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CHAPTER 4 

RESULTS AND DISCUSSIONS ï EXPERIMENTAL 

INVESTIGATION 

4.1. General 

Many experimental studies in the field of transient flow in a piping system dealt with 

the influence of the closure time of the flow-control valve on the water hammer pressure 

(Hughes, 1963; Kodura, 2016). However, very few studies investigated into the effect of the 

closure time of flow-control valve, the velocity of flow and the anchoring conditions of a piping 

system on the water hammer pressure, and the maximum pressure consequent to cavitation. 

Although the vibration accompanied by the water hammer of fluid conveying pipes was 

investigated both numerically and experimentally by many researchers (Zhang et al., 1999; Li 

et al., 2018; Wang et al., 2013; Sankarachar, 2015; Shaik et al., 2017; Hunain, 2017 and 

Alnomani, 2018), its effect on flow characteristics was not dealt with in those studies. If a 

piping system is not anchored properly, it will  experience unwarranted vibration during 

transient flow. The provision of more anchors can make the system more rigid and obviously, 

the vibration of the system gets reduced. However, the impact of rigidity on the characteristics 

of fluid flow during a transient-cavitating event has not been investigated so far. Hence, the 

present study aims to examine the effect of closure time of valve, the initial flow rate of the 

flow, material properties of the pipe and anchoring conditions of the piping system on the 

characteristics of transient-cavitating flow through a piping system. The experiments were 

conducted in a custom-made experimental installation (explained in section 3.5.4) at the water 

flow laboratory of Fluid Control Research Institute Palakkad, Kerala. Based on the study, the 

results are presented separately as the influence of various parameters on characteristics of the 

transient cavitating flow. 

4.2. Effect of valve-closure time on transient flow 

One of the significant causes of  transient flow in a pipeline is the sudden closure of the 

non-return valve/quick acting valve provided at the downstream end of the pipeline. The 

sudden closure of the valve can be actuated by a power failure or a pump trip or the like. 
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Experiments were conducted with various combinations of closure times and initial flow 

velocities so that the effect of valve-closure time and initial flow velocities on the occurrence 

of cavitation can be studied. The closure time of valve is a critical factor affecting the pressure 

peak, formed during the water hammer. It is reported by Ahmadi and Keramat (2010) that when 

closure time is less than 2L

c
, the valve-closure time does not affect the maximum pressure rise. 

In such a condition, the Joukowsky equation gives the maximum pressure. When the valve-

closure time is greater than 2L

c
 the pressure rise is less than the Joukowsky pressure. Hence, 

the value2L

c
 is used for demarcating the type of closure into two categories, viz., sudden and 

gradual. 

The demarcating limit between the sudden closure and the gradual closure is 2L

c
 

(Simpson and Wylie; 1991, Simpson and Bergant, 1994; Ahmadi and Keramat; 2010). By 

using the modulus of elasticity of pipe material and an equivalent bulk modulus of water, the 

wave velocity for mild steel (MS) was calculated as 1391.06 m/s. The limiting value for 

categorising the closure time was then calculated as 43.6 ms. Based on this calculation, three 

closure times were selected as 31 ms, 40 ms and 50 ms, of which 50 ms fell into the type of 

gradual closure and the other two, 31 ms and 40 ms, into the kind of sudden closure. For 

studying the effect of valve-closure time along with the change in initial flow velocities, five 

different initial flow velocities were adopted; which are given in Table 3.5. These initial flow 

velocities were selected to include different cases with and without cavitation. The steady-state 

pressure at the salient locations (Fig.3.4, P1 and P2) and the head loss values at the outlet (P2) 

for each velocity are given in Table 4.1. Pressure variations versus time are plotted at the outlet 

(P2) and also at 20 m from the outlet (P1) for the various cases. The variations of pressure with 

the three closure times for the same flow velocity are plotted in a graph to assess the effect of 

closure time on the occurrence of cavitation. 

