
Introduction

Usually in India, irrigation is done by open a channel 
(viz., canal, drainage channel, etc.). This process is prone 
to evaporation loss and infiltration loss if the canal is 
uncovered and unlined. Moreover, where ready surface 
water sources like a reservoir, lake, river, and canal are 
unavailable, a submersible pump is installed and used 

for irrigation, mostly without knowing about its adverse 
effects on groundwater for the future, although several 
procedures are generally practiced to reduce water 
demand, viz., cropping restrictions, water allotment 
in limited ways (quotas), and volumetric charging. 
Sometimes due to lack of awareness, irrigation water 
demand is not properly estimated by the farmer for 
a particular crop in a particular season and soil. As 
a result, excess water is spread over the land and lost 
unnecessarily and therefore excess expense goes toward 
water distribution (WD).
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In view of this, several supporting policies have 
been taken up by the government to increase irrigation 
efficiency, viz., the use of drip irrigation methods, optimal 
irrigation scheduling and their control, water metering, 
farmer education, etc. But in most cases it is observed 
that a water distribution network (WDN) system still 
needs more attention for better performance of irrigation 
and productivity. In addition to this, it is observed that 
whatever effort is given in irrigation WD, it is mainly 
done by individuals.

The status of the problem stated in this proposal 
should be treated differently in developing and developed 
countries. In the case of irrigation WD systems, our main 
attention is given to reducing costs for pumping, and 
among those some significant studies are presented here. 
Several researchers, including Reca et al. [1-2], Singh et 
al. [3], Moradi-Jala et al.[4], and Planess et al. [5] have 
presented studies on optimizing the number of pumps 
required for irrigation for a particular area, their types, 
and best scheduling options. Finally, optimal initial and 
running costs of pumping systems are suggested. Pulido-
Calvo [6] has suggested shifting irrigation timing to 
off-peak hours, and some researchers have suggested 
applying a predetermined schedule of pump shutoff 
in order to reduce unaccounted-for operating loads on 
the electrical power transmission during peak demand 
periods. In connection to this, several researchers have 
modelled an automatic control system for optimal 
pumping schedules based on the status of crop water and 
soil [7-8]. Furthermore, irrigation distribution network 
models are calibrated and optimized by researchers using 
the genetic algorithm (GA) technique [9-10]. Allred and 
Redman [11] and Rahman et al. [12] applied ground-
penetrating radar data to locate agricultural drainage 
pipelines. Moreover, assessment of the conditions of these 
drainage pipelines also has been made possible by this 
radar data in Bangladesh. Pulido-Calvo and Gutiérrez-
Estrada [13] analysed a WD system in Spain’s Fuente 
Palmera irrigation district, which involves a main pipe 
network consisting of 96 control nodes for water flow and 
pressure. Cao et al. [14] described the water shortage and 
food scarcity faced by China due to its huge population 
and economic growth using a newly developed model, 
whereas Xiao et al. [15] studied water level in the root 
area in a flooded paddy field and its adverse effect on 
paddy field soil. In other literature, Shen et al. estimated 
regional irrigation water requirement and water supply 
risk in an arid region of Northwestern China based on 
data of 1989-2010 [16], whereas the effect of climate 
change on suitable rice cropping areas, cropping systems, 
and crop water requirements in southern China has been 
assessed by Ye et al. [17].

Among significant studies of India, researchers [18-
22] showed that extreme groundwater use for irrigation 
affects groundwater resources, which has led to frequent 
failure of irrigation wells, threatens land productivity, 
water resource sustainability, and power sector viability. 
Moreover, it has also been observed that agricultural 
pumping consumes 31.4% of total power consumption 

only in western India, whereas some of the Indian states 
provide 100% subsidised electricity. It is also observed 
that there is merely any accountability of the electricity 
used for irrigation, as consumed power is not properly 
metered and sometimes a charge of electricity is decided 
on the basis of the number of connected loads only [23-
25]. Singh et al. [26] developed an irrigation technique for 
rice production with water savings of 40 to 50 percent by 
changing irrigation depth and time interval. Singh [27] 
presented the optimized water use and pumping schedule 
for rice production with no loss in grain yield. 

