawal of ground water in the country and issue necessary regulatory directions with a view to preserve and protect the ground water. In areas of depleting ground water resources, stringent measures are being adopted to check further depletion/pollution of the resource. These include declaration of “Notified Area”, permission of Authority for installation of new tubewells in “Notified Area”, prohibition on extraction of ground water for commercial purposes, registration of all the existing ground water structures in the “Notified Area” etc.

The Bill 2005 empowers Ground Water Authority for grant of permit to extract and use ground water in notified areas, registration of existing users in notified areas, registration of users of new wells in non-notified areas and registration of drilling agencies. The Authority is also empowered to cancel the permit or certification of registration in case of non-compliance with the conditions stipulated at the time of grant of permit or certificate of registration. The Authority has been conferred extensive powers to enter any property, inspection of well, taking specimens of soil from the well, directing the user of ground water to install water measuring devices or ground water abstraction structure, seeking of information from ground water users, seizing of mechanical equipment used for illegal sinking, etc.

It also empowers Ground Water Authority to issue directives for constructing appropriate rain water harvesting structures in all residential, commercial and other premises having an area of 100 sq. m. or more and take steps for promoting Mass Awareness and Training Programme on Rain Water Harvesting and Artificial Recharge to ground water through government agencies/non-government agencies (NGOs)/volunteer organizations (VOs)/educational institutions/industries/individuals.

The National Water Policy (MOWR, 1987) of the Government of India envisages that planning and development of water resources be governed by national perspectives. In the planning and operation of water resources utilization systems, water allocation priorities have been identified in the following order: drinking water, irrigation, hydro-power, navigation and industrial and other uses. In the planning, implementation and operation of projects, the preservation of the quality of environment and ecological balance are to be given primary consideration. The planning of projects in hill areas shall take into consideration the need to provide drinking water, possibilities of hydro-power development and effecient irrigation system design.

In 2002, the National Water Policy-1987 was revised in view of emergence of many new challenges in the development and management of water resources. The National Water Policy (MOWR, 2002) emphasizes integrated water resources development and management for optimal and sustainable utilization of the available surface and ground water, creation of well-developed information system, use of traditional methods of water conservation, non-conventional methods for water utilization and demand management. The revised policy, integrates quantity and quality aspects as well as environmental considerations for water through adequate institutional arrangements. Besides, ‘ecological needs’ have been assigned due priority in water allocation. Greater emphasis has been laid on water quality aspects. The policy also stresses involvement of people in project planning and participatory approach in water resources management. On ground water development, the policy emphasizes on need for periodical reassessment of ground water potential, regulation of ground water so that exploitation does not exceed the recharging possibilities, to ensure social equity, integrated and coordinated development of surface water and ground water resources and their conjunctive use and the need to avoid over exploitation of ground water near the coastal areas to prevent the ingress of sea water into fresh water aquifers. The ground water recharge projects should be developed and implemented for improving both the quality and availability of ground water resources.

National Agriculture Policy (MOA, 2000) also promotes rational utilization and conservation of country’s abundant water resources according to highest priority to conjunctive use of surface and ground water and focusing on problems of water quality and declining ground water levels.

1.16 GROUND WATER POLLUTION

Water pollution is an undesirable change in physical, chemical or biological characteristics that may or will harmfully affect human life or that of desirable species or industrial processes, living conditions or cultural assets or that will waste or deteriorate our raw material resource.

The sources of ground water pollution are many and varied. Pollution by disease causing microorganisms occur when human and animal waste containing virus, bacteria and parasites come into contact with ground water. Chemical pollutants can leach into ground water from a variety of sources including hazardous water dumps, sewage, land-treatment sites, injection wells, indiscriminate solid waste disposal. percolation of pesticides and fertilizer from agricultural field and accumulation of industrial waste water on land.

The incidence of ground water pollution is highest in urban areas where large volume of water are concentrated and discharged into relatively small areas. The ground water contaminated, however, is detected only sometime after the sub-surface contamination begins. Fig. 1.17 shows major activities contributing to ground water pollution. The state-wise identified districts having problem of ground water pollution is given in Table 1.12.
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Fig. 1.17 Major sources of ground water contamination

To prevent water pollution, many countries have enacted suitable legislation. For instance, in India, various regulatory and legal measures have been taken over past 30 years. These include the enactment of the water (Prevention and Control of Pollution) Act, 1974 amended in 1988; the Water (Prevention and Control of Pollution) Cess Act, 1977, amended in 1991, the Environment (Protection) Act, 1986. In 2001, the Ministry of Environment & Forests (MOEF), constituted the Water Quality Assessment Authority under the Environment (Protection) Act, 1986 with a view to monitor and take appropriate action for protecting the quality of National Water Resources.

TABLE 1.12 Ground Water Pollution in India
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SHORT QUESTIONS

I. State True (T) or False (F).

1. Amongst the different components of water resources, ground water resource is the most widely distributed, dependable and pure.

2. The total amount of water contained in the earth can be increased or decreased.

3. A ground water aquifer is a porous formation below ground that will yield enough water for economical use.

4. In general, the shape of the water table tends to follow the topography of the ground surface.

5. The piezometric surface is analogous to the water table in unconfined aquifer.

6. In general, higher the porosity, higher is the permeability.

7. Moisture content of a soil can exceed porosity.

8. Clay can hold as much water as the sand can.

9. The capillary fringe will be more in sands than clays.

10. The porosity of sand is more than clay.

11. A phreatic aquifer is also called a water table aquifer.

12. A perched aquifer is a special case of confined aquifer.

13. A semi-confined aquifer is completely saturated aquifer.

14. The hydraulic conductivity of semi-pervious layer is more than semi-confined aquifer.

15. The water held to surface of soil particles by surface tension is called hygroscopic water.

16. Sedimentary rocks are formed from eruptive rocks.

17. Basalt is a form of volcanic rock.

18. Crystalline rocks are good water bearers.

19. About 60 per cent of the rainfall in most parts of India is contributed by south-west monsoon.

20. The depth of the water table fluctuates from season to season.

21. The piezometric head in a leaky aquifer is always greater than the phreatic head.

22. The leaky aquifer is bounded above by a semi-pervious layer.

23. The unconsolidated formations account for about 40 per cent of total usable ground water resources of India.

24. The major part of India consists of hard rock formations.

25. The rocks in consolidated formations have plenty of ground water.

26. The flow and storage of ground water in hard rock is due to secondary porosity.

27. Geophysical investigations give direct evidence of aquifer presence.

28. Geophysical methods are used as surface techniques only.

29. Test drilling is more reliable than geophysical methods to learn about the character of the formation.

30. Clean sand saturated with fresh water shows relatively high resistivity.

31. The cable tool method is slower but provide more accurate information about the formation.

32. Electric logging is applicable only to cased bore holes.

33. Water divining is the art of detecting under ground water by dowsing rod.

34. Gamma-ray logging is influenced by changes in water quality.

35. In denser material the shock wave travel faster.

36. A seismograph shows the time of arrival of shock wave over a measured distance from the point of application of the shock.

37. Ground water has lower salt content than surface water.

38. A pH value of 8 indicates acidic solution.

39. Parts per million is numerically equivalent to milligrams per cubic centimetre.

40. One mmhos/cm is equivalent to one dS/m.

41. Presence of high concentration sodium and chloride ions in water results in water of low salinity.

42. Dug wells generally draw water from more than one aquifer.

43. Boring through the bottom of the dug wells help in augmenting their yield.

44. Bore wells are unlined tube wells.

45. Higher alkalinity ground water are mostly encountered in arid parts of Rajasthan, Gujarat and Haryana.

46. Stream modification is essentially a sub-surface technique for artificial recharge.

47. In area with uneven land surface-furrow method can be used as a recharge method.

48. Surface spreading techniques can be used for recharge of ground water irrespective of the geologic nature of the ground water basin.

49. The runoff conservation structures can increase the ground water recharge.

50. Sub-surface techniques are used to recharge the confined aquifer.

51. Bandharas is the most common ground water conservation technique.

52. The incidence of ground water pollution is higher in rural areas.

Ans. True 1, 3, 4, 5, 8, 11, 13, 17, 20, 21, 22, 24, 26, 29, 30, 31, 33, 35, 36, 40, 43, 44, 47, 49, 50, 51.

II. Select the correct answer.

1 An aquifer is a geologic formation that

(a) contain water but does not transmit

(b) does not contain water

(c) contain water and also transmit

(d) is a rock outcrop

2. A localized water body above the water table in an unconfined aquifer is known as

(a) confined aquifer

(b) perched aquifer

(c) unconfined aquifer

(d) artesian aquifer

3. An aquifer which is bounded by an impermeable layer at the bottom and semi-pervious layer at the top is known as

(a) semi-confined aquifer

(b) confined aquifer

(c) artesian aquifer

(d) unconfined aquifer

4. An imaginary surface obtained by joining the water levels in several observation wells penetrating a confined aquifer is called

(a) phreatic surface

(b) piezometric surface

(c) capillary frinze

(d) water table surface

5. The water held by surface tension to soil particles is known as

(a) gravitational water

(b) hygroscopic water

(c) drainage water

(d) capillary water

6. The geological formation found in major parts of India is

(a) unconsolidated

(b) consolidated

(c) semi-consolidated

(d) alluvium

7. A common bore hole geophysical method is

(a) electric resistivity

(b) seismic refraction

(c) gamma-ray logging

(d) water divining

8. The major source of ground water replenishment is

(a) seepage from water bodies

(b) precipitation

(c) deep percolation from irrigated fields

(d) artificial ground water recharge

9. Which of the following constituents found in ground water is most likely associated with agricultural land use?

(a) Nitrate

(b) Sulphate

(c) Arsenic

(d) Chromium

10. The flow of water downward from the land surface into and through the soil layers is

(a) percolation

(b) recharge

(c) infiltration

(d) permeability

11. Most water on the land surface is returned to the atmosphere by

(a) sublimation

(b) evapotranspiration

(c) Precipitation

(d) runoff

12. Which of the following reservoirs contains the most water?

(a) atmosphere

(b) oceans and seas

(c) ground water

(d) lakes and reservoirs

13. With respect to earth’s land surface, which of the following expressions is correct?

(a) precipitation = evaporation − runoff

(b) precipitation = evaporation + runoff

(c) precipitation = runoff − evaporation

(d) precipitation = evaporation* runoff

14. Most ground water withdrawn in India is used for

(a) industry

(b) drinking

(c) swimming pools

(d) irrigation

15. Which pollutant is removed as ground water moves through the soil profile?

(a) dissolved pollutants

(b) suspended particles

(c) organic chemicals

(d) agro-chemicals

16. What is the most reasonable course against ground water pollution?

(a) prevention

(b) filtration

(c) treatment

(d) regulation

17. The near surface zone where all pores are filled with water is called

(a) the vadose zone

(b) the saturated zone

(c) the water table

(d) the aquifer

18. The top of the water saturated zone is known as

(a) the aquifer

(b) the hydraulic head

(c) the aquitard

(d) the water table

19. Which factor most affect the piezometric surface for artesian aquifer?

(a) slope

(b) shape

(c) volume

(d) pressure

20. How much of total land area of India is covered by semi-consolidated formations?

(a) 5 per cent

(b) 10 per cent

(c) 15 per cent

(d) 20 per cent

21. Electric logging is used by well drillers to

(a) measure the electrical resistivity of different water bearing strata in the bore hole

(b) locate buried electrical lines before well drilling begins

(c) record the well drilling progress

(d) repair damage to the aquifer

22. The main reason for monitoring ground water levels is to

(a) assure that all ground water users pump equal quantities of water

(b) detect declining ground water levels

(c) detect unwanted change in ground water quality

(c) investigate factors that affect ground water flow

23. Water that is good enough to drink is called

(a) ground water

(b) potable water

(c) surface water

(d) artesian water

24. In highly alkali water the value of residual sodium carbonate is

(a) < 2 meq/l

(b) 2.0–3.0 meq/l

(c) 3.0– 4.0 meq/l

(d) > 4.0 meq/l

25. Which of the following items cause turbidity in water?

(a) hardness

(b) p H

(c) suspended material

(d) salinity

26. Good aquifers include all of the following except

(a) sandstone

(b) limestone

(c) crystalline

(d) basalt

Ans.

1. (c)

2. (b)

3. (a)

4. (b)

5. (d)

6. (b)

7. (c)

8. (b)

9. (a)

10. (a)

11. (b)

12. (b)

13. (b)

14. (d)

15. (b)

16. (a)

17. (b)

18. (d)

19. (d)

20. (a)

21. (a)

22. (b)

23. (b)

24. (d)

25. (c)

26. (a)


2
Hydraulics of Wells

Irrigation wells operate according to certain fundamental hydraulic principles. Water flows into the well from the surrounding aquifer because the pumping of the well creates a difference in head. Before pumping, the water in the well stands at a height equal to the static water level or static water pressure in the saturated layer around the well. When pumping starts, the water in the well is drawn down and the water starts to flow into the well from the water-bearing formation because the water level or pressure inside the well during pumping is lower than in the aquifer outside the well. This pressure difference is the ‘drive’ that causes the water to move through the pores of the sand or through crevices towards the well. The closer the water gets to the well, the faster it has to move, because the area through which it has to travel is continuously decreasing.

2.1 DEFINITIONS

2.1.1 Static Water Level

The level at which the water stands in a well before pumping starts is called the static water level. It is generally the level of the water table, except in case of artesian wells where the static level may be above the water table. The pressure of water at the static water level is atmospheric. The static water level is generally expressed as the vertical distance from the ground surface to the water level in the well.

2.1.2 Piezometric Surface

The piezometric surface is the height at which water will stand in a piezometer or pipe open at the end and which extends into the aquifer. The height h to which the water will rise in the pipe from the base is equal to the pressure p at the bottom of the pipe divided by the unit weight w of water,
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2.1.3 Pumping Water Level

This is the level at which water stands in a well when pumping at any given rate. This level is variable and changes with the quantity of water being pumped.

2.1.4 Drawdown

Drawdown at any instant is the difference between the static water level and the pumping water level. Drawdown affects the yield of well. The maximum practical drawdown in a tube well is limited to the pumping water level reaching the top of the well screen.

2.1.5 Area of Influence

When the water is pumped out of the well, it gets supply from the surrounding formations, and the water table or piezometric surface, depending on the type of aquifer, is lowered. There is, thus an imaginary inverted cone formed around the well having the static water level as base and pumping level as apex (Fig. 2.1). The conical shape is known as cone of depression. The area which gets affected by the pumping of the well is called the area of influence. The boundary of the area of influence is called the circle of influence. The radius of the circle of influence is called the radius of influence.

[image: Image]

Fig. 2.1 Definition sketch illustrating the hydraulics of flow into a well penetrating an unconfined aquifer

As more and more water is pumped out of the well, it takes more water from storage. As a result, the radius of influence gets extended till a position is reached when the rate of discharge from the well becomes equal to the rate of recuperation from the area around the well. It is at this instant that the cone of depression gets stabilized. This equilibrium condition changes when the discharge rate is increased or decreased.

2.1.6 Well Yield

The yield of a well is the volume of water discharged from it per unit time. It is commonly expressed in litres per second or per minute, or cubic metres per minute, hour or day.

2.1.7 Specific Capacity

Specific capacity of a well is its yield per unit of drawdown. It is usually expressed as litres per minute per metre of drawdown. Dividing the yield by the drawdown, each measured at the same time, gives the specific capacity.

2.1.8 Open Wells

Open wells are dug down to the water-bearing strata. They derive water from the formations close to the ground surface. The large diameter of open wells permits the storage of a large quantity of water.

2.1.9 Tube Wells

Tube wells are constructed by fixing a pipe below the ground surface and passing through different geological formations consisting of water-bearing and non-water-bearing strata. Blind pipes are located against the non-water-bearing strata, and perforated pipes or well screens are placed against the aquifers. In cavity wells, however, screens are not used. The well casing rests over a confined water-bearing formation of sand and gravel. Water enters the well through the bottom only.

2.1.10 Filter Points

In deltaic regions, where aquifer formations are of coarse sand and gravel, tube wells are shallow and consist of a well screen and a short length of casing pipe. Such wells are called filter points.

2.2 AQUIFER CHARACTERISTICS INFLUENCING YIELD OF WELLS

The properties of the aquifer that influence well performance are depth, areal extent, number of water bearing formations exposed to the well, and the hydraulic properties of the aquifer. An aquifer performs two functions, viz., storage and as a conduit. The properties of an aquifer may be expressed in terms of its hydraulic conductivity, transmissibility, storage coefficient and specific yield. In case of semi-confined aquifers, two additional properties viz., leakage factor and hydraulic resistance, are also important.

2.2.1 Hydraulic Conductivity

The hydraulic conductivity K, as applied to an aquifer, is defined as the rate of flow of water, in litres per day, through a horizontal cross-sectional area of one square metre of the aquifer, under a hydraulic gradient of one metre per metre at the prevailing temperature of water. The first rational analysis of the movement of water through sand was carried out by Darcy (1856), who established the relationship as expressed in Eq. (2.2), which formed the basis of all studies of flow through porous media. Darcy’s experiments showed that the flow of water through a column of saturated sand is proportional to the difference in hydraulic heads at the ends of the column and inversely proportional to the length of the column. This is known as Darcy’s law and is expressed as
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in which,




	v =

	velocity of flow, m/day


	K =

	hydraulic conductivity, depending upon the properties of the sand and the liquid, m/day


	h1 – h2 =

	difference in hydraulic head, m


	l =

	distance along the flow path between the points h1 and h2. The difference in hydraulic head, [image: Image], divided by the distance, l, along the path of fluid flow is called the hydraulic gradient, i,




Thus,

[image: Image]

Often, the quantity of flow may be of greater interest than the velocity. Hence, in terms of quantity of flow, Darcy’s law may be expressed as

[image: Image]

in which,

Q = volume of water discharged in standard length of time, usually expressed as m3/day

a = cross-sectional area through which water moves, m2.