Fig. 4.1 shows the variation of pressure with time for an initial flow velocity 0.181 m/s and 

closure times as 50 ms, 40 ms and 31 ms.  Out of these three closure times, first one (50 ms) 

works out to be gradual by the 2L

c
 criteria and the other two as sudden, as indicated earlier. The 

estimated hike in pressure for gradual closure is ɟLao, where ɟ is the density, L length of pipe 

and ao the uniform deceleration. Thus, the estimated hike in pressure works out to be 1.1 bars 

and hence, the total peak pressure to be 2.8 bars. These values match with the experimental 
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result.  Similarly, the estimated pressure hikes in sudden closure cases work out to be 2.5 bars 

as per the Joukowsky equation irrespective of the closure times and the corresponding peaks 

in the total pressure as 4.2 bars. The peak values of pressure for both the cases (with closure 

time as 31 ms and 40 ms) are equal (4.1 bars) and are slightly less than this value. Hence, the 

water hammer pressure peak is independent of the closure time when the closure comes under 

the category of sudden, i.e., t Ò2L

c
.  These results match with well-established theories and facts 

(Simpson and Wylie, 1991; Simpson and Bergant, 1994; Ahmadi and Keramat, 2010), and thus 

validate the experimentation procedure and accuracy of measuring components. The variations 

of pressure for all the three-closure time indicate that no cavitation is present for this velocity 

of flow in each of the closure time. Fig. 4.2 gives the pressure variation at 20 m away from the 

outlet and shows how the pressure wave gets damped during the process. This damping effect 

also follows the general trend observed in Fig. 4.1 and hence, once again reinforces the 

aforementioned fact regarding the accuracy of experimentation.  

 Table 4.1 Steady-state pressure at the key locations and the pressure loss at outlet 

Sl. No. 

Initial flow 

Velocity 

(m/s) 

Pressure at  

20 m from outlet 

(P1) 

(Bars) 

Pressure at outlet 

(P2) 

(Bars) 

Pressure loss 

at outlet (P2) 

(Bars) 

1 0.181 1.6965 1.6895 0.01050 

2 0.273 1.6945 1.6839 0.01608 

3 0.362 1.6941 1.6827 0.01730 

4 0.445 1.6918 1.6759 0.02413 

5 0.540 1.6878 1.6641 0.03590 
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Fig. 4.1 Pressure variation at the outlet for different closure time (v= 0.181 m/s) 

 
Fig. 4.2 Pressure variation at 20 m from the outlet (v= 0.181 m/s)  

The experiment was repeated for an initial velocity of 0.273 m/s for all the three closure 

times. Here again, the characteristics of the first pressure peak for both sudden and gradual 

closure of the valve are similar to that for the flow velocity of 0.181 m/s. However, the curves 

of pressure variation indicate the occurrence of cavitation for  closure times 40 ms and 31 ms 

as shown in Fig.4.3. The pressure drops to vapour pressure for both the cases. Duration of 
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cavitation periods is from 0.070 s to 0.11 s when the time of closure is 40 ms and 0.065 s to 

0.11 s when it is 31 ms. Thus, the water changes from its liquid to vapour state during this 

period (bubble formation period) and these vapour bubbles collapse at 0.11 s, generating a 

sudden pressure rise up to 9.4 bars. The pressure rise reaches above 30 bars in the case of 

closure time of 31 ms. As the time of closure decreases, both the duration of the cavitation and 

the pressure hike after vapour collapse increase.  It indicates the importance of closure time 

and its link to the occurrence of cavitation. The pressure hike as a result of cavitation was found 

to be much higher than that of water hammer pressure (3 to 10 times). Thus, it is always 

advisable to avoid the occurrence of cavitation.  Hence, the assessment of operating time for 

flow control devices is vital for preventing the occurrence of cavitation in any piping system. 

 

Fig. 4.3 Pressure variation at the outlet (v= 0.273 m/s)  

An enlarged view of the pressure variation during the cavitation is shown in Fig.4.4 to 

have a better understanding of  the process. Fig.4.4 shows that the pressure hike as a result of 

cavitation in case of closure time of 31 ms is more than three times that of 40 ms closure time. 

Unlike the water hammer pressure, the pressure hikes increase drastically with the decrease in 

closure time. The magnitudes of these hikes are significant in the context that pipes used in the 

piping system are normally tested for 1.5 times the static pressure. Although the closure times 

of 40 ms and 31 ms are classified as sudden closure and the water hammer pressures are equal, 

the pressure rises as a result of vapour collapse are not comparable (Table 4.2). Unlike the 

magnitude of water hammer pressure, the occurrence of cavitation and pressure rise due to 
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bubble collapse depend very much on the valve-closure time. It is seen from the Table 4.2 that 

the increase in pressure due to cavitation is more than 200% when there is only a 20% decrease 

in closure time. However, the development of a relation connecting these factors is not possible 

as some of the recorded pressures are more than 30 bar (deviating from the assumption made 

earlier for selecting the range of transducer), the maximum limit of transducer; and hence, exact 

value of pressure in that case could not be recorded. 