In 2003-04 it was reported by Zekri [28] that power 
consumed in the agriculture sector is almost 21% of the 
total power consumption of India. Out of this, states of 
Haryana, Gujarat, and Punjab consume more than others. 
In a similar context, De Moor and Calamai [29] concluded 
that inefficient water and electrical pricing had an adverse 
impact on water use efficiency in irrigation systems. On 
the other hand, northern India, especially Uttar Pradesh, 
is relatively water-abundant where irrigation using 
groundwater is the usual practice [30].

In view of the above studies it is clear that groundwater 
utilization is the most common irrigation practice 
followed in India due to lack of surface water availability. 
This costs a handsome amount of total power utilization. 
The lift irrigation technique is used by individual land 
owners without knowledge about and concern for the 
groundwater, and mostly without proper water metering. 
Therefore, assessing a pipe network for WDN may be a 
prospective area of research for group irrigation WD on 
a low-cost basis in order to minimize water loss. These 
facts may in turn reduce the cost of crop production. 
In view of the above problem, in this project proposal 
an attempt has been made to assess the effectiveness of 
irrigation water distribution cost for rice production using 
a pipe network. For this purpose, we aim to estimate 
agricultural water demand and provide a guideline 
for its proper management for a particular land area in 
corresponding climatic conditions.

Methodology

A proposed work is planned in the following order. 
This work will be a combination of field survey and 
analytical work. Steps involved in the methodology are 
depicted in Fig. 1 and described as follows:
1) An agricultural location is to be selected as the 

proposed study area.
2) Generate a GIS map of the study area using satellite 

data freely available online from either SRTM or from 
Bhuwan (ISRO geoportal). Moreover, a soil map, crop 
patterns, a rainfall map, a surface water body map, a 
proposed pipe network map, or existing positions of 
pumps should be entered in the map mentioning all 
distribution nodes using GPS.

3) Analysis of rainfall data, soil condition and 
climate condition towards estimation of crop water 
requirement for production of rice.
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Fig. 1. Flow chart of methodology.

Fig. 2. a) Land use map of study area, b) schematic of Phase I pipe network, and (c) schematic of Phase II pipe network. 
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4) Calculate irrigated water through a water distribution 
network (WDN) in the study area.

5) Calculate differences in crop water requirements  
and irrigated water and cost estimation for irrigation. 

6) Thus, in combination with GPS data and pipe  
network software a model will be developed for 
irrigating a WDN system to assess the compatibility 
of irrigation water distributed through a pipe network.
WDN analysis is mainly performed using pipe 

network software like HAMMER, which considers mass 
and energy conservation. 

Study Area

A preliminary field survey was performed in 
some places of Jharkhand and Bihar to find a suitable 
study area for assessing the prospect of the above said  
concepts. Among these places, the agricultural area of 
Gonkura, the Chandi subdivision near Bihar Sharif, 
Nalkoop Pramandal Bihar Sharif in Nalanda, and Bihar 
were selected as a study area (Fig. 2). The cultivated  
area in the district is 1,948.43 km2. Agriculture is the 
main source of occupation of Nalanda. The farmers  
mainly grow paddy rice, wheat, potatoes, maize, and 
onion. This study area is mainly divided into phases 
I and II based on existing WDN for irrigation. Phase I 
WDN irrigates 1.28 km2, whereas Phase II irrigates 
0.252 km2. Here a small isolated partial pipe network 
is in operation for irrigation, which was built with the 
sponsorship of NABARD (Fig. 3a). Pumping stations 
with submersible pumps are located in different  
places, which are distributed spatially over this entire 
study area to withdraw groundwater for distribution 
nearby. 