The value of K can be obtained by laboratory tests of samples of the formation material. For field use, however, it is more appropriate to determine the values of K from pumping test data, as discussed in Secs. 2.4 and 2.5.

2.2.2 Transmissibility

As shown in Eq. (2.4), the flow q through each metre width of the aquifer is,

[image: Image]

in which,

K = the average hydraulic conductivity of the material from top to bottom of the aquifer, m/day

b = thickness of the aquifer, m

i = hydraulic gradient.

The transmissibility, T may be defined as the product of K and b. It represents the water transmitting capability of the entire thickness of confined and semi-confined aquifers. Thus, transmissibility Kb is used to calculate how much water will move through the water bearing formation. It is defined as the rate at which water will flow through a vertical strip of the aquifer, one metre wide and extending through the full saturated thickness of the aquifer, under a unit hydraulic gradient. The value of T ranges from less than 12,000 litres per day per metre to nearly 12,00,000 litres per day per metre. A tube well having a value T of 1,20,000 litres per day per metre or more is considered satisfactory as an irrigation well.

When the transmissibility, T, is introduced in Eq. (2.4), the flow through a vertical section of an aquifer may be expressed as:

[image: Image]

in which, w is the width of the vertical section through which the flow occurs. The value of T can be determined from aquifer pumping tests by measuring, in one or more wells, the decline of head with time under the influence of a constant pumping rate (Secs. 2.4 and 2.5).

2.2.3 Coefficient of Storage

The storage properties of confined and semi-confined aquifers are expressed by the coefficient of storage S, which is defined as the volume of water the aquifer releases from or takes into storage per unit surface area of the aquifer per unit change in the component of head normal to the surface (Fig. 2.2). Water recharged to or discharged from an aquifer represents a change in the storage volume within the aquifer. In a confined aquifer, the coefficient of storage is a result of compression of the aquifer and expansion of the contained water, as a result of reduced pressure due to pumping. The value of S, which is a dimensionless quantity, ranges from 0.00001 to 0.001 for confined aquifers. It may be determined from pumping tests of wells (Secs. 2.4 and 2.5).
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Fig. 2.2 Definition sketch of storage coefficient

2.2.4 Specific Yield

Specific yield is the property of an unconfined aquifer. It is defined as the volume of water released or stored per unit surface area of the aquifer per unit change in the component of head normal to that surface (Fig. 2.3). Under unconfined aquifer conditions, ground water is derived from storage by gravity drainage of the voids in the portion of the aquifer that has been unwatered by pumping.
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Fig. 2.3 Definition sketch of specific yield

When water is drained from an aquifer by gravity only part of the total volume stored in its pores is released. The quantity of water that a unit volume of the aquifer will yield when drained by gravity is called its specific yield. The part of the water that is retained in the aquifer mass is held against the force of gravity by molecular attraction and capillarity. The quantity of water that a unit volume of aquifer retains when subjected to gravity drainage is called its specific retention. Both specific yield and specific retention are expressed as fractions or percentages. The sum of the specific yield and specific retention equals the porosity of the aquifer. For example, if 0.10 m3 of water is drained from 1 m3 of saturated sand, the specific yield of the sand is 0.10, or 10 per cent. Assuming that the porosity of the sand is 28 per cent, its specific retention is 0.18, or 18 per cent. (In American literature, the term storage coefficient and specific yield are often used synonymously).

2.2.5 Hydraulic Resistance

The hydraulic resistance, also called the reciprocal leakage factor or resistance against vertical flow, is a property of a semi-pervious layer of the semi-confined aquifer. It is the ratio b′/K′ in which b′ is the saturated thickness of the semi-pervious layer and K′ is its hydraulic conductivity for vertical flow. It characterises the resistance of the semi-pervious layer to upward or downward leakage. It is designated by the symbol c and has reduced dimensions of time. When the value of c equals infinity, the layer is considered to be impervious. When the value of c of any lithological section is equal to or near to zero, the layer is considered an aquifer. The value of the hydraulic resistance of a semi-pervious layer is evaluated on the basis of pumping test data, using the following equation
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in which,

c = hydraulic resistance, days

B = leakage factor, m

K = hydraulic conductivity of the aquifer, m/day

b = thickness of the horizontal pervious stratum, aconfined between the horizontal semi-pervious and impervious layers, m

The value of c of a semi-pervious layer generally ranges between 100 and 10,00,000 minutes.

2.2.6 Leakage Factor

The leakage factor is defined as

[image: Image]

It determines the distribution of leakage into or from the semi-pervious layer. High values of leakage factor indicate a great resistance of the semi-pervious strata to flow, as compared to the resistance of the aquifer itself. This factor has the dimension of length, L. The value of B can be determined by the pumping test data of the semi-confined aquifer.

EXAMPLE 2.1 In an area, 1 km2 in extent, the initial water table was at a depth of 25 m below ground surface. After applying an irrigation, the water table rose to a depth of 24 m. Later on, an amount of 3 ×105 m3 ground water was pumped out resulting in drop in water table by 2.2 m. Find out specific yield of the aquifer and volume of recharge during irrigation.

Solution Volume of aquifer drained in lowering

[image: Image]

2.3 STEADY STATE RADIAL FLOW

The flow is said to be steady when no change occurs with time, i.e.

[image: Image]

where, ν = velocity of flow, m/s, and

[image: Image]

Steady state flow occurs when there is equilibrium between the discharge of the pumped well and the recharge of the aquifer by an outside source.

Flow conditions differ for unconfined and confined aquifers, and need to be considered separately.

2.3.1 Steady State Flow to Wells in Unconfined Aquifers

An equation for steady radial flow to a well in an unconfined aquifer can be derived with the Dupuit assumptions which state (1) that the velocity of flow is proportional to the tangent of the hydraulic gradient, instead of the sine as defined in Eq. (2.2), and (2) that the flow is horizontal and uniform everywhere in a vertical section.

The flow is assumed two dimensional to a well centered on a circular island and penetrating a homogeneous and isotropic aquifer. As shown in Fig. 2.4, the well completely penetrates the aquifer to the horizontal base. The well discharge Q at any distance r is expressed as

or

[image: Image]

Integrating for boundary conditions at the well,[image: Image] at [image: Image] and [image: Image] at [image: Image]
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Fig. 2.4 Definition sketch illustrating steady state flow into a fully penetrating well in an unconfined aquifer

or

[image: Image]

in which,

Q = constant discharge rate, m3/s

H = original elevation of the water surface, measured from the impervious base, m

hw = depth of water in the well, measured from the impervious base, m

R = radius of influence of the well field, m

K = hydraulic conductivity of the aquifer, m/s

rw = radius of the well, m

Thiem (1870) established the practicability of Eq. (2.9). He showed that beyond a certain distance from the well, the drawdown of the phreatic surface from the original ground water table became negligible. The Dupuit-Thiem theory, stated above, is of paramount importance in well hydraulics.

Evaluation of Hydraulic Properties

The hydraulic properties of the aquifer can be evaluated by using Eq. (2.9) for steady state conditions.

Let the steady state drawdown at the observation wells be s1 and s2 and r1 and r2 the distances of the observation wells from the centre of the test well (Fig. 2.4).

Since
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Eq. (2.9) can be transformed as
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which can be expanded into

[image: Image]

in which h1 and h2 are elevations of water surface, measured from impervious base at observation wells 1 and 2.

Replacing [image: Image] = the corrected drawdown, yields
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in which,
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[image: Image] and [image: Image] are corrected steady-state drawdowns at points 1 and 2, respectively,

or

[image: Image]

in which,

[image: Image]

or

The values of transmissibility and hydraulic conductivity can be estimated using Eq. (2.11) only when the drawdown in the aquifer is small in relation to the thickness of the saturated portion of the aquifer.

2.3.2 Steady State Flow to Wells in Confined Aquifer

To derive the radial flow equation for a well completely penetrating a confined aquifer (Fig. 2.5), Dupuit used Eq. (2.4). The flow is assumed two-dimensional to a well centred on a circular island and penetrating a homogeneous and isotropic aquifer. Since the flow is horizontal everywhere, the Dupuit assumptions apply without error. Using plane polar coordinates, with the well as the origin, the well discharge Q, at any distance r, when the thickness of the aquifer is b, is determined as follows:

[image: Image]

[image: Image]

Fig. 2.5 Definition sketch illustrating the hydraulics of flow in a fully penetrating well in a confined aquifer

Integrating for the boundary conditions at the well, h = hw at r = rw and h = H at r = R at the extremity of the area of influence,

[image: Image]

After rearranging,
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in which,

b = thickness of the horizontal pervious stratum confined between two horizontal impervious strata, m

The other variables are the same as defined in Eq. (2.9). Equation (2.12) can be used to evaluate the hydraulic properties of an aquifer, based on the measurements made during a pumping test. This equation is also known as Dupuit-Thiem equation. Thiem (1870), who worked independently of Dupuit, derived Eq. (2.9) and (2.12), based on the following assumptions which were more precisely defined than those of Dupuit:

1. The aquifer has a seemingly infinite areal extent.

2. The aquifer is homogeneous, isotropic and of uniform thickness over the area influenced by the pumping test.

3. The pumped well penetrates the entire thickness of the aquifer and receives water from its entire thickness by horizontal flow.

4. Flow to the well is in steady state.

Evaluation of Hydraulic Properties

To determine the hydraulic properties of the water-bearing formations, in case of wells in a confined aquifer, any one of the following two procedures can be used:

Procedure 1. On a semi-logarithmic paper, the observed drawdown in each piezometer or observation well is plotted against the corresponding time, with drawdown on the vertical axis, on a linear scale and with time on the logarithmic scale. The time drawdown curve of each piezometer, that best fits the points is drawn. It will be observed that the curves of the different piezometers run parallel for the later time data and thus, the mutual distance is constant. This implies that the hydraulic gradient is constant and the flow in the aquifer can be considered to be in a steady state. The values of the steady state drawdown of two piezometers are substituted in Eq. (2.12) together with the corresponding values of r and the known value Q to solve for the transmissibility [image: Image].
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where, s1 and s2 are the values of drawdown of the piezometers and r1 and r2 distances from the centre of the well, respectively.

The same process should be repeated for all possible combinations of piezometers to get a more precise value of T. Theoretically the results should show a close agreement. However, an average value can be used as the results usually give slightly different values of T.

Procedure 2. The observed steady state drawdown s of each observation well is plotted against the distance r between the pumped well and the piezometer on a semi-logarithmic paper. The distance is plotted on the horizontal axis on a logarithmic scale, and the drawdown on the vertical axis on a linear scale. The best-fitting straight line is drawn through the plotted points, which is the distance-draw-down curve (Fig. 2.6). The slope of the distance-drawdown curve for logarithmic cycle of distance, Δs, is determined. The value of Δs, when substituted in Eq. (2.13), gives the following relationship:

[image: Image]

The values of transmissibility and hydraulic conductivity can be predicted by substituting the values of Q and Δs in Eq. (2.14).

[image: Image]

Fig. 2.6 Distance-drawdown curve (on semi-log paper) for determining the transmissibility and hydraulic conductivity of aquifers (Example 2.4)

EXAMPLE 2.2 A 25 cm diameter well in an unconfined aquifer is pumped at a uniform rate of 3000 1/min. The drawdowns observed at 1 m and 100 m distances from the centre of the well are 8 m and 0.4 m, respectively. Determine the hydraulic conductivity of the water-bearing strata, assuming the thickness of the saturated part of the aquifer is 25 m.

Solution

[image: Image]

EXAMPLE 2.3 A 10 cm diameter well penetrates a 10 m thick confined aquifer. The steady state drawdowns were found to be 2.5 and 0.05 m at distances of 10 m and 40 m, respectively, from the centre of the well, when the well was operated with a constant discharge rate of 125 1/min for 12 h. Using the Dupuit-Thiem equation, calculate the transmissibility and hydraulic conductivity of the aquifer.

Solution

[image: Image]

Using Eq. (2.13),

[image: Image]
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EXAMPLE 2.4 A well in a confined aquifer is pumped at a constant rate of 1500 1/min. The drawdowns were measured in the piezometer after 60 min of pumping. The results were as follows:

[image: Image]

Calculate the aquifer transmissibility, assuming steady state drawdown.

Solution

By Procedure 2 (Thiem method), the values of s and r are plotted on a semi-log paper, as shown in Fig. 2.6. The slope of the best fitting straight line is equal to a drawdown difference of 3.25 m per log cycle of r (Δs). Substituting the values of Δs and Q in Eq. (2.14)

[image: Image]

EXAMPLE 2.5 Using the test results given in Example 2.4, calculate the transmissibility values of different sections and the average transmissibility, using Thiems Procedure 1.

Solution

[image: Image]

Solution 1:

[image: Image]

Solution 2:

[image: Image]

Solution 3:

[image: Image]

Average transmissibility

[image: Image]

2.3.3 Steady State Flow to Cavity Wells

A cavity well is a tube well which has no strainer and draws water through the cavity formed in the aquifer just below the upper confining layer (Fig. 4.10). It does not go very deep and requires a thick clay or rock strata above the water bearing formation to form a strong and dependable roof above the cavity. The hydraulics of cavity wells under steady state conditions developed by Mishra et al (1970) is described below:

Assumptions

(i) The aquifer is confined and non-leaky.

   (ii) The aquifer is homogeneous and isotropic.

  (iii) The shape of the cavity is part of sphere and the thickness of the aquifer is large.

  (iv) The bore of the well is blind, i.e. there is no strainer and no water enters through the walls of the well.

2.3.4 Theoretical Analysis

Since water is entering the cavity radially from all directions, the flow can be assumed to be spherical. The general form of the three-dimensional Laplace equation in spherical coordinates (r, γ, θ) is:
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If the depth of aquifer is large, the flow can be assumed to be radial and symmetrical to the centre and Eq. (2.15) reduces to
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Fig. 2.7 Definition sketch of the theoretical analysis of cavity well hydraulics

After integrating Eq. (2.16),

[image: Image]

which indicates that ϕ varies inversely with radius r, whereas in two-dimensional radial flow it varies with the logarithm of radius.

The values of the constant of Eq. (2.17) are evaluated by using the boundary conditions [image: Image] at [image: Image], and [image: Image] at [image: Image] in which re is the radius of influence. The Eq. (2.17) becomes
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The velocity at any radius from the centre of the well (Vr) is obtained by differentiating Eq. (2.18) with respect to r
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The velocity through the cavity is

[image: Image]

but in practice, rc < < re, therefore

[image: Image]

For a stable cavity the shape can be assumed to be part of a sphere, whose surface can be determined by taking a differential strip at any angle θ from the centre line of the well. As shown in Fig. 2.7, differential strip has vertical angle dθ and horizontal angle dψ.

Integrating within limits of vertical and horizontal angles,
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Substituting the values of R and cos β in terms of radius of cavity rc and depth of cavity T, respectively,
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Therefore discharge through a cavity well is

[image: Image]

In actual practice, the value of T will be very small in comparison to rc, hence Eq. (2.22) reduces to

[image: Image]

which shows that, the discharge of a cavity well is proportional to radius of cavity and drawdown. For a stabilised cavity, the value of rc is constant, and the discharge is proportional to drawdown only. The shape of cavity depends upon the size, arrangement and density of sand particles in the aquifer, confining pressure of aquifer and maximum discharge at which the cavity was developed.

2.4 UNSTEADY STATE FLOW

The flow is said to be unsteady when the flow conditions at any moment are not constant, i.e.,

[image: Image]

Though the hydraulic conductivity and transmissibility of confined and unconfined aquifers can easily be determined by using Thiem’s steady state equations, the field conditions may be such that considerable time is required to reach steady state flow and hence aquifer properties will have to be determined under unsteady flow conditions.

2.4.1 Unsteady State Flow to Wells in Unconfined Aquifers

In unsteady state flow in an unconfined aquifer with a declining water table, dewatering of the pore space is not instantaneous but continues for some time after drawdown. The region above the water table, though unsaturated, keeps supplying water to the receding water table. Thus, the specific yield increases at a diminishing rate with the time of pumping. Hence, the saturated thickness of the unconfined aquifer is variable in magnitude. Assuming that the change in drawdown is negligible and almost constant in the dewatering area, the aquifer properties can be evaluated by the procedure adapted for unsteady state flow in confined aquifers by assuming s′ = s – s2/2H, m, in which s ′ is the drawdown component for the decrease in saturated thickness of the unconfined aquifer.

2.4.2 Unsteady State Flow to Wells in Confined Aquifers

The solution for the determination of aquifer properties under unsteady state flow conditions was developed by Theis (1935), by introducing the time factor and storage coefficient. Theis noted that, when a well penetrating an extensive confined aquifer is pumped at a constant rate, the influence of the discharge extends outward with time. The rate of decline of the head times the storage coefficient summed over the area of influence equals the discharge. Since the water must come from a reduction of storage within the aquifer, the head will continue to decline as long as the aquifer is effectively infinite. Therefore, unsteady flow exists. However, the rate of decline decreases continuously, as the area of influence expands.

Theis’ equation for unsteady state flow in aquifers, derived from the analogy between the flow of ground water and conduction of heat, is based on the following assumptions which are in addition to the assumptions mentioned for the Thiem-Dupuit Eqs. (2.9) and (2.12):

1. The aquifer is confined.

2. The flow to a well is in the unsteady state, i.e. neither the drawdown difference with time is negligible nor is the hydraulic gradient constant with time.

3. The water removed from storage is discharged instantaneously with the decline of head.

4. The well diameter is very small, i.e., the storage in the well can be neglected.

The differential equation governing the unsteady state radial flow in a non-leaky confined aquifer, in polar coordinate notations is:
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in which,

T = transmissibility of the aquifer, m2/s

S = storage coefficient, dimensionless

h = hydraulic head at (r, t)

r = radial distance of the piezometer from the centre of the pumped well, m

t = elapsed time after pumping is started, s

Theis (1935) obtained the solution of Eq. (2.24), based on the analogy between ground water flow and heat conduction, and for boundary conditions h = ho before pumping and h → ho as r → ∞ as pumping begins (t > 0), which may be written as
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The exponential integral is written symbolically as W(u) which in this usage, is generally read ‘well function of u’ or ‘Theis well function’.