 

Fig. 4.4 Pressure variation at the outlet (v= 0.273 m/s) - enlarged view 

To verify the occurrence of cavitation away from the outlet, the pressure variation at 20 

m from the outlet was also plotted (Fig. 4.5). It shows that the second peak in the pressure wave 

is slightly higher than the first one and thus indicates the occurrence of cavitation not only near 

the outlet but also at 20 m from the outlet. However, the severity of the cavitation effect is 

small at 20 m when compared with that at the outlet of the pipe. The severities of the events in 

the case of 31 ms and 40 ms are almost equal at 20 m, whereas it is not the case in the pressure 

variation at the outlet. However, this fact has to be verified in the subsequent cases.  As 

expected, there was no cavitation for the case 50 ms closure time (gradual closure) even when 

the flow velocity was increased from 0.181 m/s to 0.273 m/s. 
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Table 4.2 Details of peak pressure at the outlet for different flow rates  

Velocity 

(m/s) 

Closure time 

(ms) 

First pressure 

peak 

(Bars) 

Second 

pressure peak 

(Bars) 

Third pressure 

peak 

(Bars) 

Cavitation 

Yes/No 

0.181 

50 3.15 2.55 2.45 No 

40 4.1 3.85 3.8 No 

31 4.1 4.0 3.95 No 

0.273 

50 4.2 3.5 3.3 No 

40 5.55 9.4 5.25 Yes 

31 5.55 >30 18.5 Yes 

0.362 

50 5.1 4.1 3.8 No 

40 6.3 12.8 9.0 Yes 

31 6.3 >30 >30 Yes 

0.445 

50 6.0 4.8 4.4 No 

40 7.5 15 16.5 Yes 

31 7.5 >30 >30 Yes 

0.540 

50 7.2 6 5.1 No 

40 8 >30 >30 Yes 

31 8 >30 >30 Yes 

 
Fig. 4.5 Pressure variation at 20 m from the outlet (v= 0.273 m/s)  
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In order to reinforce the fact regarding the reduction in severity of pressure with the 

distance from the source, the curves of pressure variation at 20 m from the outlet of the pipe 

for the flow rate of 0.362 m/s are shown in Fig. 4.6. As in the previous case, the second pressure 

peaks in the pressure variation curve of sudden closure cases are higher in magnitude than the 

first water hammer pressure peak, indicating the presence of cavitation.  

 
Fig. 4.6 Pressure variation at 20 m from the outlet (v= 0.362 m/s) 

Here again, the severities of the events in case of 31 ms and 40 ms are almost equal 

though it is not so in case of pressure variation at the outlet, which indicates that the severe 

high-pressure wave does not travel towards upstream; rather it gets damped there itself. The 

generated cavitation pressure wave is of local nature, and it oscillates within short stretches. 

This fact was verified for all flow rates of experiments. Moreover, the local nature of 

occurrence of cavitation was verified by repeated trials and observations of each case. Very 

high frequency of pressure wave is observed in the case of cavitation compared to that of water 

hammer pressure wave. The water boundary/pipe boundary near the bubble collapse area might 

be acting as reflecting point and hence, the pressure waves oscillate with high frequency. The 

water hammer pressure arising out of the closure of valve acts uniformly across a cross section 

and gets moved upstream and downstream through the entire length of the pipe. Unlike the 

water hammer pressure, the pressure rise due to cavitation occurs due to the collapse of fine 

vapour bubbles created. A cross-section can contain many numbers of such bubbles and their 
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collapse. Hence the generated pressure as a result of the collapses can move not only in 

longitudinal direction but also along other directions due to the change in pressure across a 

cross section. Lind and Phillips (2012) reported that cusping and perturbation of bubbles occur 

very near to the boundary. Hence, the pressure variation across a cross section can create waves 

in all directions. Eventually, these multiple pressure waves may either impinge each other or 

with the boundary and create high-frequency waves. 