For each pumping station there are only three pipe 
outlets in three directions (forward, left, and right) up 
to the distribution point (node) (Fig. 3b). Usually these 
pipelines (link) are 100-500 m long. Generally farmers 
use a pipe and lined channel for water distribution 
for lands located near the pumping station (Fig. 3c). 
However, lands situated far away from these distribution 
points are sometimes fed by flexible pipe or simply an 
unlined channel. Another interesting fact is that although 
the Muhane River passes by this area, farmers utilise  
the groundwater itself without knowing about the 
groundwater condition of the area, as per the preliminary 
survey. The groundwater level varies from yield 
potential 20 to 50 m3/hr. Hydrogeochemical analysis of 
a groundwater sample from the study area varies from 
6.70 to 7.72 pH [31]. Bihar is an arsenic-prone area. 
Therefore, withdrawing this huge amount of groundwater 
may have an adverse effect on the environment in the 
future. Ultimately, farmers pay a certain amount for 
the energy utilized for water withdrawal. A preliminary 
survey shows that farmers are paying for irrigation 
based on per-unit land area (per decimal basis). There is 
no water meter in the pumping station. Therefore, there 
is no restriction in water withdrawal. During the field 
survey we observed that a huge amount of waterlogging 

occurs in the irrigation area at the end of the crop season  
(Fig. 3d), resulting in a large financial loss. 

During the primary survey we collected soil and  
water samples. A hygrometry test was conducted 
regarding soil texture. Moreover, details of climate, 
irrigation land, and crop patterns corresponding to the 
pipe network system are shown in Table 1. This study  
used six years (2004-10) of India Meteorological 
Department (IMD) rainfall data to find the crop water 
requirement. A trend test was performed on these data to 
check for the presence of a trend or any climate change 
effect on the rainfall data.

Fig. 3. a) Mubarakpur (Phase I) submersible pumping unit; b) 
Mubarakpur (Phase I) flexible pipe is installed with the buried 
main pipeline to feed agricultural land situated in the farthest 
corner, whenever required; c) in the piping network, in some 
places, pipe is feeding the lined open channel, which also acts as 
a levee between two agricultural lands, and d) waterlogged area 
due to excess water.

Sl No Description Remark

1. Eco

Northern plain, sub-humid eco 
region, alluvium derived soil and 

GP 150-180 days (NBSSLUP 
(National Bureau of Soil Survey 
and land Use Planning), 1990) 

[37]

2. Sand texture Sandy clay loam 
(coarse sandy soil )

3. Water quality pH value approx 6.8

4. Climate Humid subtropical

Table 1. Details of irrigation land and crop patterns corresponding 
to the study area.
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Trend Test

In this study the Man-Kendall test was performed on 
six years of monthly rainfall data. It is based on the test 
statistic S defined as (Yue at al., 2002a) [35]:

                (1)

…where xj is the sequential data values, n is the length of 
data set, and:

               (2)

It has been documented that when n≥8, statistic S is 
approximately normally distributed with the mean:    

  
 E (S) = 0                         (3) 

…and variance is:

         
(4)

…where m is the number of tied groups and tj is the size 
of ith tied groups. The standardized test statistic Z is 
computed by:

   (5) 

Finally, based on the results of the trend test, rainfall 
data will be selected to calculate crop water requirements 
of the study area.

Crop Water Requirement 

While designing an optimized WD model using a 
pipe network, water demand at the node is the primary 
requirement. As per Food and Agriculture Organization 
(FAO) Irrigation and Drainage Paper 24 Dorenbos 
and Pruitt [32-34], crop water requirement (ETc) is 
the multiplication of crop coefficient (Kc) (i.e., indicator 
of crop characteristics) and reference evapotran- 
spiration (ETo) (i.e., indicator of different weather 
conditions).

ETc = Kc × ETo                     (6)

The effect of soil evaporation and crop transpiration 
are included in Kc. 

Crop irrigation requirement (CWR) is calculated 
using the following formula [16]. 

CWR = ETc – Pe                   (7)

…where Pe is effective rainfall. In this case, the U.S. 
Department of Agriculture’s Soil Conservation Service 
method is used to compute effective rainfall: 

 
(8)

Whereas  is effective rainfall, P is precipitation [36].

Water Distribution Pipe Network Analysis

While designing an optimized WD model using a 
pipe network, the objective function is minimization of 
total costs involved in water distribution under specific 
constraints, and that should be satisfied as follows: (i) 
demands at all nodes must be fulfilled, (ii) node pressure 
sand flow velocity within a link should be within a 
specified range, (iii) node demand (except the end one) 
is to be linked with a minimum of two pipes (link), (iii) 
the continuity equation must be satisfied at all the nodes, 
(iii) mass and energy conservation must be maintained 
for any specified path within the water distribution 
system, and (iv) pipe diameters should be commercially 
available. Thus, the minimum decision variables chosen 
in this optimization model are: (a) pipe diameters, (b) 
pipe lengths, (c) pump size, (d) reservoir/storage sizes (if 
applicable), (e) valve locations, and (f) pump capacity (if 
applicable). Other variables like energy utilized to run the 
pump, water demand in different seasons related to crop 
patterns, and rainfall availability and its occurrence may 
also be incorporated in this model.