Equation (2.25), in terms of the Theis well function, may be written as

[image: Image]

Procedure for Determining Hydraulic Properties of Confined Aquifers

The step-by-step procedures to be followed for determining the hydraulic properties of confined aquifers is as follows:

1. A ‘type curve’ (Fig. 2.8) of the Theis well function is prepared on double logarithmic paper by plotting values of W(u) against u, using the Table of Function (Appendix A) of Theis (1935).

[image: Image]

Fig. 2.8 Theis type curves for W (u) versus u and W (u) versus (1/u)

2. The values of s against t/r2 are plotted on another double logarithmic paper on the same scale as that used for the type curve. The observed data plot is placed over the type curve. Keeping the coordinate axes of both data plot and type curve parallel, the position of best match between the data plot and type curve (Fig. 2.9) is located.

3. An arbitrary match point A on the overlapping portion of the two sheets of graph papers is selected and coordinates W(u), 1/u, s and t/r2 for this match point are determined. The calculations are greatly simplified if the point is selected when the coordinates of the type curve W(u) = 1 and 1/u = 10.

4. The value of W(u), s and Q are substituted in Eq. (2.27) to obtain the value of transmissibility, T
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Fig. 2.9 Plot of s (drawdown) versus t/r2 superimposed on Theis type curve W (u) versus 1/u (Fig. 2.8), to determine confined aquifer properties (Example 2.6)

5. The value of S is calculated by substituting the values of T, t/r2 and u in Eq. (2.26), i.e.

[image: Image]

EXAMPLE 2.6 Calculate the hydraulic properties of an aquifer using Theis’ method. The pumping test data is given in Table 2.1.

TABLE 2.1 Pumping Test Data with Constant Rate of Discharge Q = 0.006 m3/min

[image: Image]

Solution

The plots of t/r2 versus s is superimposed on the Theis-type curve W(u) versus 1/u (Fig. 2.9). The match point A is so chosen that the value of W(u) =1 and the value of 1/u = 10. The value of drawdown s on A = 0.15 m and t/r2 on A = 1.5 × 10–3 min/m2. Introduction of these values in Eqs. (2.26) and (2.27) gives

[image: Image]

Cooper-Jacob Method of Solution

It was observed by Cooper and Jacob (1946) that for small values of r and large values of t, u is so small, that the series of W(u) in Eq. (2.27) becomes negligible after the first two terms. Therefore, for small values of u(u < 0.01) the drawdown can be approximated by using the following relationship:
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If s1 and s2 are the drawdowns at time t1 and t2, since pumping started

[image: Image]

If the time-drawdown data on a pumping well is plotted on a semi-log paper (Fig. 2.10) and for convenience t1 and t2 are chosen one log cycle apart,

[image: Image]

Fig. 2.10 Cooper-Jacob method for solution of non-equilibrium equation
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From Eq. (2.29),
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Therefore, a plot of drawdown s versus the logarithm of t forms a straight line. Projecting this line to s = 0, where t = t0, the time for s = 0 can be noted and S can be computed as

[image: Image]

EXAMPLE 2.7 Calculate the values of transmissibility and coefficient of storage, using the pumping test data of Table 2.1 for Q = 0.006 m3/min. and r = 90 m, adopting Cooper-Jacob method.

Solution

The pumping test data of TABLE 2.1, s and t for r = 90 m are plotted on semi-log paper (Fig. 2.10). From the straight line fitted through the points, it is observed that
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Fig. 2.11 Relationship between F (u), W (u) and u
Source: Chow (1952)

Chow Method of Solution

The Chow method has the advantage of avoiding curve fitting and being unrestricted in its application. The requirement of pump test data and its plotting is similar to the Cooper-Jacob method. On the plotted curve (Fig. 2.12), an arbitrary point is chosen and the coordinates of t and s are noted. A tangent to the curve at the chosen point is drawn and the drawdown difference Δs, in metres per log cycle of time is determined. The value of [image: Image] and then the corresponding values of W(u) and u are computed using Fig. 2.11. Finally the formation constants T by Eq. (2.32) and S by Eq. (2.33) are computed.

EXAMPLE 2.8 Determine the formation constants, using Chow’s method, from the pump test data given in Table 2.1. for r = 90 m and Q = 0.006 m3/min (8.64 m3/day).

Solution

The pumping test data given in Table 2.1 are plotted on semi-log paper (Fig. 2.12). Point A is selected on the curve arbitrarily where t = 40 min. and s = 0.40 m. The drawdown difference per log cycle of time is,

Δs = 0.38 m. Then F(u) = 0.40/0.38 = 1.05 and from Fig. 2.11
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Fig. 2.12 Chow’s method for solution of the non-equilibrium equation for flow in a confined aquifer
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Recovery Test

When the pump is stopped at the end of a pumping test, the water level in the well and in the observation wells start rising. This is referred to as the recovery of ground water level. The fall in water level (drawdown) below the original static water level (before pumping) and during the recovery period are known as residual drawdown. Figure 2.13 shows a schematic diagram of change in water level with time during and after pumping. The transmissibility of the aquifer can be calculated by analysing the residual drawdown, which will provide an independent check on pumping test results. The rate of recharge to the well during the recovery period is assumed to be constant, whereas it becomes difficult to control the pumping rate in the field. Moreover, in case of recovery test, measurements of recovery can also be made in the well in the absence of an observation well.

The residual drawdown s′ can be calculated as follows (Theis, 1935):

[image: Image]
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Figure 2.13 defines t and t′. For small value of r and large values of t′, Eq. 2.34 can be approximated as

[image: Image]
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Fig. 2.13 Definition sketch illustrating the drawdown and recovery curves in an observation well near a pumping well

The residual drawdown s′ versus [image: Image] are plotted on a semi-logarithmic paper. The slope of the straight line so plotted equals 2.30 Q/ 4π T, so that for Δs′, the residual drawdown per log cycle of t/t′, the transmissibility becomes

[image: Image]

The recovery test method cannot be used to determine the comparable value of S.

EXAMPLE 2.9 Calculate the value of transmissibility, using the recovery test data given in Table 2.2. The uniform rate of pumping may be assumed as 2000 m3/day. The pumping was shut down after 200 min. Thereafter measurements of s′ and t′ were taken as tabulated in Table 2.2.

TABLE 2.2 Recovery Test Data to Determine Transmissibility of Aquifer (Example 2.8)
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Solution

The values of t/t′ are computed as shown in Table 2.2 and then ploted versus s′ on semi-log paper (Fig. 2.14). A straight line is fitted through the points.
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Fig. 2.14 Recovery test method for solution of the non-equilibrium equation (Example 2.9)

2.4.3 Unsteady State Flow to Cavity Wells

The solutions for drawdown behaviour around a pumped cavity well have been developed by Kanwar and Chauhan (1974) and Chauhan et al. (1975). These are derived from the analog between the flow of ground water and conduction of heat flow equation in spherical coordinates and are based on the following assumptions.

1. The confined aquifer is uniform, homogeneous, isotropic and has an infinite areal extent and an extensive thickness.

2. A spherical sink of infinitesimal radius r in the form of a non-penetrating well with sides impermeable and hemispherical bottom is situated at the boundary of impermeable layer and the confined aquifer.

3. The water removed from storage is discharged instantaneously with decline in head.

4. The water is pumped at a constant rate and specific storage coefficient is constant.

The following differential equation governs the unsteady state spherical flow in a non-leaky confined aquifer, in spherical coordinate notations:

[image: Image]

in which,

Ss = specific storage coefficient, per cm

K = hydraulic conductivity, cm/hr

t = elapsed time after pumping is started, hr

r = radial distance of piezometer from the centre of the pumped cavity well, cm

Chauhan et al. (1975) obtained the solution of Eq. (2.38) for drawdown at a distance r from pumping well at any time t as

[image: Image]

in which

Q = constant discharge, cm3/hr

s = unsteady state drawdown, cm

[image: Image]

Procedure for Determining Hydraulic Properties of confined Aquifers using Cavity Wells

A type curve of the function giving relation between √u and erfc (√u) is prepared on double logarithmic paper. The values of this function are extensively tabulated by Carslaw and Jaeger (1959) and Abramowitz and Irene (1965). The value of drawdown s and r/√t are plotted on another double logarithmic paper on the same scale as that used for the type curve. Using a match point technique similar to that of Theis (1935) as explained in procedure for determining hydraulic properties of confined aquifers and Eq. (2.39) the value of K is obtained as
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and Ss is calculated by substituting the values of K, r/√ t and u in Eq. (2.40) i.e.

[image: Image]

For large values of time r/√ t ® 0; erfc (√u) = 1 and Eq. (2.39) reduces to

[image: Image]

Thus for large values of time t i.e. steady state condition, knowing the value of drawdown s, K could be obtained using Eq. (2.43).

Gupta and Goel (1988) concluded that for determination of aquifer parameters using Chauhan et al. (1975) Eq. (2.39), piezometer should be installed at (r, 0, 0) as shown in Fig. 2.15. The distance ‘r’ should be such that r > 20 rc, where rc is radius of the hemispherical cavity. Kanwar and Chauhan (1974) solution should be used in case a piezometer fully penetrates the pumped aquifer so as to simulate average piezometric head in the aquifer.

[image: Image]

Fig. 2.15 Definition sketch illustrating unsteady state spherical flow into a cavity well in confined aquifer

EXAMPLE 2.10 Calculate the values of hydraulic conductivity and specific storage coefficient using the pumping test data for cavity well given in Table 2.3; for r = 1000 cm and Q = 10 litres/sec.

TABLE 2.3 Pumping Test Data for Cavity Well with Constant Rate of Discharge Q = 3.67 × 107 m3/hr in an Observation Well at 1000 cm
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Solution

The plots of r/√ t versus s is superimposed on the type curve erfc (√ u) versus √ u (Fig. 2.16). The match point is so chosen that value of erfc (√ u) = 1 and value of √ u = 0.1. The value of drawdown scorresponding to this point is 49.8 cm and r/√ t = 2000 cm/hr–1/2. Introduction of these values in Eqs. (2.41) and (2.42) give
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Fig. 2.16 Plot of s (drawdown) versus r/√ t superimposed on type curve erfc √ u versus √ u to determine confined aquifer parameters (Example 2.10)

2.5 PUMPING TESTS

Information on the water bearing formations and the well can be obtained by conducting pumping tests. These tests are of two types: (i) aquifer tests, and (ii) well tests. The aquifer test is carried out primarily to determine the aquifer parameters such as hydraulic conductivity, transmissibility, storage coefficient, specific yield, leakage factor and hydraulic resistance. The various methods of the determination of the aquifer parameters have been described in sections 2.3 and 2.4.

Well tests provide information about the well characteristics as well as transmissibility and storage coefficient or specific yield. It enables to determine the head loss due to flow into the screen and well. These can be determined by step drawdown test.

2.5.1 Step Drawdown Test

There are two components of head loss in ground water flow. The first is aquifer or formation loss due to laminar flow of water through the aquifer toward the well and second is well loss due to turbulent flow (Fig. 2.17). The aquifer loss is a function of both pumping rate and pumping period, whereas the well loss is a function of pumping rate alone. It represents the head loss due to resistance to flow of water as it enters the well through the screen and moves up inside the casing to the pump intake. Both the components of head loss can be expressed as
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Fig. 2.17 Well and aquifer losses in a pumping well

Q = well discharge, m3/sec

B = aquifer loss coefficient for laminar flow, usually assumed to be caused by the aquifer, sec/m2

C = well loss coefficient for turbulent flow, usually caused by flow into the bore hole and screen, sec2/m5

n = severity of the turbulence

The aquifer loss and well loss components of a pumping well drawdown cannot be determined separately by collecting and analyzing the data obtained from a constant pumping rate test. These can be determined by step drawdown test. This test involves pumping a well at a series of constant rates, each larger than the previous rates. There must be at least three steps. Cooper and Jacob (1946) assumed the value of exponent n as 2, so that head loss is given by CQ2. Thus, Eq. (2.44) becomes,

Or

[image: Image]

A plot of [image: Image] versus Q on an arithmetic graph paper gives a straight line, whose slope gives the well loss coefficient C and the intercept on the [image: Image] axis gives the aquifer loss coefficient. The value of C in equation (2.45) can also be computed by using the following equation (Cooper and Jacob, 1946).
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in which,

ΔQ = increase in pumping rate at each step

[image: Image]

Δs = difference in drawdown after completion of each step. Steps of any length of time may be used provided Δs values chosen are for the same length of time in each step.

The following steps are involved in analysis of the step drawdown test data.

(i) Plot the data obtained from the pumped well on arithmetic graph paper and extend the drawdown curve for each step.

   (ii) Determine the increment of drawdown between the observed water level and the extension of the preceding water level curve at equal length of time step.

  (iii) Determine the value of C for different sets of two consecutive steps using Eq. (2.46). If these values of C are slightly different from each other, get an averaged out value of C.

  (iv) Compute the well loss CQ2 for each step.

   (v) Knowing the well loss, discharge and drawdown Sw, determine B from Eq. (2.45).

2.5.2 Significance of Well Loss Coefficient

Equation (2.46) assumes that the well is stable and that C does not change during the step drawdown test. Small values of C denote an efficient well. In newly completed or not fully developed wells, the value of C is affected by changes in pumping rates. If value of C gets reduced substantially on increasing the pumping rate, it is probable that development has taken place during the test. If however, the value of C gets increased with higher pumping rates, it indicates clogging of the well. Thus, a step drawdown test helps to study the stability of a well.

Walton (1962) has suggested the following criteria (Table 2.4) for judging the well performance in terms of well loss coefficient C.

TABLE 2.4 Criteria for Judging the Well Performance in term of Well Loss Coefficient C

[image: Image]

EXAMPLE 2.11 Determine the well characteristics, well loss and aquifer loss by Jacob’s method for a discharge of 0.002 m3/sec., using the step drawdawn test data given in Table 2.5.

TABLE 2.5 Step Drawdawn Test Data for Determination of Well Characteristics (Example 2.11)

[image: Image]

Solution

The depth to water level is plotted on arithmetic graph paper in Fig. 2.18. Increments of drawdown are determined in each step for a pumping period of 60 minutes. These and the corresponding incremental discharges are:

[image: Image]
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Fig. 2.18 Step drawdown test

The average value of well loss coefficient is 1392 sec2/m5. Hence the well loss for discharge of 0.02 m3/sec is

[image: Image]

The value of Sw for discharge of 0.02 m3/sec is 1.66 m (Table 2.5)

[image: Image]

Hence the well loss and aquifer loss are 33 and 67 per cent respectively.

Determination of aquifer parameters: The aquifer parameters can be determined from time drawdown data during the first step of step drawdown test using pumping test methods described earlier.

Pumping Test Procedures

The step-by-step procedure commonly adopted in conducting pumping tests is enumerated below.

Selection of the Test Site

In selecting the site of the pumping test, the following points are kept in mind:

(i) The hydro-geological conditions of the test site should not change over short distances and should be representative of the area or a large part of the area under consideration.

   (ii) The site should preferably be not close to railway lines or highways with heavy traffic. Such sites may produce measurable fluctuations of the piezometric surface in the case of confined aquifers.

  (iii) The pumped water does not return to the aquifer.

  (iv) The gradient of the water table or piezometric surface should be low.

   (v) Man-power, instruments and equipment to be used must be able to reach the site easily.

  (vi) The test site should not be selected near any building or recreational area.

Observation Wells

Water level measurements during pumping tests are made in observation wells installed close to the well or at some distance away from it. The following points have to be considered for design and installation of observation wells:

(i) Number of observation wells. The number of observation wells depends on the amount of information desired and the degree of precision expected. Though a single observation well permits the determination of dominant hydraulic properties, a more precise value of these properties can be obtained by installing two or more observation wells at varying distances from the centre of the well. A large number of observation wells also provide information on the distance-drawdown relationship, which can be utilized for designing the spacing of the wells.

   (ii) Spacing of observation wells. In general, observation wells should be placed neither too far from the pumped well nor too close to it. Koul (1974), reported that there was no appreciable drawdown beyond 16 m from the centre of a shallow pumped well in Delhi, for a discharge capacity of about 450 l/min. Krusseman and De Ridder (1990) stated that placing the observation wells about 10 to 100 m from the centre of the pumped well will provide good results in most cases. Yadav (1973) reported that the nearest observation well, for a medium-capacity shallow tube well in a semi-confined aquifer, should be placed about 1 m from the centre of the test well (Fig. 2.19). The following are the main factors influencing the spacing of observation wells:

[image: Image]

Fig. 2.19 Installation of observation wells in relation to the pumping well and the characteristics of the underground strata

(a) Type of aquifer. In confined and semi-confined aquifers, a loss of head caused by pumping propagates faster than in an unconfined aquifer because the release of water from storage is due to the compressibility of the aquifer material and water. Hence, the nearest observation well should be placed a little farther in confined and semi-confined aquifers than in an unconfined aquifer for the same discharge rate of the test well. For the same discharge rate, the radius of influence is more in confined and semi-confined aquifers than in an unconfined aquifer. Therefore, the farthest observation well should be placed at a greater distance in confined and semi-confined aquifers than in an unconfined aquifer, to evaluate the boundary and the extent of the aquifer.

(b) Hydraulic conductivity. When the hydraulic conductivity of the aquifer material is high, the cone of depression produced by pumping will be wide and falt, which results in a larger radius of influence as well as a greater amount of turbulence. Therefore, observation wells should be placed farther in an aquifer with a high value of hydraulic conductivity, as compared to an aquifer of lower conductivity. This applies to the observation well closest to the test well and those away from it.

(c) Length of well screen. The distance of the observation well adjacent to the test well is influenced by the length and depth of penetration of the well screen of the test well. The minimum distance of the observation well from the test well, in partially penetrating confined and semi-confined aquifers, should be greater than 0.5 to 2 times the thickness of the aquifer (Krusseman and De-Ridder, 1990). In case of an unconfined aquifer, a lesser distance can be used.