The results corresponding to all flow velocities for three different closure times have 

been prepared and presented in Table 4.2. The same pattern is repeated also for the remaining 

three velocities 0.362 m/s, 0.445 m/s and 0.54 m/s. From Table 4.2, it can be concluded that 

when the valve-closure time is sudden, the water hammer pressure is as per the Joukowsky 

equation and is not depended on the valve-closure time. However, the pressure increment due 

to cavitation is not the same for all the sudden valve-closure times for a given velocity, and the 

pressure due to cavitation increases drastically with the decrease in valve-closure time.  

The experimental results for the velocity 0.54 m/s for the two closure times 40ms and 

50 ms are given in Fig. 4.7. From Fig. 4.7, it is observed that the pressure rise as a result of 

cavitation increases considerably for 40 ms closure time. However, the cavitation is initiated 

for the case of initial velocity 0.54 m/s and closure time 50 ms, i.e., the pressure just approaches 

the vicinity of vapour pressure as indicated by the pressure variation curve (Fig.4.7 at time 

0.0875 s). This feature is also vivid from the feeble oscillations of the second peak of the 

pressure variation curve corresponding to closure time of 50 ms (unlike the other case with 

closure time 40 ms in which the high frequency and sharp peaks are present in Fig.4.7). The 

resulting vapour generation and the consequent pressure rise due to the vapour collapse seems 

to be negligible. Hence, the second pressure peak value is less than the first water hammer 

peak.  In order to have better insight into the flow phenomenon of cavitation, the ratios of flow 

velocity to closure time are tabulated in Table 4.3. The ratios give the deceleration, provided 

the closing is linear. 
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Fig. 4.7 Pressure variation at the outlet (v= 0.54 m/s)  

The Table 4.3 shows that for sudden valve-closure for which closure time t Ò 2L

c
, the 

occurrence of cavitation is related to the flow velocity/ valve-closure time ratio (v/t). It can be 

concluded from the experimental results that, the cavitation occurred when the v/t ratio is 

greater than 6 for sudden closure condition. But for gradual closure condition, cavitation is not 

initiated when the v/t ratio less than 10. When it nears 10.8, cavitation is just initiated, but the 

resulting vapour generation and consequent pressure rise due to the vapour collapse is 

negligible. However, these facts and limits shall further be verified for other gradual closure 

conditions. 

Table 4.3 Flow velocity/valve-closure time ratio in m/s/s 

 Flow velocity 0.181 

m/s 

0.273 

m/s 

0.362 

m/s 

0.445 

m/s 

0.54 

m/s 
 

Closure time 

50 ms 3.62 5.46 7.24 8.90 10.80 Gradual 

40 ms 4.53 6.83 9.05 11.13 13.50 Sudden 

closure 31 ms 5.84 8.81 11.68 14.35 17.42 

  Cavitation  
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From the pressure at the outlet Vs time curve obtained for different experimental cases, 

an attempt is made to predict the occurrence of cavitation from the first pressure cycle itself. 

For that, the slopes of the recession phase of the first pressure cycle are calculated for all the 

flow rates and the closure times and given in Table 4.4. This slope is taken by selecting two 

salient points on the recession phase of the first pressure cycle with coordinates as (t1, p1) and 

(t2, p2) and the slope is calculated as . 

Table 4.4 Slope of recession phase of first pressure cycle at the outlet (bars/s) 

Velocity 0.181 

m/s 

0.273 

m/s 

0.362 

m/s 

0.445 

m/s 

0.54 

m/s 

 

Closure time 
 

50 ms 52 98 143 182 227 
 

40 ms 200 353 400 500 444 
Cavitation 

31 ms 200 429 420 533 571 

  
Cavitation 

 

Table 4.4 shows the variation of slope of the recession phase of first water hammer 

pressure cycle for different valve-closure times and initial velocities. For all the cases without 

cavitation, the slope is less than 300 (slope expressed in bars/s). Similarly, the slope is higher 

than 300 for all the cases in which cavitation occur. A gap can be easily identified between the 

maximum value of slope without cavitation (227) and the lowest value of the slope with 

cavitation (353). Thus, it can be concluded that when the slope of the decreasing phase of the 

first water hammer pressure cycle is higher than a value of 200, the cavitation can occur and 

hence, safety measures are to be resorted for reducing the effect. Now the question comes what 

is the use of this information? The slope of water hammer can be measured only if the transient 

occurs, which in turn, results in the cavitation if the condition favours.  The solution to this 

quandary is the use of readily available simple 1-D numerical water hammer model which can 

easily be employed for the estimation of the water hammer cycle with great accuracy, thereby 

finding the slope of descending phase, and hence identifying the possibility of occurrence of 

the cavitation utilising the information mentioned above. It may be noted that the cavitation 

models are difficult to build and even if it is built, running of the model takes a lot of computer 

processing time. For capturing cavitation during the simulation of transient flow, very fine 

mesh and very small-time step are necessary even for 1-D model (Sumam et al., 2010). The 2-
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D and 3-D models are computationally more expensive. Hence, this suggested method gives 

an easy way to identify the chance of occurrence of cavitation. 