A model for branched pipe network systems is 
described as follows, where Xijm is the link length of the 
mth link connecting source node i and demand node j. The 
head loss in mth link segment can be calculated using the 
Hazen William formula:

∆Hijm = Jijm Xijm                       (9)

Jijm is the gradient, which is defined as:

           (10)

The following equation is obtained by applying energy 
conservation law on a specified path connecting nodes  
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i and j. Here the head at the final node is greater than the 
specified limit Hmin,j:

                   (11)

Since the length of any segment is to be always 
positive, the following non-negativity of Xijm prevailed:

Xijm ≥ 0                                (12)

Therefore, the objective function can be written as 
follows, where the cost of a pipeline in WDN using a pipe 
network is tried to be kept as minimum as possible under 
the above-mentioned specific constraints:

                  (13)

Phases I and II WDN (shown in Fig. 2) are modeled 
in HAMMER with the information derived from ArcGIS 
and field survey. A schematic of phases I and II are shown 
in Figs. 2(b-c), respectively, which are used for WDN 
analysis in HAMMER. 

Result and Discussion

Trend Test

Calculating the crop irrigation requirement for rice 
production for the study area is performed based on six 
years’ (2004-10) of IMD rainfall data (Table 2). The 
Man Kendall test shows that the value of s is 69.0 and 
the value of Z is 0.2643. As , the rainfall data series is 

considered as random at the 5% significance level (i.e.,no 
trend is found). Hence, average monthly rainfall values 
are considered for calculating the crop water requirement.

Calculating Irrigated Water at Different Growth 
Stages of Rice

Calculating irrigated water at different growth 
stages of a crop season based on the existing irrigation 
techniques in phases I and II WDN are shown in Tables 
3-4. Actual irrigation value is calculated based on four 
years of pipe water distribution data, which are obtained 
during our field survey. Different crop stages of rice are 
given in column ii of Table 3. Whereas average irrigated 
water depth corresponds to different crop stages, the 
number of times irrigation was done in each stage, and 
the time  required to irrigate one decimal of land, actual 
irrigation time as per the log book is depicted in columns 
iv, v, x, and xi of Tables 3 and 4.

Estimating Crop Water Requirement 
as Per FAO 

At different crop stages of rice, ETo values are  
adopted from FAO and are already mentioned in Table 2 
as well. Different crop stages of rice and corresponding 
Kc and ETo values are given in columns ii, iii, and iv  
of Tables 5 and 6 for phases I and II of the study area.  
Finally, ETc is calculated and depicted in column vi 
of Tables 5 and 6. Effective rainfall and crop water 
requirements are calculated based on monthly average 
rainfall data shown in Table 2, which are depicted  
in column viii of Tables 5 and 6 for phases I and II.  
Crop water requirement in the study area amounted 
to 7.22 lakh m3, of which Phase I is 6.12 lakh m3 and 

 Months Average rainfall 
(mm)

Effective rainfall 
(mm)

Effective rainfall 
(mm/day)

ETo 
(mm/day) 

Crop irrigation requirement for Rice 
(mm/day) 