(d) Stratification. Isotropic and homogeneous aquifers seldom occur in nature. As a result of the stratification, the drawdown observed at a distance from the pumped well may vary with depth within the aquifer, because of the difference in the vertical and horizontal components of hydraulic conductivity. This effect neutralizes as the distance of the observation well from the test well increases. Although there is no fixed rule which can be employed for determining the spacing of observation wells, a range of 1 m to 100 m for the minimum and maximum distances of the observation well, with 10 to 20 m spacing, will usually be sufficient for conducting pumping tests in most cases.

   (iii) Depth of the observation well. In a fully penetrating, confined and semi-confined aquifer, the depth of the observation well should be up to the centre of the well screen. For a partially penetrating well, the depth of the observation well should be the same as that of the test well.

In semi-confined aquifers with prompt yield and fully penetrating conditions, two observation wells should be installed at a particular location—one above the semi-pervious layer and the other reaching the middle of the well screen in the main aquifer (Fig. 2.19). When the layer below the main aquifer in a semi-confined formation is also semi-pervious, a third observation well should be installed, reaching below the bottom semi-pervious layer. By doing so, the leakage from the main aquifer or to the aquifer is accounted for.

  (iv) Diameter of observation well. Precise measurements of the drawdown can be made in a small diameter observation well. In practice, however, it is difficult to fabricate and install an observation well smaller than about 2.5 cm diameter. The diameter of observation wells generally range from 2.5 to 5 cm (Fig. 2.20).

   (v) Length of the perforated portion of the observation well. The portion of the observation well casing in the aquifer should generally be perforated (Fig. 2.20). However, a shallow observation well which is installed above or below a semi-confined aquifer may be perforated only about 1 to 2 m at the bottom.

[image: Image]

Fig. 2.20 Sectional view of a typical observation well

  (vi) Size of perforations of observation well. The size of the perforation should be designed on the basis of the particle-size distribution of the strata in which it is installed and the size of drilling tool available for making the perforations.

 (vii) Installation of observation wells. The observation well is placed in the hole made by a soil auger or core-drilling machine. After placing the observation well, the annular space around the screen should be filled with uniform coarse sand or gravel in order to facilitate the rapid entrance of water into it. When an observation well penetrates several aquifers or semipervious or impervious layers, the annular space against these formations is filled with fine sand or clay to prevent leakage from one layer to another.

Duration of Pumping Test

The duration of the pumping test depends on the type of aquifer, hydraulic properties of the aquifer and the method to be used for analysing pumping test data. Reliable information can be obtained if pumping continues till a nearly steady state condition is reached. This condition is obtained in about 15 to 20 hours, in a semi-confined aquifer. In a confined aquifer, the duration should be 24 to 40 hours, approximately. However, it is not always necessary to wait till steady state condition is reached.

2.6 WELL INTERFERENCE

Mutual interference of wells refers to the phenomenon in which the drawdown of wells interfering with each other increases and their capacity decreases. If the spacing between the wells is not adequate (Appendix D), the discharge of both wells will be reduced. The drawdown at any point in the area of influence is equal to the sum of the drawdown caused by each well individually (Fig. 2.21).

[image: Image]

Fig. 2.21 Two wells in a straight line

Thus,

[image: Image]

where, Sw is the total drawdown at a given point and Sw1, Sw2, …, Swn are drawdowns caused by discharge of wells 1, 2, …, n, respectively at that point.

Interference of Wells in Confined Aquifers

For steady state conditions, the total drawdown is given by

[image: Image]

where, Sw = total drawdown at a given point in the area of influence

Ri = distance from the ith well to a point at which the drawdown becomes negligible

ri = distance from the ith well to the given point

Let two wells of equal radii be located at A and B, with equal drawdown, and the spacing between them be 2a (Fig. 2.21). Let r1 and r2 be the distances of any given point P from the centres of wells A and B, respectively. The drawdown at a point P, due to wells A and B, can be written as

[image: Image]

Considering the point on the face of either well at A and B, respectively, we get

[image: Image]

and

[image: Image]

Taking

[image: Image]

or

[image: Image]

Similarly, for three wells forming an equilateral triangle spaced at distance 2a,

[image: Image]

For three wells equally spaced at a distance of 2a, on a straight line, the discharge of the outer wells

[image: Image]

Whereas the discharge of the middle well

[image: Image]

The above equations can be applied to unconfined aquifers by replacing H by H2/2 and hw by [image: Image]

Thus, the discharge of each of the two wells spaced at a distance of 2a in an unconfined aquifer is given by

[image: Image]

EXAMPLE 2.12 Three wells, each having a diameter of 10 cm, are installed at the vertices of an equilateral triangle 10 m apart, in a confined aquifer. The radius of influence of each well is 500 metres, and K is 20 metres per day. The drawdown is 2 metres. The thickness of the confined aquifer is 15 metres. Find the discharge of each well, and the percentage decrease in discharge because of well interference.

Solution

The discharge of each well with interference is given by

[image: Image]

The discharge of each well, without interference, is given by

[image: Image]

∴ Reduction in discharge because of interference

[image: Image]

Water Level Measurement

An important part of a pumping test is the precise measurement of the depth to water level in the observation well and, if possible, in the pumped well. These measurements must be taken many times during the pumping test. Since the water level falls very fast from the first few minutes to the first few hours, measurements should be made as often as possible during this period. The time interval may be increased with the progress of the pumping test. Different methods of measuring water levels in pumped well and observation wells are described in Article 6.6.
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PROBLEMS

2.1. A column of sand 20 cm in length is placed in a cylindrical column of 25 cm diameter. By maintaining a constant head of 10 cm during a period of time of 10 minutes, 100 ml of water passed through the sample. Calculate the hydraulic conductivity of the sample.

Ans. Hydraulic conductivity = 0.000678 cm/sec.

2.2 A well penetrating a confined aquifer 10 m thick was tested with a uniform discharge of 1500 1/min. The steady state drawdowns measured in two observation wells, which were at 1 m and 10 m radial distances from the centre of the pumped well, were 5 m and 0.5 m, respectively. Determine the hydraulic properties of the aquifer.

Ans. Transmissibility = 0.0122 m2/min.
Hydraulic conductivity = 0.00122 m/min.

2.3 A 15-cm diameter well at PAU Farm, penetrating an artesian aquifer, was tested with a constant discharge of 800 l/min. The drawdowns measured in three observations wells, spaced 10 m, 50 m and 100 m from the well, are given below:

[image: Image]

Determine the hydraulic properties of the aquifer using Theis’ method.

Ans. T = 0.3302 m2/min
S = 198 × 10–4

SHORT QUESTIONS

I. State True (T) or False (F).

1. The transmissibility of a confined aquifer depends upon the depth of the water table.

2. By doubling the diameter of a well, the yield is doubled.

3. Storage coefficient is the same as the specific yield for unconfined aquifer.

4. Closer the water table contour spacing higher is the gradient of ground water flow.

5. Jacob’s method of evaluating aquifer parameters is applicable for small duration pumping test and large r.

6. The fluid flow takes place from higher to lower hydraulic potential.

7. Minimum of two observation wells are required to find out the direction of ground water flow.

8. A cone of depression in the water table is shaped like a funnel with the narrow tip of the funnel pointing upward.

9. Excessive pumping in relation to recharge can cause the water table to go down.

10. The water table is the altitude where the water level in a well will rise to when the well taps a confined aquifer.

11. The level at which the water stands in a well after pumping starts is called the static water level.

12. Transmissibility can be determined from aquifer pumping tests.

13. Coefficient of storage is the property of unconfined aquifer.

14. Specific retention is expressed in percentage.

15. Specific yield is dimensionless.

16. The hydraulic resistance is a property of confined aquifer.

17. Hydraulic resistance has dimension of time.

18. For impervious layer the value of hydraulic resistance is zero.

19. High value of leakage factor indicate a greater resistance of the semi-pervious strata to flow, as compared to the resistance of the aquifer itself.

20. Leakage factor is defined as square root of the product of transmissibility of the aquifer and hydraulic resistance of semi-pervious layer.

21. Leakage factor has the dimension of time.

22. The hydraulic gradient at water table is equal to slope of surface at that point.

23. Leakage factor and hydraulic resistance are properties of unconfined aquifer.

24. A cavity well requires a thick clay or rock strata above the water bearing formation.

25. In cavity well water enters from all sides of well screen.

26. In fully penetrating wells the flow is radial.

27. In cavity well the flow is assumed to be spherical.

28. In unsteady state flow the flow conditions are independent of time.

29. Theis solution is based on the analogy between ground water flow and heat conduction.

30. The fall in water level below the original static water level and during the recovery period is known as residual drawdown.

31. The recovery test can be used to determine the value of specific yield.

32. Aquifer test can provide information about the well characteristics.

33. The pumping water level in a well is independent of rate of pumping.

34. In unconfined aquifer, the farthest observation well should be placed at a greater distance than in an confined aquifer, to evaluate the boundary and the extent of aquifer.

35. High hydraulic conductivity of the aquifer material results in a larger radius of influence.

36. For the same drawdown, the discharge in a partially penetrating well will be more than fully penetrating well.

37. If permeability remains uniform, the velocity of ground water will increase as the slope of the water table increases.

38. Filter points are also wells.

39. Ground water has a tendency to move toward areas of low reduced pressure.

40. The size of the perforations on observation wells should be greater than that of the well screen.

Ans. True 3, 4, 6, 9, 12, 14, 15, 17, 19, 20, 24, 26, 27, 29, 30, 35, 37, 38, 39.

II. Select the correct answer.

1. The part of water that is retained in the unit volume of aquifer when it is freely drained is called

(a) specific yield

(b) specific storage

(c) specific retention

(d) porosity

2. The quantity of water that a unit volume of aquifer will yield when drained by gravity is called

(a) specific storage

(b) specific capacity

(c) specific release

(d) specific yield

3. Hydraulic resistance is a property of a

(a) semi-pervious layer

(b) confined aquifer

(c) unconfined aquifer

(d) artesian aquifer

4. Specific yield is the property of

(a) confined aquifer

(b) unconfined aquifer

(c) leaky-confined aquifer

(d) artesian aquifer

5. Darcy’s law for ground water flow through porous media states that velocity of flow is proportional to

(a) the difference in hydraulic heads

(b) the distance along the flow path

(c) the reciprocal of hydraulic gradient

(d) the logarithm of hydraulic gradient

6. The radius of influence is the horizontal distance between the centre of the pumped well and

(a) the first observation well

(b) the last observation well

(c) a point on the cone of depression of zero drawdown

(d) a point on the cone of depression of maximum drawdown

7. If the porosity of a sample from an aquifer is 30 per cent, the specific yield will be

(a) less than 0.30

(b) equal to 0.30

(c) greater than 0.30

(d) difficult to predict

8. The equation for steady radial flow to a well was first developed by

(a) Darcy

(b) Theim

(c) Theis

(d) Jacob

9. The dimension of leakage factor (B) of the aquifer is

(b) of the aquifer is

(a) L/T

(b) L

(c) T

(d) LT

10. The dimension of hydraulic resistance (c) of the aquifer is

(a) L/T

(b) L

(c) T

(d) LT

11. A high value of leakage factor indicates

(a) a greater resistance of the semi-confined layer to flow

(b) a small resistance of the semi-confined layer to flow

(c) semi-confined layer is an aquifer

(d) resistance of the semi-confined layer to flow is less as compared to resistance of the aquifer itself

12. A cavity well is tube well which has

(a) a strainer

(b) no strainer

(c) slotted pipe and gravel pack

(d) a brass screen

13. In Theis type curve method, the aquifer properties of confined aquifer are determined by selecting a match point on overlapping portion of plot of

(a) s versus r/t and Theis type curve W(u) versus 1/u

(b) s versus t/r and Theis type curve W(u) versus u

(c) s versus t/r and Theis type curve W(u) versus 1/u

(d) 1/s versus t/r and Theis type curve W(u) versus 1/u

14. Theis equation is used to determine aquifer parameters for

(a) unconfined aquifer

(b) confined aquifer

(c) multilayered aquifer

(d) leaky-confined aquifer

15. The Dupuit assumption for unconfined flow state the velocity of flow is proportional to the

(a) sine of hydraulic gradient

(b) cosine of hydraulic gradient

(c) tangent of hydraulic gradient (c) cotangent of hydraulic gradient

16. For a given discharge rate, the radius of influence is more in

(a) unconfined aquifer

(b) confined aquifer

(c) perched aquifer

(d) multilayered aquifer

17. In a fully penetrating well in confined aquifer, the depth of the observation well should be up to

(a) top of the well screen

(b) centre of the well screen

(c) bottom 2/3rd of the well screen

(d) bottom of the well screen

18. When the hydraulic conductivity of the aquifer material is high, the cone of depression produced by pumping will be

(a) narrow and flat

(b) narrow and steep

(c) wide and flat

(d) wide and steep

19. The direction of ground water flow can be determined from

(a) isobath map

(b) isobar map

(c) topographic map

(d) water table depth map

20. The minimum number of observation wells required to find the direction of ground water flow is

(a) 2

(b) 3

(c) 4

(d) 5

21. In case of closer water level contour spacing the gradient of ground water flow is

(a) low

(b) medium

(c) high

(d) flat

22. Piezometer measure the pressure head in soil profiles which are

(a) saturated

(b) unsaturated

(c) both

(d) none of these

23. A tensiometer measures

(a) water tension in an unconfined aquifer

(b) water pressure in an unsaturated zone

(c) water tension in a confined aquifer

(d) soil moisture tension in an unsaturated zone

24. Discharge (Q) in an aquifer according to Darcy’s law is calculated as

(a) the product of hydraulic gradient (h1 –h2)/l), hydraulic conductivity (K), and area (A)

(b) the product of hydraulic conductivity (K), area (A), and velocity (v)

(c) the product of hydraulic gradient (h1 –h2)/l), porosity (n), and area (A)

(d) the product of hydraulic conductivity (K), porosity (n), and permeability (k)

25. Porosity is defined as

(a) the ratio of the volume of the solids to the volume of the rock/sediment/sample

(b) the ratio of the volume of the solids to the volume of the voids

(c) the ratio of volume of the voids to the volume of the rock/sediment/sample

(d) the ratio of the volume of the voids to the volume of the solids

26. Which of the following geologic materials would make the best aquifer?

(a) well-sorted gravel

(b) poorly-sorted gravel

(c) poorly-sorted sands

(d) well-sorted sands

27. The percentage of rock’s total volume that is taken up by pore space is called

(a) permeability

(b) recharge

(c) porosity

(d) aquifer

28. Permeability is a measure of rock’s

(a) density

(b) water holding capacity

(c) water transmitting capacity

(d) water holding and transmitting capacity

29. The lowered region of the water table near a pumping well is called

(a) the recharge

(b) the cone of depression

(c) the capillary fringe

(d) the discharge

30. The pressure inside the well during pumping in comparison to the aquifer outside the well will be

(a) more

(b) less

(c) equal

(d) no relationship

31. Based upon the following data, the amount of ground water that will be released from storage in a ground water basin is


	Area of the basin

	:

	1000 m2;


	Specific retention

	:

	5%


	Change in water level

	:

	0.75 m


	Porosity

	:

	25%




(a) 0.10 ha-m

(b) 0.15 ha-m

(c) 0.1875 ha-m

(d) 0.225 ha-m

32. In steady state flow, the flow conditions are

(a) independent of space

(b) independent of space and time

(c) independent of time

(d) independent of direction

33. A ‘type curve’ of the Theis well function is prepared on

(a) double logarithmic paper

(b) semi-logarithmic paper

(c) probability paper

(d) linear scale paper

Ans.

1 (c)

2 (d)

3 (a)

4 (b)

5 (a)

6 (c)

7 (a)

8 (b)

9 (b)

10 (c)

11 (a)

12 (b)

13 (c)

14 (d)

15 (c)

16 (b)

17 (b)

18 (c)

19 (b)

20 (b)

21 (c)

22 (a)

23 (d)

24 (a)

25 (c)

26 (a)

27 (c)

28 (c)

29 (b)

30 (b)

31 (b)

32 (c)

33 (a)
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I cubic metre per second

I cubic metre per hour

1 cubic metre per hour

I cubic metre per hour

I litre per second

I ltre per second

I ltre per second

I litre per second

1 cubic foot per second (second-foot
or cusec)

1 cubic foot per second

I cubic foot per second

I cubic foot per second

1 cubic foot per
I cubic foot per second

1 U.S. gallon per minute

| Imperial gallon per minute

= 35.314 cubic feet per second

0.278 litres per second

=4.403 U.S. gallons per minute

668 Imperial gallons per minute

0.0353 cubic foot per second

= 15.852 U.S. gallons per minute
13.206 Imperial gallons per minute

6 cubic metres per hour

= 0.0283 cubic metres per second
= 2832 litre per second
=448.8 U.S. gallons per minute
= 1 acre inch per hour (approx.)
= 373.8 Imperial gallons per minute
2 acre foot per day (approx.)
=0.06309 litres per second

0.07573 litre per second
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Name of state

Percentage of
hard rock area

Geological formations and rock types

Andhra Pradesh
Bihar and Jharkhand
Gujarat

Kamataka

Kerala
Madhya Pradesh and Chhatiisgarh

Maharashtra
Orissa

Rajasthan

Tamil Nadu

5

35

73

Traps—limestones, quarti
gneisses

Traps—granites, gneisses
“Traps—quartites, granites and gneisses
“Traps—sandstones, limestones, quartzites.
‘granites and gncisses

Granites and gneisses.