4.3. Effect of initial flow velocity on transient flow 

Experiments are conducted in MS pipe for five different initial flow velocities as given 

in Table 3.5. The figures Fig. 4.8 to 4.10 show the variation in pressure peak with the change 

in initial flow velocity while the closing time and the support conditions are kept constant. The 

variation of pressure for various flow velocities while keeping the closure time as 50 ms and 

the anchoring condition as two fixed anchors are shown in Fig. 4.8. It is vivid that the peak 

pressure increases with the increase in initial flow velocity whereas the period of pressure 

waves remains same in all cases. For the initial velocity of 0.54 m/s, the cavitation is initiated 

(Fig.4.8 at time 0.0875 s). Feeble oscillations in pressure curve (velocity 0.54 m/s) also indicate 

a weak cavitation, unlike the pressure variations corresponding to the other flow velocities (Fig. 

4.8). The resulting vapour generation and the consequent pressure rise due to vapour collapse 

seems to be negligible. Hence, the second pressure peak value is less than the first water 

hammer peak. 

 
Fig.4.8 Pressure variation at the outlet for 50 ms closure time (MS pipe) and for different 

velocities 

When the valve-closure time reduces to 40 ms, keeping all other variables constant, the 

pressure peak (as a result of water hammer) increases with the increase in the flow velocity as 

in the case of 50 ms closure time (Fig.4.9). No cavitation is present for the flow velocity 0.181 

m/s. Cavitation occurs for this valve-closure time when the initial flow velocity was changed 
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to 0.273 m/s. For understanding the trend properly, an enlarged view of the Fig. 4.9 is prepared 

for the first cavitation pressure region and given in Fig. 4.10. For the flow velocity of 0.181 

m/s, the water hammer pressure does not drop below vapour pressure and hence no cavitation 

occurs. But when the flow velocity increases to 0.273 m/s, the formation of vapour bubbles 

initiates at 0.07 s and the bubbles collapse at 0.1125 s and the peak pressure because of the 

bubble collapse is 9.4 bars. Similar trend is seen for all other flow velocities. The rise in the 

severity of cavitation with the increase in the initial flow velocity is vividly visible in Fig.4.10.  

 
Fig. 4.9 Pressure variation at the outlet for 40 ms closure time (MS pipe) and for different 

velocities 

 
Fig. 4.10 First cavitation pressure rise at outlet for 40 ms closure time- enlarged view 
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It can be concluded that when the initial flow velocity increases, the cavitation period 

and the corresponding cavitation pressure increases drastically.  

4.4. Effect of material properties on transient flow 

As the mechanical behaviour of the pipe material influence the flow characteristics, the 

present study also assesses the effect of material properties on transient flow. Three pipe 

materials viz., Mild Steel (MS), Unplasticized Poly Vinyl Chloride (UPVC) and High Density 

Poly-Ethylene (HDPE) were used for conducting a comparative study. Initial flow velocities 

for the comparative study were selected in such a manner that the transient event in that flow 

velocity under sudden closure condition did not cause cavitation. Moreover, these velocities 

were selected to have almost the same water hammer pressure. The flow velocities of 0.181 

m/s, 0.4 m/s and 0.6 m/s were used for MS, UPVC and HDPE respectively. In order to get rid 

of the variation in flow velocity and period of pressure wave, dimensionless charts were 

prepared by keeping the x axis as t/T (time/pressure wave period) and the y axis as the change 

in pressure divided by the pressure calculated from the Joukowsky formula (Fig. 4.11). 

 
Fig.4.11 Normalised pressure at the outlet for three materials with 2 anchors 

From Fig.4.11 it can be seen that WH pressure obtained from the experiment for the elastic 

material (MS) is the same as the pressure calculated by Joukowsky formula i.e. the ratio is 1.  