January 18.7 17.01 0.55  --  --

February 12.3 11.61 0.41  --  --

March 5.4 5.27 0.17  --  --

April 12.5 11.76 0.39  --  --

May 37.3 30.61 0.99 7.256 6.27

June 204.9 62.15 2.07 5.929 3.86

July 246.6 66.33 2.14 4.656 2.52

August 185.6 60.22 1.94 2.67 0.73

September 148.9 56.55 1.89  --  --

October 29.0 24.94 0.80  --  --

November 2.6 2.60 0.09  --  --

December 0.7 0.73 0.02  --  --

Table 2. Calculations of Crop irrigation requirements for Rice production in the study area based on six years (2004-10) of IMD rainfall 
data.
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Phase II is 1.2 lakh m3. In order to fulfil this require-
ment, irrigation was conducted through a pipe network. 
Fig. 4 shows monthly irrigation through pipe discharge 
and corresponding crop water requirements in two zones 
of the study area (phase I and phase II). It is observed that 
the crop water requirement is much less – about 50% of  
the irrigated water supplied through the pipeline. 
Especially in the month of September (i.e., in post 
monsoon) the amount of irrigated water is more. As a 
result, during the field survey water logging also was 
observed in the study area (Fig. 3d). In the following 
section, cost calculation based on the existing irrigation 
technique is done.

Cost Calculation Based on Existing 
Irrigation Technique

Total Discharge through the pipeline, actual volume 
of water irrigated as per the log book, average depth 
of waterlogging, time of pumping, and cost for surplus 
irrigated water are calculated and depicted in columns x, 
xii, xiv, xv, and xvii of Table 5 for the existing irrigation 
technique in Phase I. In addition, similar calculations 
for Phase II are depicted in Table 6. We found that at a 

rate of INR 5 per unit kWh, the cost of annual surplus 
irrigated water is 4.32 lakhs for an irrigation area of 
1.284 km2 (Phase I), and the same is INR 0.84 lakh for 
0.252 km2 (Phase II). This loss can be minimised using 
proper regulation of irrigated water using WDN, which is 
discussed in the following section.

Steady and Transient Analysis of WDN 
of the Study Area

Steady and transient flow analysis of the study area 
was performed in HAMMER software. Preliminary data, 
viz., elevation of each node, length of the links (pipeline 
segments), diameter of pipeline, valve information (their 

Fig. 4. Monthly irrigation through pipe discharge and 
corresponding crop water requirements in two study area (phases 
I and II). 

Node 
ID

Elevation 
(m)

Demand 
(m3/s)

Pipe/
Link ID

Diameter 
(mm)

Length 
(m)

J 12 53 0.0030 P 17 80 11

J 13 53 0
P 19 80 20

P 17 80 11

J 14 53 0
P 18 80 17

P 19 80 20

J 15 52 0
P 14 80 52

P 18 80 17

J 16 53 0.0020 P 08 80 30

J 17 53 0

P 4 80 5

P 14 80 52

P 8 80 30

P 12 80 17

P 10 80 24

J 18 51 0
P 12 80 17

P 13 80 83

J 19 52 0
P 10 80 24

P 11 80 46

J 20 52 0.0071 P 11 80 46

J 21 51 0.0050 P 13 80 83

R 1 40 P 1 100 20

FCV 1 53
P 3 80 5

P 4 80 5

PMP 1 36
P 1 100 20

P 2 80 5

ST 1 55
P 3 80 5

P 2 80 5

Total 0.0171

Table 7. Details of Phase I Irrigation WDN with different nodes, 
junctions, and pipes.
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locations and demand at different nodes, etc.) used in 
HAMMER are shown in Tables 7 and 8 for phases I and 
II, respectively. Demands at different nodes are calculated 
based on information obtained in the field survey and 
corresponding to column ix of Tables 3 and 4. Different 
paths are selected for transient analysis. 

For Phase I, route PMP1-ST1-FCV1-J17-J19-J20 is 
named path 1, route PMP1-ST1-FCV1-J17-J18-J21 is 
named path 2, and route PMP1-ST1-FCV1-J17-J15-J14-
J13-J12 is named path 3. Pressure distribution in different 
nodes along all three paths are shown in Figs 5(a-c). For 
this analysis time t is considered 240 sec, water level h is 
considered as 4 inches, and discharge Q is considered as 
0.00171 m3/s.

For Phase II, route PMP1-ST1-FCV1-J1-J7-J8-J3 is 
named path 12, route PMP1-ST1-FCV1-J17-J18-J21 is 
path 22, and route PMP1-ST1-FCV1-J1-J10-J6-J4 is path 
32. Pressure distribution in different nodes along all three 

Table 8. Details of Phase II irrigation WDN with different nodes, 
junctions, and pipes.