Traps—limestones, quartzites, granites
and gneisses

“Traps—granites and gneisses

Limestones, quartzites—granites and
aneisses

Traps—limestones, quartzies, granites

and gneisses

Limestones, granites and gneisses

‘rani
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Design load
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5 centimetre = 2inches
10 centimetre =4 inches
30 centimetre
10 metres

10 kilometre

16 kilometre =10 miles

1 hectare =2.5 acres

1 square inch = 6.5 square centimetres
1 square metre = 11 square feet

16.4 cubic centimetres
cubic feet

1 cubic inch
1 cubic metre
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3 2
where, 2= section modulus = ffy =242 - 24~
12d 6
b = width of well curb, cm
d'=depth of well curb, cm

f* = permissible bending stress, kg/cm?
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thickness of fresh water zone, m

average specific weight of the upper fresh water layer, g/em’
= permeability of the aquifer, m/s
AA= difference in specific weight of fresh and saline water, g/em’

= interface elevation relative to original position, m

O = dimensionless discharge
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b = width of the cur
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= 14000 x

= 14000 x

Present cost for a cavity well equipped with diesel engine operated
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(a) Force required to work the piston during “in- stroke
(i) For suction = w x a X suction head = 1000 x 0.031 x 5
5 kg
(i) For delivery = w (a — a;) x delivery head
= 1000 (0.031 - 0.00196) x 10 = 290.4 kg

Total force during ‘in” stroke
=155 +290.4 = 4454 kg
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2
Volume swept by piston per stroke = al = 0.008 x %

=0.0016 m*
Discharge of pump = 0.0016 x 40 = 0.064 m*/min
=0.064 % 1000 = 64 /min
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(viii) Fine sand and silt 15

(%) Loose gravel or sand-gravel mixture, loose, coarse-to- 25
medium sand. dry
() Loose and dry fine sand 10
3. Cohesive soils
(i) Soft shale, hard or tiff clay in deep bed. dry 45
(xii) Medium clay. readily indented with a thumb nail 25
(i) Moist clay and sandy clay mixture which can be 15
indented with strong thumb pressure
(xiv) Soft clay 10
(xv) Very soft clay which can be easily penetrated with thumb 05

Source: In case of expansive clays, peat and earth fills, the bearing capacity varies greatly and should be
determined after in situ test
* Based on Bureau of Indian Standards (IS 1904: 1986)





ops/e0067-01.jpg
(2.17)





ops/e0067-04.jpg





ops/e0067-03.jpg
(2.19)






ops/t0474-01.jpg
Serial ‘Type of rock/sol ‘Safe bearing
no. capacity
ke/em®
1. Rocks
() Hard rocks without lamination and defecs (e granite. 33
trap and diorite)
(i) Laminated rocks (e.g. sandstone and limestone in good 165
condition)
(i) Residual deposts of shattered and broken bed rock 90
and hard-shale
(i) Soft rock 4s
2. Non-cohesive soils
() Gravel and sand. compact and offering high resistance 4s
0 penetration when excavated by (ools
(vi) Compactand dry coarse sand 45
(vii) Medium sand, compact and dry 25
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A+D=

depth of airline below the water level at
which the water stand when pump is in
operation, m

= drawdown, m
= net height of lift, m
= height of the column of air-water mixture,

measured from air inlet to point of discharge,
iee H=A+Lm

depth to which an airline is lowered below
the normal level of the water before pump-
ing, m
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(14310 — 400)
5% 100

% 8 =Rs. 556.40
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22

bending moment = = X 428 = 448.38 cm

e _WE_75x448.38

=15,07,835 kg-cm
10 10
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oyl Sy S0ee M6y OOS0TS . GA2e9z DOISES 00374 3345

2% UuarPradesh 825459 70160 631476 425171 207619 404021 4242
27 Unaranchal 028411 00426 024149 021734 009776 00643 017306 2834
28 West Bengal 230014 0MGY L9277 L7669 090250 063175 133102 3219

Toal States 4330063 709873 3620191 3258033 192507 1347627 272564 3123
Union Territories

1 Andaman & Nicobar Not Assessed
2 Chandigarh 000207 000044 000252 000227 00D 00045 000007 -
3 Ddar& Nagar 0004

000063 00039 000323 000065 000046 000313 1281

Haveli

Daman 000071 000011 000060 000058 00006 000048 000012

Diu 000037 000006 000031 00008 00003 000029 000002

NCT Delhi 00216 001939 00977 000879 001688 001180 ~0.00203

Lakshdweep 00302 00046 000195 00017 000109 000076 000119

Pondicherry 001746 000262 001488 00133 001645 001152 000332

Total UTs 008530 00278 0035 003022 003966 002777 000581

Grand Tol 43383 7265 36293 63MS 29073 1ASMM RTIS M4
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_ X746 x1000 x 2.00
- 1000

=Rs. 7460.00
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(Rs 26670 - 7520) =Rs 574.50
Labour charges @ Rs 100 per month = Rs 1200.00

Total = Rs 9234.50
Annual cost for electric motor operated well
=Rs 3132.65 + 9234.50

= Rs 12367.15
B _ 40000
C 12367.15

2
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= Benefit-cost ratio of tube wells equipped with diesel engine driven pump sets

_ 40000 _
354814
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PW X C,f
26670 x 0.11746
=Rs 3132.65
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Hydrogen

Carbon dioxide

Nitrogen
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Average fuel consumption @ 0.25 litre per hp

per hour @ Rs. 15 per litre for 1000 hours of operation

2. Lubricating oil and grease @ 4 litres per 1000 hours

per hp @ Rs. 30 per litre

Maintenance and repair cost @ 3 per cent of initial investment,
excluding the cost of bore, i.e. on Rs. 28720 - 7520 .¢. Rs. 21200

4. Labour charges @ Rs. 100 per month
“Total
“Total annual cost = 4620.40 + 30861.00 = Rs. 35481 .40

Rs. 28125

Rs. 900

Rs. 636

Rs. 1200

Rs. 30861
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r(1+r)" _ 0.10(1+0.10;
TUe o1 (1+0.10)
=0.11746
Fixed cost = 39336 x 0.11746 = Rs. 4620.40
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Z = number of vanes, dimensionless
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vane angle at the outlet, degrees
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Season op Area to be depth per  Rotation period  Period of work
irrigated, ha _irrigation, cm Days hours/day

Winter  Wheat 3 75 [B 10

(rabi)

Summer  Maize 1 75 20 10

(kharify  Paddy 2 50 2 10
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Type of well Number Unit draft ‘Total annual draft
Monsoon Non- Monsoon Nor
period, ha-m  Monsoon period, ha-m  Monsoon
period, ha-m period, ha-m
State twhe wells 5 140 320 210 480
Private shallow 1000 07 13 700 1300
tube wells
Masonry wells with 148 03 06 a4 89
Persian wheels
Masonry wells with 148 04 30 59
‘manually operated
water lifts
Toal 984 1928
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Casing drive heads
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qhy
Q+oH

1.2x20

T (88+1.2)3
0.8 % 100 = 80.00

(i) D* Aubuisson’s efficiency ratio =

Efficiency value,
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(ii) Rankine’s formula,

qlh;—H) X1
0H

12(20-3)
8.8x3

= 7727

Efficiency, % = 00

100
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Quarter-twist

belt drive
Engine
Pump head
Discharge, Engine
trough <~ foundation

GL

Supporting girders
of pump

Well lining
Static water level

Discharge column

+—— Pumping water level

{— Bowl assembly
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% 1.5 mmin
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Nominal Permissible tensile strength of joints, kg

diameter Shallow wells Medium wells
mm <80 m 80-200 m
40 1,400 1,400
50 1.800 1,800
100 2,000 4,000
150 2,300 6,600
200 2,300 8,000

Source: Wavin (India) Ltd., Chennai.
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Pressure, kg/em®

Nozze

orifice 17.5
size Velocity  Discharge Discharge
mm mis s s
625 310 80 190
100 310 175 275
125 340 300

500
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Geological formation Area Aquifer Yield prospects
type ()

Predmont AThuvial Plaim Fimalayan Foot Fill Unconfined/ 010250

(Bhabar zone) Confined

Tarai Alluvial Plain Fringing Bhabar Confined/ 8010300

Unconfined

Ganga-Sindhu Gangetic Trough Unconfined 5010300

Alluvial Plain

Brahamputra Alluvial Assam Valley Unconfined/ 5010300

Plain Confined

Intermantane Valley Dun, Paonta, Nalagarh Unconfined 5010200
Una Valley

Narmada Valley-fill Narmada Unconfined/ 5010200
Basin confined

Tapi and Purna Valley “Tapi Basin Unconfined/ 101050

fill Purna Basin Confined

Glaco-lacustrine Deposit Kashmir Unconfined/ 200-350

(Karewa beds) Confined

Fluvioglacial Ladakii Unconfined 5

Coastal Alluvium East-Coast Unconfined 3010300

Laterite & Older Allovium  Chotanagpur Plateau Semi confined 0 100

confined condition

Source: Sharma (2001)
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Rotation unit

Air and hydraulic hoses

Vertical feed bench

Cross arm

Drill tube Dreubar

Air hose (from
Pivot wheel compressor)

Jack
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t(hr) Drawdown, s el
(cm) (em hr ')
2375 7740
28.00 5500
3175 4500
35.00 3880
37.50 3460
40.00 2440
4175 200
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Adopted from Bulletin no. 19 CSSRI, Karnal 9
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Pollutant State Place of occurrences
Salinity Maharashira Amravat, Akola
(Inland) Bibar Begusarai
Haryana Kamal
Rajasthan Barmer,Jsisalmer, Bharatpur, Jaipur, Nagaur,
Jalore & Sirohi
Uttar Pradesh Mathura
Salinity Andhra Pradesh Vishakapatnam
(Coastal) Orissa Puri, Cuttak, Balasore
West Bengal Haldia & 24 Parganas
Gujarat Junagarh, Kacheh, Varahi, Banskantha & Surat
Fluoride Kerala Palaghat, Krishna, Ananipur, Nellor, Chitioor
Andhra Pradesh Cuddapah, Guntur and Nalgonda
Gujarat Banskantha, Kacheh & Amreli
Haryana Hissar, Kaithal & Gurgaon
ssa Bolangir, Bijapur, Bhubaneswar and Kalahandi
Punjab Amitsar, Bhatinda, Faridkot, Ludhiana & Sangrur
Rajasthan Nagaur, Pali. Sirohi. Ajmer & Bikaner
Tamil Nadu Chengalput. Madurai
Uttar Pradesh Unnao, Agra. Aligarh, Mathura, Ghazigbad, Meerut
& Rai Baraili
Sulphide Orissa Balasore. Cuttack & Puri
S Uttar Pradesh Micser





ops/t0046-02.jpg
Maganese

Arsenic
Nitrate.

Assam
Orissa
Bihar

Rajasthan
Tripura

West Bengal
Orissa
Uttar Pradesh
West Bengal
Bihar

Andhra Pradesh
Delhi

Haryana
Himachal Pradesh

Maharashtra

Darrang, Jorhat, Kamrup
Bhubaneswar

East Champaran, Muzaffarpur, Gaya, Manger, Deoghar
& Madubani

Bikaner, Alwar, Bharatpur

Dharmnagar, Kailasanar, Ambasa, Amarpur

& Agartala

Madnipur. Howrah, Hoogly and Bankura
Bhubaneswar, Athgaon

Moradabad. Basti, Rampur & Unnao

Murshidabad, Nadia, 24 Parganas

Patna, East Champaran, Palamu, Gaya, Nalanda,
Nawada and Banka

Vishakapatnam, East Godavari, Krishna, Prakasam,
Nellor, Chittoor. Anantapur, Cuddapah, Kumool,
Khamam and Nalgonda

Naraina, Shahdara (Blocks)

Ambala, Sonepat, Jind, Gurgaon, Faridabad & Hissar
Kulu. Solan, Una

Bidar, Gulbarga and Bijapur
Sehore, Bhopal & (West & Central Part of state)
Jalna, Beed, Nanded, Latur, Osmanabad, Solapur
Satara, Sangli and Kolhapur
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Culturable area

Specific yield

Average seasonal fluctuation of water level
(1992-1999)

Monsoon rainfall (based on 7 years data)

77 years average annual monsoon rainfall

77 years average annual non-monsoon rainfall
State tube wells (existing)

Private tube wells (existing)

Masonry wells with Persian wheel (existing)
Masonry wells with manually operated water lifts (existing)
Main canals with average wetted perimeter of 35 m

. Distributory canals with average wetted perimeter of 10 m
. Minor canals with average wetted perimeter of 3 m

Average depth of water table below ground level

=125%
=091 m

427.24 mm
409.89 mm
=32.11 mm
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Ca(OCl), + H,O0 = Ca™ " + H,0 + 20CI (3.13)
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Geological formation  Recommended value Minimum value Maximum value

(@ Alluvial areas

Sandy alluvium 160 120 200
silty alluvium 100 80 120
Clayey alluvium 60 40 80

(b) Hard rock areas
Weathered granite, 30 20 40

‘gneiss and schist with
low clay content

Weathered granite gneiss 15 10 20
and schist with significant
clay content

Weathered or vesicular, 20 10 30
jointed basalt

Laterite 25 20

Sandstone 30 10

Quartzite 15 10

Limestone 20 10 30

Karstificd limestone 80 50 150

Phyllies, Shales 15 10 20

Massive poorly fractured 03 02 0s
rock

Note: Usually the recommended values should be used for assessment, unless sufficient data based on field study
ave available 10 justify the misiasen, maxinem or other intermediate valeos.
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NH,Cl + HOCl —— NHCI, + H. (3.16)
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_ 72x20
T 100

=144m  (Table 9.1)
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Velocity head (suction line)
o 4x4
T 2g 2x981
=081'm
Total suction lift = 6.00 +2.25 + 0.77 + 0.65 + 0.81 + 0.41
=10.89m
Static discharge head = 20.00 m
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Discharge Pipe diameter, mm
1ls 50 63 75 90 10 125 140 160
0 080 026 oz — = = = =
15 160 052 025 010 — - - -
20 263 087 040 017 — = e =
25 389 126 059 025 ol - — -
30 531 174 081 034 ols — - =
35 692 230 105 045 020  — = .
40 891 288 135 056 025 - =
45 1072 347 162 0.69 031 = -
50 = 417 195 081 037 00—
55 = 501 220 098 044 oz —
60 - 562 269 L2 050 o1 —
65 = 661 300 129 058 016 —
70 = 7.59 355 148 0.68 01—
75 - 871 398 166 076 020 o
80 s 9.55 447 1.86 083 023 012
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Nominal — Outer diameter, mm ‘Well thickness, mm

size, Min. Max. Shallow wells Medium wells
mm (depth upto 80 m) (depth greater than 80 m
but less than 250 m)
Min. Mas. Min. Max.
0 30 35 40 35 [
50 60.0 40 46 40 46
100 130 50 51 50 57
150 165.0 57 65 7.5 85
200 250 76 88 100 n2
250 2500 85 98 125 150
300 3150 10.7 124 158 17.6

Source: Wavin (india) Lod., Madras
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Type of Classification Limiting diameter  Depth of Size of drill
drilling rig of hole, mm hole, m rods, mm
Percussion Light 130 <50 —
(Cable tool) Medium 200 50-170 -
Heavy 200 >170 -
Direct rotary Light 200 0-250 7
Medium 200 251-457 7389
Heavy 200 >4s7 89
Reverse rotary Light 500 <170 150
Medium 675 >170 150
Combination — — —
(Rotary-cum- 200 <500 8
percussion) 300 >500 89
Down-the-hole i <50 89
(DTH hammer) 150 50-170 i
200 > 170 14
Source: Das (1983)
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R (normal) = total recharge during monsoon season

R, (normal) = rainfall recharge during monsoon season for normal monsoon season rainfall

R recharge due 1o seepage from canals in the monsoon season for the year
of assessment

Ry, recharge from surface water irrigation in the monsoon season for the year of
assessment

R, = recharge from tanks and ponds in the monsoon season for the year of assessment

R recharge from ground water irrigation in the monsoon season for the year of
assessment

R, = recharge from water conservation structures in the monsoon season for the year

GF e
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Bit tube containing

\ :
air piston v 3
° i . Q0 v

Button bit:

(a)
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Trouble

Cause

Remedy

Pump does not lift water

‘Water runs down piping
Pump discharges air
bubbles with water

‘Water escapes through
hole over upper cylinder
Pump runs 100 light and
no discharge of water
Unusual obstruction
during the upstroke of the
handle

‘Well water below suction
limits, leather washer wom
ged or de
Suction pipe leaking and

air sucked through the opening
Upper eylinder hard and

wom out

Valves cl

Rod joints loosened and,
consequently. overall
length increased

Lower pump body within
suction limits, replace washer
Remove valves, clean seats
Remove leakage perfectly.
replace pipe picces if necessary
Replace damaged section

Open pipe system, make
joints tight

Open piping system, ighten

Adapsed from: Kistoskar Bros. Lid., Satara.
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‘Water h
Shaft horse power = ~ it Orse power

Pump efficiency

7.30
0.75
=973
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BHP % 0.746
Motor efficiency

Kilowatt input to motor =

_ 9.73x0.746
0.80
9.07
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Total energy consumption per month = 9.07 x 12 x 30
= 3265 kilowatt-hours (electrical units)
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Cost of electrical energy = 3265 x %

=Rs 653.00
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Wind velocity

km/h

7-11 3.6 1

11-14 54 1.5
14-18 72 2
18-22 10.8 3
2225 144 4
25-29 18.8 5
29-32 21.6 6

Adapted from: LORP Windmill Project Report (Anon., 1

982e)
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‘Animal ‘Weight Draft force Power ‘Typical operating
ke ke hp speed
mis
Bullockslox _ 400-900 60-80 031006 041007
Buffalo 500-900 60-100 061013 051010
Camel 500-1000 80-100 051009 071012
Donkey 150-300 20-40 011006 061008
Mule 350-500 40-60 031007 081010
Horse 500-1000 50-100 061010 081012

(medium size)

‘Based on Fraenkel (1986)
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(8.2)
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Density  pound/cubic foot x16.02 kg/m* x0.0625

pound/eubic foot x001602 keldm’ or kgfitre x62.424
pound/eubic inch x27.6799 kelem® x00362
Velocity  foot/second x0.3048 misec x328
foot/minute %0.00508 misec X 196.85
Rate of %00283 %3538
discharge  cubic foousecond (cusec) X 28.316 x00353
cubic foominute x0472 x222
gallon/minute (gpm) x00757 x13.22
gallon/minute (gpm) %00757 msec x13.22x 10°