But, the water hammer pressures obtained from the experiment for both visco-elastic materials 

(UPVC and HDPE), are more than the pressures calculated by the Joukowsky formula i.e. the 

ratio obtained as 1.42 for UPVC and 1.34 for HDPE.  For further verification, these ratios were 
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computed for all the cases of UPVC and HDPE pipes (Table 4.5). These data indicate that the 

Joukowsky formula does not predict the water hammer pressure in visco-elastic pipes correctly.  

Table 4.5 Ratio of change in pressure to Joukowsky pressure (UPVC and HDPE pipes with 2 

anchor condition) 

Sl no Material Flow Velocity 

(m/s) 

Maximum water hammer 

pressure ȹP (Bars) 

Ratio 

(ȹP/ɟcȹV) 

1 

UPVC  

(c = 430 m/s) 

0.4 2.44 1.42 

2 0.5 3.03 1.41 

3 0.6 3.45 1.34 

4 0.7 3.89 1.30 

5 0.8 4.45 1.30 

6 

HDPE  

(c = 315 m/s) 

0.6 2.52 1.34 

7 0.8 3.15 1.25 

8 1.0 3.65 1.16 

9 1.2 4.14 1.10 

From Table 4.5, it can be seen that the change in pressure obtained from the experiments for 

the UPVC pipe is much more than theoretical Joukowsky pressure for all the five flow rates 

(the ratio Ó 1.3 with average value 1.36). The same is true for HDPE pipe also. However, the 

ratio decreases with increase in flow velocity. In any case, the ratio is greater than one. This 

finding has practical implication in the design as the Joukowsky formula is generally used for 

estimating water hammer pressure in the design calculations. Hence, proper modification has 

to be carried out in the pressure obtained by the Joukowsky formula while estimating the water 

hammer pressure for viscoelastic pipes (UPVC and HDPE).  

It is interesting to note that the damping characteristics of the pressure wave for the three 

materials are different. To have better insight, normalised pressure plots are prepared for each 

material (Fig. 4.12, 4.13 and 4.14). The damping of pressure wave is different for the three 

materials under consideration.  
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Fig.4.12 Normalised pressure at outlet (MS pipe) 

Fig. 4.12 shows the damping of pressure wave (represented by the dotted line connecting the 

peaks) for MS pipe, with a flow velocity of 0.181 m/s. The damping is 18.2 % in 10 cycles.  

 
 Fig.4.13 Normalised pressure at the outlet (UPVC pipe) for different velocities 

Fig. 4.13 shows the normalised variation of pressure wave for UPVC pipe (under three 

velocities). Here the damping is 44.8 % in 10 cycles.  



94 
 

 
 Fig.4.14 Normalised pressure at the outlet (HDPE pipe) for different velocities 

Fig. 4.14 shows the normalised variation of pressure wave for HDPE pipe (under three 

velocities). In contrast with the other cases, the damping is 75 % in 10 cycles. It can be 

concluded that pressure wave damping is maximum in HDPE pipes and hence, pressure 

fluctuations are less dangerous for HDPE pipes. Therefore, HDPE pipes are recommended for 

water transmission lines where the adverse effects of sudden change in operating conditions 

are frequent. 

4.5. Effect of Anchors on transient flow 

  Anchors are provided for any piping system to hold the pipes properly in position, to 

reduce the vibration of the pipes, and to give rigidity to the entire piping system. Anchors are 

normally fixed or restrained in particular direction. The anchors provided in the study were 

fixed which restricted the motion/deformations of pipe in all directions at these positions. The 

experiments were conducted to study the effect of such supports on the flow characteristics of 

the piping system by varying the number of fixed anchors attached to the system. This was 

repeated for three different materials of the pipes, viz., MS, UPVC and HDPE pipes. 

4.5.1. Effect of anchors in MS pipes 

As explained in the methodology, the experiments were conducted on MS pipe 

installation with four different anchoring conditions, viz., no anchors, two fixed anchors (at 
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two ends), three fixed anchors (at two ends and centre), and five fixed anchors (at ends, centre, 

one-fourth and three-fourth lengths). The pressure was measured at the outlet and 20 m from 

the outlet. For assessing the effect of anchoring conditions on transient flow characteristics, the 

pressure variation curves are plotted at the outlet and 20 m from the outlet, for different 

anchoring conditions in a single plot, keeping all other variables such as closure time, flow 

velocity and material proprty as constant. 