Node 
ID

Elevation
(m)

Demand 
(m3/s)

Pipe/
Link ID

Diameter 
(mm)

Length 
(m)

J 1 53 0

P 4 80 05

P 5 80 70

P 12 80 28

P 16 80 25

P 18 80 83

J 2 52 0.0050 P 5 80 70

J 3 51 0.0071 P 15 80 45

J 4 53 0.0030 P 11 80 30

J 5 52 0.0020 P 17 80 05

J 6 51 0
P 19 80 70

P 11 80 30

J 7 51 0
P 12 80 28

P 14 80 27

J 8 51 0
P 14 80 27

P 15 80 45

J 9 52 0
P 16 80 25

P 17 80 05

J 10 51 0
P 18 80 83

P 9 80 70

Res 1 40 P 1 100 20

FCV 1 53
P 3 80 05

P 4 80 05

PMP 1 36
P 1 100 20

P 2 80 05

ST 1 55
P 2 80 05

P 3 80 05

Total 0.0171

Fig. 5. Pressure distribution at different nodes in Phase I: a) 
along path 1, b) along path 2, and c) along 3.
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paths are shown in Figs 6(a-c). For this analysis time t is 
considered 240 sec, water level h is considered 4 inches, 
and discharge Q is considered 0.00171 m3/s.

It is observed that as distance between the nodes 
increases, pressure drop occurs because of different major 
and minor losses in the pipeline where diameter of the 
pipeline is still constant. This is observed in both WDNs 
of phases I and II. However, as J17 in Phase I WDN is a 
junction between the node of J19, J18, and J14, the pressure 
at J17 is suddenly reduced. Similar pressure distribution 
also is observed in Phase II WDN. Here J1 is the junction 
of J7, J2, and J10. Through the above calculation a proper 
pumping schedule can be made based on actual crop 
water requirements in order to reduce surplus irrigated 
water, i.e., by reducing excess pumping cost of total INR 
5.16 lakh, which is to be paid by the farmer.

Conclusions

In this paper the crop irrigation requirement for rice 
production is estimated for the study area. The study area 
(phases I and II) belongs to a humid subtropical region 
with sandy clay loam soil. Here farmers are following 
partial border strips like irrigation technique with 
supply pipe and riser. Initially the Man Kendall trend 
test is performed on six year of (2004-2010) monthly 
rainfall data. We found that the data has no trend at a 5% 
significance level. Thereafter, average monthly rainfall is 
used to calculate effective rainfall using the USDA Soil 
Conservation Service method. Other parameters like ETo 
and Kc are calculated based on FAO guidelines. Finally, 
crop water requirement in the study area amounted to  
7.22 lakh m3, of which Phase I is 6.12 lakh m3 and Phase 
II is 1.2 lakh m3. In the study area, farmers generally 
irrigate their land through a pipe network. Actual 
irrigation values are calculated based on four years of 
water distribution data collected during the field survey. 
Fig. 4 shows monthly irrigation through pipe discharge 
and the corresponding crop water requirement in two 
zones of the study area (phases I and II). We observed 
that the crop water requirement is much less – about 50% 
of the irrigated water supplied through the pipeline. As 
a result, during the field survey waterlogging also was 
observed in the study area (Fig. 3d). Finally, average depth 
of waterlogging, time of pumping, and cost for surplus 
irrigated water are calculated for the study area and 
depicted in Tables 5 and 6. It is found that at a rate of INR 
5 per unit kWh, the cost of annual surplus irrigated water 
is 4.32 lakhs for an irrigation area of 1.284 km2 (Phase 
I), and the same is INR 0.84 lakh for 0.252 km2 (Phase 
II). This loss can be minimised using proper regulation 
of irrigated water using the water distribution network.

It seems a full-phased piping network may work well 
in this area, and implementing a water meter, adjusting 
crop planting patterns, and adopting proper irrigation 
technique may reduce water use (i.e., the cost of irrigation) 
[16].  Moreover, the problem can be resolved by partly 
utilizing Muhane River water (Fig. 2) and additional – if 
required – groundwater for irrigation in order to maintain 
the ground water level. 

Fig. 6. Pressure distribution at different nodes in Phase II: a) 
along path 12, b) along path 22, and c) along path 32.
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