1000
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Elapsed time

Drawdown, s

Distance of observation well from pumped well, r

0m 90m 0m 9m
0 0 0 0 0

5 0490 0.130 0.005 0.0006
10 0.680 0207 0011 0.0012
2 0.700 0306 0.022 0.0024
30 0750 0365 0,033 0.0036
50 0.795 0427 0,055 0.0060
60 0820 0450 0,066 0.0070
90 0870 0495 0.100 00110
150 0934 0570 0.200 0.0220
300 0,990 0613 0333 0.0370
480 1050 0700 0533 0.0590
600 1053 0.704 0.666 0.0740
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Casing pipe/screen diameter, cm

Minimum Recommended
475 10 10
475 - 1125 15 15
1125 — 3000 20 25
3000 - 5250 25 30
5250 - 9500 30 35
9500 — 13300 35 40

Source: Ahrens (1970)
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Shaft diameter, D
Hub diameter, Dy,

Diameter of suction flange, D,
Diameter of eye of impeller, D,
Velocity through the impeller eye, C,
Inlet vane edge, diameter D,

Radial component of inlet velocity, Cm,
Inlet vane angle, 4,

Outlet diameter of impeller, D,

Outlet vane angle. £,

. Passage width at inlet, per side, b,
. Passage width at outlet, b,

26°337
=24cm
30°
=24cm
1.8cm
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Items Quantity Initial investment

Rs.
Depth of boring 0m 1800
Length of agricultural strainer I5m 1500
Length of blind pipe and delivery pipe (100 mm dia) 15m 1500
HP of motor 3P 3000
Shingle for shrouding Lump sum 400
Depth of pit for installation of centrifugal pump. 2m 1600
Length of flat belc 6m 200
Standard elbow 1 200
Reflux value I 400
Centrifugal pump I 2000
Bail plug I 100
Pump house and delivery tank ! 4000

Total Rs. 16700
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21 IS11346:2002  Tests for agricultural and water supply pumps — code of acceptance

(firstrevision)

2. IS 11745 1986 Technical supply conditions for positive displacement pumps ~ reciprocating

2, 1512225: 1997 Centrfugal jet pump — specification

2, 1S12732: 1989 Deep well hand pump - nomenclature, identification and packaging of
components

2. 1S13139: 1992 End suction centrifugal pumps ~ base plate and installation — dimensions

2. IS 135181992 End suction centrifugal pumps (rating 16 bar) ~ designation. nominal duty
point and dimensions

2, 1135371993 Technical specification for centrifugal pumps - class 2

28 IS 141061996 Direct action hand pumps — specification

2. 1S 142201994 Open well submersible pump sets — specification

30. 1S 14536: 1998 Selection, installation, operation and maintenance of submersible pump

~ code of practice

31 1S 14582 1998 le-phase small A.C. electric motors for centifugal pumps for agricultral
applications

2. I Deep well hand pumps, components and special tools ~ specification

‘Tube Wells

T "Code of practice for Construction and (€Sng of wbe wells/bore wells-—
Part I construction

2 Code of practice for construction and testing of tube wells/bore wells — Part 2
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1979 testing

3 1S4097: 1967 Specification for gravel for use as pack in tube wells

4, ISS110:2000  Well screens and slotted pipes - specification

s, IS 11189 1985 Methods for tube well development

6. IS 116321 1986 Code of practice of rehabilitation of tube well

7 IS460: Part2:  Specification for test sieves - Part 2: perforated plate test sieve (third revision)
1985

8 Is460: Part3:  Specification for test sieve — Part 3 : Methods of examination of apertures
1985 of test sieves (third revision)

Hydraulic Rams

T 1S 10808 : 1984 of practice for istallation, operation and maimtenance of hydraulic rams
2 1S 10809 : 1984 Specification for hydraulic rams
3 IS 11390 1985 Test code for hydraulic rams
Ground Water
T TS 4410 Part 113 Glossary of terms relating (o river valley projects — Part 11 : hydrology —
Sec6: 1994 section 6 - ground water
Drilling Rigs
T TS 7156 1974 General requirements for reverse circulation driling igs
2 157206 : Part 1: General requirements for direct circulation rotary drilling rigs - Part 1: with
1986 rotary table
3 1S7209: 1974 General requirements for blast hole drilling rigs
4, 1S9439:2002  Glossary of terms used in water-well driling technology
. IS 10208 : 1982 Specification for diamond core drilling equipment
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c

Well condition

(secim®)

<1900 Properly designed and developed
1900-3800 Mild deterioration

> 3800 Severe clogging
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Time  Depthto Drawdown Pumping  Time  Depthto  Draw- Pumping

(min) water rate water down  rate
level in level in
the well the well
(m) (mYsec)  (min) (m) (m)  (mYsec)

0 7.50 - 65 9.05 155 002

1 795 001 70 9.08 158 0.02
2 800 001 7 9.10 1.60 002
3 802 001 80 9.12 162 002
5 805 001 9% 9.14 164 002
10 810 001 100 9.15 165 002
15 817 001 110 9.16 166 002
20 8.14 001 121 9.64 214 0025
2 8.15 001 122 9.68 218 0025
30 815 001 123 9.70 220 0025
40 816 001 125 972 222 0025
50 817 001 130 973 223 0025
60 817 001 140 974 224
61 8.98 160 9.5 225
62 9.01 170 976 226
63 9.03 180 9.76 226
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. Actual outlet angle,

Shaft diameter, Dy

Hub diameter, Dy,

Diameter of suction flange, D,,
Velocity through the suction flange. V.,
Diameter of eye of impeller. D
Velocity through the impeller eye, C;,
Tnlet vane-edge diameter, D,

Radial component of inlet velocity. C,,;
Inlet vane angle, ,

Outside diameter of impeller, D,

. Outlet vane angle,
. Peripheral velocity at outlet. u,

Virtual tangential component of absolute velocity at outlet, Ciry
Actual tangential component of absolute velocity at outlet, Cu3
. angle of water leaving impeller. a5
Actual absolute velocity at outlet, C 5

. Relative velocity at the inlet, w,

Relative velocity at outlet, w,
Number of vanes, Z
Passage width at inlet. b,

. Passage width at outlet, by

11 em/s
50 m/s
22°46°57”
=274cm
=30°
=20.79 m/s
=15.16 m/s
=10.6 m/s
£17¢:
=11.08 m/s
=88 m/s
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(1=sin 25%)
(I+sin 25%)
(1-0.423)
(1+0.423)

=0.0016 x 500 x

=0.0016 x 500 x =0.324 kg/c;m2
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Manufacturer Pump code No. hp
A 4MK 3 125
B 2SM 4 1.5
B 3ISM 1 115
B SKL1 125
o 3KZ2 8.8
C 3KZ3 10.2
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in which,

7= external radius of the well, cm

7y = internal radius of the well, cm

P = Earth pressure, kg/em’

 A=sind)
(1+sin ¢)

W = specific weight of soil, kg/em®

ingle of repose of the soil, degrees

lepth of well, cm

(33)
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(1-0423)
(1+0.423)

=0.0016 % 1500 x

=0.972 kg/em®

1.944 17
73 - (100y°

ry =100 /15/13.056
=107 cm

Thickness of steining = 7 cm
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9.5 224 087
10 251 095
n 288 L2
12 339 129
13 398 148
14 447 1.70
15 513 195
16 575 219
17 646 240
18 7.16 272
19 7.94 295
20 861 321
25 - 478
30 — 668
35 = 891
40 = —
s — -
50 . —
0 — —
70 — —

047
053
0.62
071
083
094
107
120

1.66
182
226

367
4.90
617

7.76

Adapssd from: Kirloskar Brothers, Lid.. Enginsering Data (Anon., 1976)
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1. Canal seepage = 2783 ha-m

2. Deep percolation from canal irrigated fields = 1888 ha-m
3. Deep percolation from ground water irrigated fields = 482 ha-m
=5153 ha-m

Total annual ground water recharge =4281 + 5153 = 9434 ha-m
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6294 x 2 = 1888 ha-m
100
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23x1500x1x0.0023
23
= 3.45 kg/em®

Bearing load =
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9434x0.85=8018.9 say 8019 ha-m

The ground water balance for development through institutional financing = 8019 — 2912
5107 ha-m
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T+sin25°

=0.0016x 2000 x (1=0423
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= 1.296 kg/em®
1o 25927
3 - (100)°

Steining thickne:
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Human power by duration of efforts, watts

Age Smin 10 min 15 min 30 min GOmin 180 min
(years)
20 220 210 200 180 160 %
s 210 200 180 160 13 75
60 180 160 150 130 110 60

Based on Morgan's letter in Appropriate Technology JI.. London, Vol. 9 No. 1.

Fraenkel (1986).

1983. Quoted from
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0]

Pumps staris  (3)
and stops
frequently ®
©
Pump loses @
prime
®

Pump will not (@)
shut off ®
©

Worn or defective pump
parts or plugged impeller
Leak in pumping system

Foot valve may be lcaking
Improper connection of
service pipes

Water level falls below
foot valve
Air leaks in suction line

Injector nozzle clogged
Pump may have lost prime
Water level may be 100
Tow in well

®
@

®
©

@
®
@

®
©

Can feak under suction.
Replace worn out parts. Clean parts if required.

Check all valves and make sure there i no leakage in
system,

Remove foot valve and repai
In case of domestic water supply, on instalation

where pump is installed at some distance from point of
water usage, service line should be connected to water
Storage tank rather than to pump or on the pipe-line from
pump (0 tank

Check water level and lower foot valve orjet, if possible.

Look for possible air leaks in suction line and, if
observed, correct leaks. On high suction ifs,
important to prevent any leaks in suction line.
Remove injector and clean with sl wire.
Sec instructions given above.

Check water level against performance chart of pump to
make sure that the correct jet i being used on deep well
‘pumps, or that water level is not 0o low for shallow well

pumps.
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Trouble

Possible causes

‘Suggested remedy

Pump not
delivering
Water

Low pump
capacity

@
®
©
@
©

0]

Leaky suction pipe.
Inadequate priming
Injector nozzle clogged

Foot valve stuck or
strainer clogged.
Water level below foot
valve

Horizontal piping does
ot slope up from well
0 pump.

@
®

©

@

©

Water level 100 low
Low well capacity
Injector nozzle clogged
Foot valve stuck or

clogged
Leaky suction pipe

@
®)
©
@
©

0]

®
@
®

©

@

(©

Make sure allpipe connections are pressure-tight.
Do proper priming by adding water.

Remove the injector and clean nozzlc of any obsiruction.
Make sure piping is absolutely clean before replacing
injector.

Remove, repair and clean,

Lower injector or foot valve deeper i the wel.

Make sure there is no air trap in the horizontal piping
between the well and the pump.

Check electric connections of the motor.

Check water level against performance tables to make.
sure that it is not out of range of pump or injector used.
“This will esult in excesive draw-down in the well.
Usually corrected by lowering Jet further in well
Remove injector from well and clean nozzle in case of
any obstruction. Make sure pipes are clean before.
replacing.

Remove injector from well and clean strainer. Make sure
foot valve is no stuck

Make sure all pipe joints are pressure-tight o that no air
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Category

Condition

(i) Safe arca with potential for development

(if) Semi critical areas for cautious ground water
development

(iii) Critical areas

(iv) Over-exploited areas

(@ Stage of ground water development i less than 70
per centand there is no significant long term decline
of pre- or post-monsoon ground water levels

(®) Stage of ground water development is more than 70

per cent but less than 90 per cent and both pre- and

post-monsoon ground water level do not show a

significant long term decline.

Stage of ground water development is more than

70 per cent but less than 90 per- cent and either pre-

monsoon or post-monsoon ground water levels

shows a significant long term decline.

Stage of ground water developmentis less than 100

per cent and either pre- or post-monsoon ground

water levels shows a significant long term decline.

(b) Stage of ground water development is more than 90
per cent but less than 100 per cent but both pre- and
post-monsoon ground water levels shows asignificant
Tong term decline.

(©) Stage of ground water development is more than

100 per cent, but ither pre-or post-monsoon ground
water level does not show a significant long term
decline.
Stage of ground water development is more than
100 per cent and both pre- and post-monsoon
‘ground water levels show a significant long term
decline.
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Pollution source Recommended minimum
distance of well

Cast iron sewer with lead or mechanical joint 3m
Septic tank or sewer of tightly jointed tile 15m
Privy, manure pit, or drain field
Cesspool receiving raw sewage
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where, V= quantity of free air required per litre of water lifted, m”
h = total lift including friction losses, m

€= constant, depending upon the percentage working submergence, as given in Table
6.2.

H = working percentage submergence, %





ops/f0349-01.jpg
Wooden poles
with cr

% beam

Discharge channel






ops/f0372-01.jpg
e B o P o [ L

oo Lo covec e

il
= @il .
[ [if 3 e T =

ot f pnger oty

&
- = &
. - &
1 Prnc s —| “
evo ] v ] i
- = \m-vm? J Cyinder 1
! ok i
e mlml.m. £ g H






ops/e0456-02.jpg
G
sin f= 1
"





ops/f0185-01.jpg
sanno Buidojeaus

yoed _mmMM *oed jonei

oo
00y

fooe

00z

curve of aquifer

Particle size
distribution

100 4

— T

T
2 e g8 92 8 8 ¢

8 R 8

1uBiam Aq sauy a0 Jd BAREINWNG

Particle size mm






ops/t0436-01.jpg
Costof  Interest Deprecia-  Head Annual — Costof Total

300m  on tion loss con- energy cost
long. vest- charges  ducto sump- consum- per
pipe ment  @4% tionof  edinover-  year
(includ- n300m  energy  coming
ing ins- long toover- friction
tallation) pipe come
friction
in pipe line
om Rs Rs Rs m KWh Rs Rs
5 8760 43800 35040 1860 508598 915477 994317
6 10800 54000 43200 720 196877 354379 451579
7 13004 65520 52416 318 86954 156517 274453
8 15026 75630 60504 156 42657 767.83 212017
10 19200 96000 76800 45 12305 22149 1949.49

125 24450 122250 978.00 141 3856 6940 226990
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S.No. _ BIS Code Description

Pumps
T 1S 17105 1989 Specification for pumps - vertical turbine mixed and axial flow, for clear cold
water
2. 15 6595 : Part 1: Horizontal centrifugal pumps for clear, cold water - specification - Part |
2002 agricultural and rural water supply purposes
3 156595 : Part2:  Horizontal centrifugal pumps for clear, cold water - Part 2: general purposes
1993 other than agricultural and rural water supply - specification
4 1S7538:1996  Three-phase squirrel cage induction motors for centifugal pumps for
agricultural applications
5. IS8034:2002  Submersible pump sets - specification
6 IS8035:1999  Hand pump - shallow well - specification
7 IS8418:1999  Pumps - centrifugal self priming - specification (first revision)
8 1998 Pumps - regenerative for clear, cold water - specification (first revision)
9 IS9079:2002  Electric monoset pumps for clear, cold water for agricultural and water supply
purposes - specification
10, 159137: 1978 e rifugal, mixed flow and axial pumps - class ¢
I 1S9283:1995  Motors for submersible pump sets - specification
2. 159464: 1980 Specification for horizontal centrifugal pumps for marine use
13, 1980  Specification for horizontal centrifugal monoset pumps for clear, cold, fresh
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18
19
2,

159694 Part I
1987
15,9694 : Part 2:
1980
15,9694 : Part 3 :
1980
15,9694 : Part 4 :
1980
1510572 1983
1S 10981 £ 1983
IS 11501 : 1986

water
‘Code of practice for the selection, installation, operation and maintenance of
horizontal centrifugal pumps for agricultural applications - Part 1 : selection
Code of practice for the sclection, instalation, operation and maintenance of
horizontal centrifugal pumps for agricultural application - Part 2 instalation
Code of practice for the selection, instalation, operation and maintenance of
horizontal centrifugal pumps for agricultural applications - Part 3 operation
Code of practice for the selection, installation. operation and maintenance of
horizontal centrifugal pumps for agricultural applications - Part 4 :
maintenance

Method of sampling pumps

Class of acceptance test for centrifugal mixed flow and axial pumps - Class B
Specification for engine monoset pumps for clear, cold, fresh water for
agricultural purposes
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Depth of well casing, cm

m 15 30
0 - 10 159 159 159 198
10 - 20 159 159 159 198
20 - 30 159 159 159 1.98
30 - 40 159 159 159 198
40 - 50 159 159 198 198
50 - 60 159 198 198
60 - 70 198 1.98 1.98
70 - 80 198 1.98 198
80 - 90 198 198
9 - 100 198 278 278
100 - 110 1.98 278 357
10 - 120 1.98 278 357
Above 120 278 357 357

Source: Ahrens (1970)
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AS; =0.67 m, AQ, = 0.01 - 0=0.01 m’/sec
AS, = 0.96 m, AQ, = 0.02 - 0.01 = 0.01 m*/sec
AS, = 0.58 m. AQ; = 0.025 — 0.02 = 0.005 m*/sec
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1
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pump pump pump pump pump
Lift pump Force pump.
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Shallow Deepwell  Shaliow Deep wel
well pump pump  wellpump pump
Single-acting Single-acting Single-acting ¥ ¥
plunger type plungor type plungortype  Single-acting Double-acting
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spout spout

—

Single Duplex
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Working percentage
submergen
Value of constant

C in Eq. (6.6) 366 358 348

75 70 65 60 55 50 s

318 296 272
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Pumping rate Diameter of pumping Diameter of air

Us pipe, mm line, mm
75 - 120 100 30
120 - 175 125 40
175 - 30 150 50

200 60
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Length of the line =4 +3=7m
Height of the pulley = 4 m
Deviation at the top of the well =2 mm

Drift at a depth of 3m = % =35mm
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INDIA/

MAJOR GROUND WATER
FORMATIONS

LEGEND

1. Porous formations
(Unconsoldated and Semi-cons.)
[ Large yield prospects: > 150 m®
[5] Mod. yield prosp. 5010 150 m¥hr
EJ Low yield prospects: < 50 m’r
11 Hard rock formations
(Fissured, consolidated)
) Large yield prospects: > 20 m/hr
B Moderate yield prosp. 5 to 20 m¥hr
B Low yield prospects: < 5 mhr
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Static ground water reserve (m’) = Thickness of the aquifer below the zone of water level
fluctuations (m) down to exploitable limit x Areal extent of the
aquifer (m?) x Specific yield of the aquifer (fraction)
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b. Alkali water (RSC > 2.5 meqlitre, EC,, <4.0 dS/m)

Soil texture. Upper limit Remarks

(% clay) of RSC

Fine (> 30) 25-35  Limits pertain to Kharif fallow/Rabi crop rotation when
annual rainfall is 350-550 mm. When waters have
Na < 75% (Ca + Mg > 25%) or ainfall is > 550 m. the

Moderately fine (20-30) 10 35-50  upper limit of RSC range becomes safe. For double
cropping. RSC neutralization with gypsum is essential
based on quantity of water used during the rabi season.