4.5.1.1. Gradual Valve-closure   

By taking the valve-closure time as 50ms, the pressure variation with time was 

compared for all the four anchoring conditions mentioned in the experimental setup (i.e. no 

anchor, two anchors, three anchors and five anchors) and for all the five velocities (cases as 

given in the Table 3.5). The pressure curves were drawn at the position of two transducers 

attached to the pipe (i.e., at the outlet and 20 m from the outlet). The pressure variation at the 

outlet was the same for all the four anchoring conditions and all the five velocities adopted in 

the study under gradual closure condition. A typical figure is given in Fig. 4.15 which shows 

the pressure variation at the outlet corresponding to a flow velocity of 0.445 m/s. 

 
Fig. 4.15 Effect of anchors on the pressure at the outlet for a velocity of 0.445 m/s and 

closure time 50 ms  

Pressure variation recorded by the transducer attached at 20 m from the outlet also gives similar 

results (Fig.4.16), for all the five flow velocities. 
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Fig. 4.16 Effect of anchors on the pressure at 20 m from the outlet (velocity of 0.445 m/s and  

closure time of 50 ms) 

From Fig. 4.15 and 4.16, it can be found that the water hammer pressure for MS pipe is 

independent of number of fixed anchors attached to the system when closure time comes under 

the category of gradual condition. 

4.5.1.2. Sudden Valve-closure   

The next closure time adopted for the study is 40 ms which comes under the category 

of sudden closure. For this closure time, the pressure variation at the outlet and also at 20 m 

from the outlet were analysed for the different anchoring conditions mentioned earlier and for 

all the five velocities. Fig.4.17 shows the pressure variation at the outlet for a velocity of 0.181 

m/s and for the four anchoring conditions. Fig. 4.17 confirms the fact that the increase in 

number of fixed anchors does not change the water hammer pressure even for sudden valve-

closure. Similar results are available at 20 m from the outlet.   

 
Fig. 4.17 Effect of anchors on pressure variation at the outlet for a velocity of 0.181 m/s and 

closure time 40 ms 
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The Fig.4.17 shows similar behaviour as Fig 4.15 and 4.16. The water hammer pressure 

and the period of pressure wave are the same for all the four anchoring conditions. The pressure 

peaks agree well with the respective pressure rise calculated by the Jowkousky equation for the 

sudden closure of the valve (calculated as 4.2 bars). For the same valve-closure time, when the 

velocity increases to 0.273 m/s, the pattern of pressure variation unexpectedly changes. The 

water hammer pressure peak (5.55 bars) is precisely the same for all the four anchoring 

conditions and also equal to the pressure calculated by the Jowkousky equation. The pressure 

variation at the outlet corresponding to a velocity of 0.273 m/s and the valve-closure time of 

40 ms is given in Fig. 4.18. 

 
Fig.4.18 Effect of anchors on pressure variation at the outlet for a velocity of 0.273 m/s and 

closure time of 40 ms 

Fig. 4.18 shows the increase in cavitation pressure when the number of anchors increases. The 

cavitation initiated at 0.075s for all the four anchoring conditions and continues up to 0.1065s 

in the case of no anchor. The Bubbles collapse at 0.1065s for zero anchor condition and 

maximum pressure rise due to bubble collapse is 7.5 bars. For the two anchors condition, the 

cavitation pressure is 9.4 bars. For the three anchor and the five anchor conditions, the 

cavitation pressures are 11 bars and 14 bars respectively. The cavitation periods are almost 

same in all the four cases and the pressure rise during cavitation increases with the increase in 

the number of fixed anchors attached to the system (Table 4.6). 

The results (Fig.4.18) reveal that the increase in the number of anchors makes the pipe 

more rigid, which does not change the water hammer pressure peak, but creates more adverse 

effect during cavitation. This performance is again checked for other higher flow velocities 
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without changing the closure time. Fig. 4.19 shows the pressure variation at the outlet for a 

flow velocity of 0.362 m/s with a closure time of 40 ms. 

 
Fig. 4.19 Effect of anchors on pressure at the outlet (MS pipe) for a velocity of 0.362 m/s and 

closure time 40ms 

It is found that the pressure curves have same pattern in both Fig.4.18 and 4.19. In both 

the cases, the pressure peaks as a result of water hammer do not vary with the increase in 

number of fixed anchors. This behaviour reinforces the fact stated in the previous section that 

the water hammer pressure is not affected by the change in the number of anchors. However, 

the second peak because of cavitation considerably changes with the increase in number of 

anchors. The pressure variation for all the three velocities (for which cavitation occurred) with 

four different anchoring conditions at 40 ms closure time are tabulated and presented in Table 

4.6.   