Moderately coarse (10-20) 15 50-75  Grow low water requiring crops during kharif.

Coarse (< 10) 20 7.5-100  Avoid ice.
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Soil texture Crop tolerance
(% clay)

EC;, (@S/m) |

<350

it for rainfall region

350 - 550 > 550 mm

Saline water (RSC <2.5 meqflitre)

Fine Sensitive.
>30) Semi-tolerant
Tolerant
Moderately finc Sensitive
(20-30) Semi-tolerant
Tolerant
Moderately coarse Sensitive
(10-20) Semi-tolerant
Tolerant
Course Sensitive
(<10) Semi-tolerant

Tolerant

10
L5
20
15
20
40
20
40
60

60
80

1s
30
45
25
45
80
30
80
80 100
30 30
75 90
100 125
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n = speed, rpm
D, = rim diameter, m
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0=0.05043 x %
=0.05043 x 0.072 = 0.0036 m'/s

Penetration depth = 30 x % = 6 metres
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Brake horse power
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Crop  Area Yield Total  Price __ Value of farm produce  Costof  Total Income
ba  qus produ-  per Grain Fodder Total cultiva- costof  Rs.
Ma ction g R Rs  Rs tionha cultiva-
a Rs. Rs. tionRs.
Monsoon crop (Kharif)
Maze 15 2500 3730 360 1350000 300000 1650000 9000.00 1350000 300000
Coton 05 1250 625 900 562500 - 562500 600000 310000 252500
Paddy 0.5 3500 1750 360 630000 30000 660000 600000 300000 360000
Sugarcane 0.5 50000 25000 63 1575000 - IS75000 1500000 750000 $250.00
(Feb-March)
Winter crop (rabi)
Poto 05 20000 10000 250000 - 2250000 24000.00 1200000 1050000
Wheat 25 3500 8750 450 3937500 330000 42675.00 1200000 3000000 1267500

Total Rs.

40550.00
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ops/e0459-03.jpg
Thus, the brake horse power, bhp = . 0—878 =10.26

n
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Description Quantities
Cement Sand Coarse Bricks
bags aggregate no.

w m

One cubic metre cement

concrete

Lo 825 043 085 -

2 1:2 650 0.45 090 -

3, i:30 450 047 094 -

4 1:4 350 048 096 -

s5o1is: 280 049 098 -

6 1:6:12 235 0495 099 -

7. 1:8:16 180 0.50 100 =

One cubic metre brick

cement mortar masonry

1L1:2 345 024 - 480

2. 1:3 240 025 - 480

314 175 025 - 480

415 145 025 - 480

5106 120 0.5 - 480

6 1:7 1.00 025 - 480

One square metre cement

plaster. 12.5 mi thick

[ANEE 020 0014 = &

2113 0.16 0016 - e

3104 012 0016 , =

4 s 0094 0016 - =

5116 0078 0016 5 =
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7, min , min t” s’ym

1 200 200 0.80
2 202 101 0.68
3 203 68 0.60
5 205 41 0.50
7 207 29 045
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water table by 2.2 m = Area of aquifer x 2.2

1x10°x22=22Mm*

Volume of water pumped

Specific yield of aquifer e X
Volume of aquifer drained

35105
_ 310 6136
22x10°

Volume of recharge = Area of aquifer X rise in water table Xspy
=1x10°%1.0x0.136 = 136000 m*>
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Hand pump
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Velocity of flow = or 3.33 cm/min
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From Eq. (2.32)

As=0.34mand £, =2 min.

2300
47 As

Q = 0.006 m*/min = 8.64 m*/day

7o 230x864 s m*/day

4 (0.34)
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1. Annual cost of power at Rs. 200 per hp per month =200 x 3 x 12 = Rs 7200.00
2. Repair and maintenance cost at 3 per cent on Rs 16700.00 501.00

Operation charges at Rs. 200 per month 240000

Total 10101.00

< 1253242

Rs. 243142 + Rs. 10101.00

el g
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ds of gravel pack
ds, of aquifer

should lie between 12 and 15.5
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Propeller ‘Wind velocity, km/h

diameter, m 8 16 4 32 40 48
06 06 5 16 38 73 131
12 2 19 64 150 300 520
18 5 2 140 340 660 1,150
24 10 75 260 610 1,180 2020
30 15 120 400 950 1,845 3,180
36 21 170 540 1,360 2,660 4,600
a2 2 230 735 1.850 3620 6250
a8 40 300 1030 2440 4740 8.150
54 51 375 1320 3060 6,000 10350
60 60 475 1600 3.600 7.360 12,760
66 73 480 1940 4350 8.900 15,420
72 86 685 2,300 5.180 10,650 18,380

Source: Clews. H. Electric Power from the Wind, Solar Wind Co., Maine 1973, p. 4. (Adapied from Fritz,
M., 1982)
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should lie between 9 and 12.5.
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Length of drill steel Size of shot hole

800 mm 32 mm
1600 mm 31 mm
2400 mm 30 mm
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Hard rocks
Alluvial or hard rock
with confined aquifer
do:

Hard rock

Hard rocks or alluvium

M Faglons
Plain area or
gently undulating area
Flood plain deposits

Foothill zones

Forested area

Recharge ponds
Injection wells, conncetor wells

~do-
Farm ponds, recharge
trenches

Ground water dams

Source: CGWB. (2000).
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2 QWH,+H,)
102(R, +P)
where, Q = discharge capacity of pump, 1/s
H, = head of each stage, m
P. = brake horse power for each stage, kW

(1.1
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Geological Area Aquifer Yield prospects
formations type (m'hr)
Basalt Decean Plateau Unconfined 201070
Basalt Rajmahal trap Unconfined/ 101060
Confined

Limestone ipur, Chattisgarh, Unconfined 5010 180

Durg
Granite gneisses Peninsular Shield Unconfined 51055
Crystalline Peninsular Shield Unconfined 510100
Limestone, Schists and  Peninsular Shield Unconfined 10020

Phyllites

Source: Sharma (2001)
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Efficiency range % of pumping sets

25.8 10 less than 40% 31
4010 less than 50% 36
5010 less than 585% 3

Source: Thaman ef al. (1982)
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(D) Cost of 10 cm dia, delivery

pipe (lght weight) 12 m (10 +2)
@ Rs. 80/m.

Sub total

Cost of 7.5 hp diesel enginels hp

electric motor, including

centrifugal pump

Cost of reflux valve, rubber

packing, etc.

Other expenses for electrical-

installation, including starters.

switches and cables

Cost of construction of pump.

house, delivery tank and pump.

foundation

Cost of oblaining electrical

connection

Total

Rs.

Rs.

960

. 7520
. 14000

200

. 7000

. 28720

Rs. 960

Rs. 7520
Rs. 8000

Rs. 3450

Rs. 7000

Rs. 26670
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22, IS 10124:Part 12 Specification for fabricated PVC fittings for potable water supplies: Part 12

1988 specific requirements for 22 % degree bends
215101245 Part 135 speification fo fbricated PVC ftings for potable wter supplies: Pat 13
1988 speific equiemens for 114 dgre bends

24 IS7834:Partl:  Specification for injection moulded PVC fitings with solvent cement joints
1987 for water supplies: Part | general requirement

25 IS7834:Pan2:  Specification for injection moulded PVC fittings with solvent cement joints
1987 for water supplies: Part 2 specific requirements for 45 degrees elbows

26 IS7834:Pan3:  Specification for injection moulded PVC socket fitings with solvent cement
1987 joints for water supplies: Part 3 specific requirements for 90 degree elbows

27 IS7834:Pand4:  Specification for injection moulded PVC socket fittings with solvent cement
1987 joints for water supplics: Part 4 specific requirements for 90 degree

28, IS7834:PanS:  Specification for injection moulded PVC socket fittings with solvent cement
1987 joints for water supplies: Part 5 specific requirements for 45 degree tees

2. IS7834:Pant6:  Specification for injection moulded PVC socket fittings with solvent cement
1987 Joints for water supplies: Part 6 specific requirements for sockets

30 IS7834:Pan7:  Specification for injection moulded PVC socket fittings with solvent cement
1987 joints for water supplies: Part 7 specific requirements for unions

3. IS7834:Pan8:  Specification for injection moulded PVC socket fttings with solvent cement
1987 joints for water supplies: Part 8 specific requirements for caps

1S7181:1986  Horizontally cast iron double flanged pipes for water, gas and sewage
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Group Average yield, qtlha
Under rainfed agriculture  Under irrigated agriculture

Monsoon crop (kharif)

Maize 125 250
Pearl millet (bajra) 75

Cotton 75 125
Paddy . 350
Sugarcane . 5000
Winter Crop (rabi)

Sugarcane

Wheat 150 350
Potato — 2000

Gram 75 s
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Sl States Total Provision Available  Utilizable  Gross draft Netdraft Balance  Level of

. replenishable for  ground water ground water cstimated swound ground.
ground  domestic resource for resource for  on prorata water water
ater industeial rrigationin  rrigation i basis resource development
reource  Sother netterms  nctterms  Mbawmiyr Moy for
Mhamlyr  uses Mhamlye  Mbamiye foture use

Mbaauir i net terms ()

T Andi Pradeh 35309 0w I 697 LI%G 07801 22168 2610

2 AmnachlPradeh 01485 00N 01227 0100s - z oy -

3 Asam 22786 03VIS  LOGS L9 02036 01449 L7819 746

3 bibar 26979 00N 2996 206098 LSS 08257 L) 3599
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6 G 00282 00087 0DISSS 0016 00219 0WISE 00101 830

7 Gujuat 20067 030566 173199 121895 0 0w 4927

3 Haryam L9 016769 09505 Lo 07ise 023179 7561

9 Himachil Pradesh 002926 000439 002487 000591 00073 1663

10 Jammuand Kahmir 04257 006600 03760 0386 00058 oz 1o

1 Jharkhand Oceis  00M7 036 05025 0.7 oan 2r6s

B Emsiks 161750 024186 137564 123665 064973  OASASI 092083 3306
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Depth of well, .5m  Location: Village Acharapakkam,
No.of  Pumping  Recuperation No.of Total
block  period  period recuperations  pumping  pumping  in
periods per day timeina  time yield
of 24 hrs day obtained
) (min) (min) ) [
(e 150 1260 T 3 — pn
2 30 30 2 2 9 300
3 2 51 6 12 102 72 240
4 3 69 i 8 92 6. 2066
54 81 1590 6 8.1 s 170
6 6 105 255 4 70 40 1333
78 129 351 3 645 345 s

Source: Anon. (1982)
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Weight

Pressure

nin= ——
e 7000

ounce= L b
i

pound = 1 1b
ew=1121b
short ton or American
ton =2,0001b
Tong ton =2,243 Ib
Pound/square inch
_ footof water
231
pound/square inch
Tong ton/square inch
inch mercury
_ footof water
ST
inch mercury
Vatm (34 feet of water or

%0.0648

x2835

%0.4536
% 50.802
%0907

%1016

x0.0703

% 0,068
x157.5
X345

X254

= 14.7 pound/square inch) x 1.033

am
kefem®
mm of water
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or | kg/em®)
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x15.42
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x00197
x 1102

x 098421

x 1422
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X 0.00635
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X 003937
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Measure FPS Metric
Unit FPS to Metric Metric to FPS
Length inch (1) x254 m 003937
foot() = 12" x0.3048 x328
% x09144 m * 109361
760 yd. X 16093 k=100 m x0621
nauical mile x 1852 km =100 m 2540
Area squareinch x6.451 e’ 01550
square foot %0099 n 10764
acres x0.4047 hectare x2471
Volume  cubic inch X 163871 am? 00610
Imperial gallon x4.546 lire = @m') 0220
(= 1.2 American gallon)
Imperia gallon (= 1010)  x 0.004546 ' x220
American gallon X385 liwe 02642
Petroleum barre = 42
American gallons x159 W 063
cubic foot x28316 lie 00353
cubic foot X 0.0283 m %3538
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Geological Area Aquifer Yield prospects
formations type (m/hr)
Waikam beds Unconfined/ 010 180
Confined
Tipam Sandstone Tripura Valley Unconfined/ 5010 150
Confined
Naguar-Jodhpur Rajasthan Unconfined/ 15075
Sandstone Limestone Confined
Cuddalore Ariyalore East-Tiruchirma Pall Unconfined 2010 100
Pondicherry Confined 151080
Karaikal 160
Himmatnagar Sandstone  Mehsana Unconfined 1010 100
Lathi Sandstone West Rajasthan Confined 100 10 500
Gondwana Sandstone Damodar, Mahanadi Confined 201050
& Godavari
Sandstone/Shales Vidhyans Unconfined/ 7010 120
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Diameter of foot valve casing-cum-strainer
. Length of the foot valve body
. Diameter of the opening in the base plate
over which the flap valve rests
. Diameter of leather washer of flap valve
. Diameter of lower plate of flap valve
. Diameter of upper plate of flap valve

d+ 50 mm
250 mm
dmm

d +25 mm
d—10 mm
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(b) Force required to work the piston during ‘out’ stroke
(i) For suction = w (a —a;) X suction head

= 1000 (0.031 - 0.00196) x 5
=1452kg

(if) For delivery = wx a x Delivery head
=1000x 0.031 x 10=310 kg
Total force during *out’ stroke

145.2+310
4552 kg

Discharge during ‘in’ stroke = a X / X rpm

=0.031 x 0 x50
100

=0.465 m*/min = 465 l/min
Discharge during ‘out’ stroke
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=(a—ay)x1xpm

=0029% 2% x50
100
=0.435 m¥/min
=435 Umin
Total quantity of water raised by the pump
=465 + 435
=900 I/min
hp required by the pump
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Components Expected service life Annual maintenance
Hours of operations  Years  and repair, % of initial
investment
Masonry wells — 50.70 0205
Tube well screen and casing (mild steel) - 2030 0515
Pump house and foundation — 40-50 0515
Bowls of turbine pump (about SO°% of the cost 16000-20000 810
of the pump unit)
Columns of twrbine pump 32,00040000 1620
Centrifugal pump 3200050000 1525
Gear head 3000036000 1420
V-helt 6.000 3
Flat belt (leather) 20,000 10
Electric motor 5000070000 2535
Diesel engine 28,000 15
Petrol engine 14000-18000 812
Galvanized iron pipes - 20-40
Portable aluminium pipes - 15
Plastic pipes (underground) - 2040
Concrete and asbestos cement pipes - 2040
Hydrants - 2040
Water meters - 20
Sprinkler nozzles - 510 23
Fittings of portable pipes — 15 23






ops/f0227-01.jpg





ops/c0583-03.jpg
mass = Iz(pav,) (vf)





ops/c0583-02.jpg





ops/c0583-01.jpg
v,/v, =1/3






ops/f0296-01.jpg
Bushing

e weil
screen

| —Bail

plug






ops/f0296-02.jpg





ops/t0684-03.jpg
I cubic metre
I cubic metre
I cubic metre
I litre
I litre
I litre

I cubic centimetre
I cubic foot

I cubic foot

I cubic foot

I cubic foot

I cubic inch

I cubic yard

1 US. gallon

1 US. gallon

I Imperial gallon
I Imperial gallon
i

I acre-inch

1 arce-inch

314 cubic feet

08 cubic yards

= 1,000 litres

0353 cubic foot
2642 US. gallon
0.2201 Imperial gallon

.061 cubic inch
.0283 cubic metre

.23 Imperial gallons
6.39 cubic centimetres
7645 cubic metre
=3.7854 litres
fal gallon

,233.5 cubic metres
,630 cubic feet
02.8 cubic metres
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1 metre

I metre

I centimetre
1 kilometre
I foot

1 inch

1 mile

1 mile

3.2808 feet
=39.37 inches
937 inch
=0.6214 mile

048 metre
2.54 centimetres
5,280 feet

.609 kilometres
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square metre
square centimetre
square kilometre
square kilometre
hectare

hectare

hectare

square foot
square inch

acre

acre

square mile
square mile
square mile

10.764 square feet
0.155 square inch

= 100 hectares

=0.3861 square mile
10,000 square metres
107,640 square feet
=2.471 acres

=0.0929 square metre
6.452 square centimetres
= 43,560 square feet
=0.4047 hectare

= 640 acres

=258.99 hectares
square kilometres
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Soil conditions Recommended value  Minimum value Maximum value

(@ Allusial areas

Indo-Gangetic and 2 2 2
inland areas
East coast 16 14 18
West coast 10 8 12
) Hard rock areas
Weathered granite. n 10 2

‘gneiss and schist with
low clay content

Weathered granite, 8 5 9
‘aneiss and schist with
significant clay content

Granulite facies like 5 4 6
chamockite etc.

Vesicular and jointed 13 12 4
basalt

Weathered basalt 7 6 8

Laterite 7 6 8

Semiconsolidated 2 10 14
sandstone

Consolidated 6 5 7

sandstone. quartzite,
limestone (except
cavemous limestone)

Phylltes,shales 4 3 s

Massive poorly I 1 3
fractured rock
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Vazn  a)  A@ A @) AE @ a0 ) w®)  a00)
" WEN  NCD N NG N N N N NS N NGO
1000 IO TSB 400 632 863 1098() 1328() 13S4() 17881 2005 () 2235 (1)
0333 12 ISSCD) 160 388 6149 S4SI107S(1) 1308(1) 1S36(1) 1766 (1) 1996 (1) 2227 (1)
0666 15 LO00(-D) 1465 3637 S927 8238 10S3(1) 1283(1) LS4 1784(1) 1974 (1) 2204 (1)
0500 20 4S0(2) 123 335 S69 7900 1026(1) 1255(1) 14SS() 1TISC) 1995 (1) 2176(1)
0400 25 2491(2) 104 47 7717 1002(1) 122(1) 146201 1693 (1) 1923 (1) 2153(1)
0333 30 1305(2) 9057(-1) 2959 S35 1535 983 12W4(1) L) 167D 1905 (1) 2135 8)
0266 35 6970(3) 7T942(1) 2810 SO TSI 9683 LI99(1) L4291 1659(1) L889(D) 2120(1)
0250 40 3TI9(3) T02(1) 2681 4048 7247 9550 LISS() L4IS() L646() LSI6(1) 2106(1)
022 45 2073(3) 6253(1) 2565 4831 100 94 LITN() L4031 1634(1) L8G4 (1) 2094 (1)
0200 50 LIS (3) SSO8(C1) 2468 4706 7024 9326 LIG3() 139301 1623(1) L8SH(1) 2084 (1)
D166 60 3601(4) 4SK(D) 2295 455 6592 0144 LIS() LIS L6S() L8 (1) 2066(1)
0142 70 LISS(4) 37381 2151 4392 6688 8990 L120(1) 1360() 1590(1) 1820(1) 2050(1)
015 80 37675 II06(D) 2027 425 6555 S8S6  LU6() LM6() L576(1) L80T(1) 2037 (1)
DI 90 12455 26021 1919 4142 6437 8739 LI0() 1330 1565 (1) 1795 (1) 2025(1)

Source: Wakoa (1962)





ops/f0553-01.jpg
3.0

25

Effiency -y

100

k75

2
a
£
[ %
15 Brake E104-50 £
horse power H g
© =
24 M
2
104 ®
S 6
@ Lo
24
054
24
0 T T T 4
11000 15000 19000 23000 27000

Discharge, l/min






ops/e0066-01.jpg
(2.15)





ops/e0066-02.jpg
(2.16)





ops/f0018-01.jpg
0

10

20

Depth, metres

30

Clayey
sand 40

Welllog

Counts per second






ops/f0123-01.jpg
Motor-driven
centrifugal pump

Platform

\ Suction pipe






ops/e0114-06.jpg
=58.1 cm, say 60 cm





ops/e0114-07.jpg
Ag= L
o, Jd
M = 826427 kg-cm






ops/e0114-04.jpg
! x272 X328 =343.6 cm






ops/e0462-04.jpg
p = 3[16T.
: 4





ops/e0114-05.jpg
10

M

_70x343.6°

= 8,26,427 kg-cm
10





ops/e0462-05.jpg
15 X bhy SX9.
T,= HLORbhY,_ 10 X920 =456 kg-m
n 1450





ops/e0462-02.jpg
n =1450 rpm
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Phenoli
(me/1)
He. (mg/1)

cd. (mg/l)

e, (mg/1)

As. (mg/1)

Cn, (mg/l)

Pb, (mg/1)

Zn, (mg/1)

Anionic Detergents,
(mg/1)

Cr. (mg/1)

PAH. (ug/1)

‘compounds,

0.001 0.001

0.001 0.001
001 -
001 =
005 s
005 -
005 -

02 -

005 =

0.001

0.001
001
001
005
005
o1

s
02

005
02

0.001
0003
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0.01(P)
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Mineral oil. (mg/1) 001 o 0.01

Pesticides Absent - -
Aluminium, (mg/1) 003 - N

Alkalinity (as CaCO,), 200 - -

(mg/1)

Boron, (mg/1) | - - 05(T)

BIS Bureau of Indian Standards, ICMR = Indian Council of Medical Researc!
CPHEEO = Central Public Health and Environmental Engineering Organisation, and
WHO = World Health Organisation

1S 10500 : 1991

= Not of health concern at levels found in drinking water. However, may affect the acceptability of drinking
water; P= provisional guideline value, a there is evidence of a hazard, but available information on health effects
i limited: T = provisional guideline value because calculated guideline value i below level that can be achieved
through practical reatment methods; C = concentrations of substance at or below the health based guideline value
may affect the appearance, taste or odour of water, lesding 10 consumer complaints.
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‘Water table below ground level

Source of irrigation  Type of erop
<10m 1025m >25m

Ground water Non-paddy 25 5 5

Surface water Non-paddy 30 20

Ground water Paddy 45 35

Surface water Paddy 50 40
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Kamataka

Kerala

Madhya Pradesh

Maharashtra

Bangalore, Belgaum, Bidar, Bijapur,
Dharwad. Gadag, Gulbarga, Kolar,
Koppala, Shimoga, Tumkur, Uttar
Kannada

Emakulam, Idukki, Kannur, Kasaragod.
Kolam, Kottayam, Kozhikode

Betul, Bhind, Chhatarpur, Chhindwara,
Damoh, Datia, Dewas, Dhar, Guna.
Jabalpur, Katni, Khandwa, Khargone.
Morena, Narsinghpur, Nimach, Panna,
Raisen, Ratlam, Rewa, Sagar, Satna,
Sehore, Shajapur, Sheopur, Shivpuri
Ahmednagar, Akola, Amravati,
Aurangabad, Beed, Bhandara, Buldhana,
Chandrapur, Dhule, Gadchiroli, Jalgaon,
Jalna, Latur, Nagpur, Nanded. Nasik.
Parbhani, Sangli, Satara, Sholapur, Thane,
Wardha, Yavatmal

Bangalore, Belary, Belgaum,
Chamarajanagara, Chitradurga, Davanagere.
‘Gadag. Gulbarga, Hassan, Haveri, Mandya,
Mysore, Raichur, Shimoga, Tumkar, Uttar
Kannada

Iddukki, Kannur, Kolam, Kottayam,
Thiruvanathapuram

Barwani, Betul, Bhind, Chatarpur, Datia, Dew
‘Guna, Gwalior, Hoshangabad. Indore, Jabalpur,
Khandwa, Khargone. Mandsaur, Morena,
Narsinghpur, Nimach, Raisen, Rajgarh, Rewa,
Shajapur, Vidisha

Ahmednagar, Akola, Amravat, Aurangabad.
Beed. Bhandara, Chandrapur, Jalgaon, Kolhapur,
Latur, Nanded, Pune. Sholapur
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‘State-wise Pockets with Fall in Water Table (Pre-Monsoon Period) in India
(1982 to 2001)

Fal

States 4-6m

‘water table

>6m

Andhra Pradesh  Adilabad, Anantpur, Chitioor, Hyderabad,

Karimnagar, Khammam. Kumool,
Mahbubnagar, Medak, Nalgondam,

Nellore, Nizamabad, Prakasam, Ranga

Reddy, Srikamulam, Warangal,
Vijaynagaram, Visakhapatnam,

Bihar Gaya, Giridih, Lohardaga. Palamu
Chhatisgarh  Baster, Bilaspur, Jangir, Champa, Kanker
Gujarat Ahmedabad, Amreli, Banaskantha, Baroda,
Bharuch, Bhavnagar, Jamnagar, Junagadh,
Kheda, Kuich, Mehsana, Rajkot,
Sabarkantha, Surat, Surendranagar, Valsad
Haryana Faridabad, Gurgaon, Hissar, Jind. Kaithal,

Kammal, Kurukshetra, Mahendragarh,
Panchkula, Panipat, Rewari, Sirsa

Delhi ‘South-West, South, New Delhi, North
‘West, West, Central

‘Adilabad, Anantapur, East Godavari, Hyderabad.
Karimnagar, Kurnool, Mabhubnagar, Medak,
Prakasam, Srikamulam, Vijaynagaram, Warangal,

Baster, Dantewada, Durg. Raigarh
Ahmedabad, Amreli, Banaskantha, Baroda,
Bharuch, Bhavnagar, Dangs, Jamnagar, Junagadh,
Kheda, Kutch. Mehsana, Panchmahal, Rajkot.
Sabarkantha, Surat, Surendranagar

Bhiwani, Faridabad. Fatehabad. Gurgaon.
Kaithal, Kurukshetra, Mahendragarh, Panipat,
Rewari, Rohtak, Sirsa, Yamunanagar

South, South-West, New Delhi
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Types of sub-soil K'IA

Clay 0.25
Fine sand 050
Coarse sand 1.00
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(1+0.423)

=0.0016 x 2000 x

=1.296 kg/cm?
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Thickness of RCC = 103.4 — 100
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Discharge Pipe diameter, mm

s 50 63 75 % 110 125 140 160
[ 089 029 o — — = = =
15 182 059 027 on - - - -
20 300 098 047 01— - = -
25 447 148 0.68 027 00— - =
30 617 204 091 037 o1 — = =
35 832 270 123 049 0.19 00— -
40 072 339 155 063 023 [ — -
45 - 417 186 076 028 ols -
50 s 490 224 089 035 01— =
55 = 5.89 110 041 02— =
60 - 692 126 048 026 ot -
65 - 7.94 145 0.56 030 013
70 - 9.12 170 0.63 034 014
75 - 1023 191 071 038 016
80 = — 513 200 0.80 043 018
85 — = 575 240 0.89 049 020
90 - - 631 257 098 052 022
95 - - 7.08 288 110 0.60 025

10 — = 7.76 316 120 0.65 027
n = — 9.12 363 141 075 032

2 = . 1072 437 166 0.89 037

13 - - - 501 191 105 044

14 - - - 5.62 219 115 049

Is = . = 646 246 132 055

16 - = = 7.24 275 148 062

17 = e = 7.94 309 1.6 0.69

18 i - s 891

339 1.82 076
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‘Time since 10m r=s0m r=100m
pumping Drawdown, Drawdown, Drawdown,
started, min. m m m
T 059 - -
2 0.600 . -
3 0650 — -
5 0500 — —
10 0900 0452 0.100
20 0930 0505 0304
a0 1318 0556 0.404
60 1.566 0602 0.455
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‘Water horse power

HP =
Pump efficiency x Drive efficiency x Motor/engine efficiency

Brake horse power x 0.746

Kilowatt input to electric motor = .
Motor efficiency
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Types of centrifugal pump impeller
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R,y = recharge from rainfall
Re = recharge due to seepage from canals

R,, = recharge from surface water irrigation
R, = recharge from storage tanks and ponds

Ry, = recharge from ground water irrigation

R, = recharge from water conservation structures
Dg = gross draftin the command area

h = rise in ground water level

A =area of the unit for recharge assessment

S, = specific yield
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table fluctuation method
rainfall recharge for normal monsoon season rainfall estimated by rainfall
R SR

R, (normal. r,,,)
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‘Trouble

Remedy

Unusual noise from the hydraulic ram
and intense vibration at the delivery

pipe

‘Waste valve remains closed or open
after repeated starting by hand

Waste valve works for a few strokes
and then stops

“There is no air in the chamber. Stop the ram, close
the delivery valve and release water from the ai
chamber o introduce air n it Ensure that thei
o leakage of ai at the ai vessel joinis before
festarting

When the waste valve remains closed. the weight
onitis less. In case it remains open. the weight on
itis more. Adjust the weight accordingly. Also
ensure that the valve hinge does not sick and
there is no blockage of water through leaves and

straw in the ram.
There is air in the drive pipe. Evacuate the air by
closing the waste valve for some time.
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4. Ram works without any discharge of ‘The seat of the delivery valve may be worn out
water and leaking. Replace the valve packing and recondi-
tion the seat. Ensure that the magnification factor
does not exceed 50.

5. Ram lifts water with uneven strokes ‘There may be an air pocket or leakage in the drive:
and fluttering sound pipe. This can be removed by keeping the waste

valve open for sometime with a lever (0 enable the
water (0 escape or by sealing the pipe joints.
There may be insufficient water above the mouth of
the drive pipe. Sufficient submergence may be
provided by constructing a small wall around the
ram.

Adapted from: Machinery Dn. Mini. of Agr., Govt of India (1979).
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D = impeller diameter, m
f= vane angle, degrees

t = thickness of impeller, cm
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Q = pump capacity, m"/s
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= radial component of absolute velocity, m/s
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‘Temperature 5 10 15 25
Dry acid solubilty in 100 litres
of water, kg 7 18 20 3
Acid concentration of saturated
solution. % 14 15 17 19

‘Source: Sharma and Chawla (1977)
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6" = angle measured from the theoretical tongue, degrees
ry = outer radius of the impeller, m

rp=radius at an angle & from the theoretical tongue, m

b = width of the volute at any point, m
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X = distance between any radius r and outside radius of the impeller r,, m

6= maximum total angle between the sides of a volute, degrees (usually the
value is 60°)

by = base width, m
= b, + Twice the shroud thickness + Clearance on each side of the impeller
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(a) Pump

(b) Motor

(c) Pipe and fittings

(d) Electrical accessories
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. Annual energy consumption = ———>— x 0,746 x 2600
0.68%0.76

= 8632 kWh
. Cost of electrical energy = 8632 1.20 = Rs. 10358.40

4
- Pump maintenance and repais = 2400 % £ = Rs. 96.00

. Operator’s wages N % %210 % 60 = Rs. 1575.00

Total operating cost =Rs. 12029.40
Total annual cost of operation = Fixed cost + Operating cost
Rs. 13193.95
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R ) P discharge, read.rpm
T ™ = = ®i B0 W6 W0 — s 10
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Name of device Kind of power Lift Average discharge Remarks.
m i
Swing basker. Toomen 0512 0000 Used i e rowing el n devloping
Counies
Oscilling wough  Single man 051 9000 - 14000 Commonly used in th eastern egion of
Doy India Bangladesh
Achemcdanscrew  Oncortwomen 0312 14000 19000 Commonly used in the Godavar dlia of
Andhra Pradsh (India) and in Lower Esypt
Waer wheel Onepuirorbullks 0812 40000 - 60000 Commonly used i the anal irgated areas
Gimal persed)  (or single camell of north ndia 0 water from water
huffslo) andone man courses wich rn below ield level
Persian wheel One pacof ballcks. 5 - 10 14000~ 15000 Tradiional water ift i norher I,
or buffloes, or Pakisan, Iran, Iraq and Egypt
single camel. and one
Animaloperaed  One pairof 36 15000 20000 Usedinsome prts of Utar Pradesh
Clain pump ullocks and one man
Setempyingype  Onepairoftullocks 4 6 10000 - 15000
Rope-and bucket it and one man Deccan egion and parts of Rajasthan
Cirular wobucket  Sigle bllockand 3-S5 12000 13000 Used insome parts of Tamil Nodu
it one man
Counerpose bucket Single man 12- 4 8000 11000 Commonly used n souther India Biar nd
i e Decean egion. Etensivel usedin Egyp.
Sudan and ather developing countics
Leatherbucket Bt Two pasof 0- 30 6000 - 10000 Commonly wsed n Rajathan, Mharashira
(uhoteorcharas)  bullocksand and oher aras with decp water able

three men
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Type of Cable| Direct | Air Reverse| Air operated | Dual-wall | Jetting
formation tool | rotary | rotary | rotary reverse

rotary.
Loose sand 2 5 + + 6 1
and gravel
Loose boulders | 3 2 + 2 + T 1
in alluvial fans
Clay and silt 3 5 + 5 + 5 3
Sandstone 3 3 s 3 + 5 +
Limestone 5 s s 5 3 5 +
Basalts 3 3 4 3 5 4 -
Granite 3 3 5 3 5 4 -
Metamorphic 3 3 0 3 5 [ +
rocks
+ Not recommended
Rate of penetration:
Limpossible 4. Medium

2. Difficult 5. Fast
3. Slow 6. Very fast
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State

Type of ground water structure

Average gross unit

no. draft (ha-m)
I ‘Andhra Pradesh  Dug well with o 035
Dug well with pumpset 065
Bore well with pumpset 130
Shallow tube well 205
Medium tbe well 4.10
Deep tbe well 585
2, Assam Shallow tube well with pumpset 300
3 Bihar Dug well 0.60
Private tube well with pumpset 1.00
Bamboo boring with pumpset 075
Deep e well 3000
4 Gujarat Dug well with pumpset 080
Bore well with pumpset 120
Private shallow tube well 185
Medium deep tube well 6.00
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Total discharge head = 20.00 + 14.40 +2.07 + 0.33 + 1.12 + 1.40
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n = pump speed, rpm
Q = pump capacity, m*/s
H = total head against which the pump is to be operated, m
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Total weight of masonry =23 X 500 x 1 x 0.0023 = 26.45 kg
Bearing area = 23 x 1 = 23 cm’
Bearing load = 26.45/23.00 = 1.15 ke/cm®
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Crop  Area Yield Total  Price __ Value of farm produce  Costof  Total Income
ha  quy produ-  per Grain Fodder Total cultiva- costof  Rs.

ha  ction a0 Rs.  Rs Rs.  tiowha cultiva-
Rs. Rs. tionRs.

Monsoon crop (Kharif)

pearl IS 75 1125 330 37125 30000 401250 180000 270000 13123

millet

(Bajra)

Maize 10 125 1250 360 450000 90000 540000 180000 1800.00 3600.00

Coon 05 75 375 900 337500 - 337500 240000 120000 217500

Winter crop (rabi)

Wheat 20 150 300 450 1350000 135000 1485000 150000 3000.00 11850.00

Gram 107575 582 436500 - 436500 120000 120000 3165.00

Total 21025
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