From Table 4.6, it is clear that for sudden valve-closure condition also, the number of 

anchors does not have any influence on the peak of water hammer pressure. However, the 

severity of cavitation and the pressure as a result of cavitation change radically with the 

increase in number of anchors. It may be noted that all the other factors, say the velocity and 

closing time were kept as same for each lot of experiments. Hence, the indicated change in the 

severity of cavitation is purely consequent to the change in the number of anchors. The reason 

behind this behaviour has to be analysed further. 
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Table 4.6 Effect of anchors on the variation of pressure for sudden closure (40 ms) 

Velocity 

(m/s) 

Anchoring 

condition 

Water 

Hammer 

Pressure 

(Bars) 

The period 

during which 

Cavitation 

occurs (s) 

Cavitation 

duration 

(s) 

Cavitation 

Pressure 

second peak 

(Bars) 

0.273 

No anchor 5.55 0.075 - .107 0.032 7.5 

Two anchor 5.55 0.075-0.112 0.037 9.4 

Three anchor 5.55 0.075-0.112 0.037 11 

Five anchor 5.55 0.075-0.112 0.037 14 

0.362 

No anchor 6.3 0.07-0.116 0.046 8.5 

Two anchor 6.3 0.07-0.116 0.046 12.8 

Three anchor 6.3 0.07-0.117 0.047 16 

Five anchor 6.3 0.075-0.117 0.047 20 

0.445 

No anchor 7.5 0.065-0.126 0.061 9.5 

Two anchor 7.5 0.065-0.126 0.061 15 

Three anchor 7.5 0.065-0.128 0.063 23 

Five anchor 7.5 0.065-.128 0.063 >30 

The pressure variation recorded at the second transducer attached at 20 m from the 

outlet was also studied and the pressure variation was plotted for all the four anchoring 

conditions with the corresponding flow velocities. The pressure variations at 20 m from the 

outlet for all the four anchoring conditions do not vary much. Although this characteristic is 

contradictory to the results of pressure variation at the outlet, it is very much in line with the 

discussion had in previous section regarding the high frequency and the local reflection of the 

cavitation waves. A typical pressure variation curve is given in Fig. 4.20 which is for a flow 

velocity of 0.362 m/s and for the closure time of 40 ms. 
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Fig. 4.20 Effect of anchors on the pressure variation at 20 m from the outlet (velocity 0.362 

m/s and closure time 40 ms) 

By analysing the pressure variation at the outlet and at 20 m from the outlet, for different 

flow velocities under sudden valve-closure condition, it can be concluded that the peak of water 

hammer pressure is unaltered by the presence of more number of fixed anchors. But the 

occurrence of cavitation and the cavitation pressure induced by bubble collapse are highly 

influenced by the number of anchors attached to the system. As the piping system becomes 

more rigid by the presence of a greater number of fixed anchors the cavitation pressure 

increases extensively. However, this adverse effect of cavitation is significant only at the outlet, 

where the transient event is initiated. This phenomenon reinforces the fact that the occurrence 

of cavitation and the pressure rise resulted by vapour collapse are local and hence its effect is 

not transmitted towards the other end. As it moves away from the location of occurrence (of 

cavitation), the adverse effect of cavitation goes on decreasing which is evident from the 

measurements obtained from the transducer kept at 20 m from the outlet (Fig 4.20). 

4.5.2. Effect of anchors-UPVC pipes 

As explained in the experimental setup, the experiments were conducted in UPVC pipe 

installation, for different flow velocities (Table 3.5) and the results are tabulated (Table 4.7) 

and plotted. The results were analysed for studying the effect of different anchoring conditions, 

and curves are prepared accordingly. Experiments were conducted with the four different 

anchoring conditions as explained in the experimental setup (section 3.5.5). The variation of 

water hammer pressure at the outlet is plotted in Fig. 4.21 for the closure time of 40 ms,  and  

the flow velocity as 0.4 m/s. From Fig. 4.21, it is clear that the water hammer pressure is 
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independent of the number of fixed anchors attached to the system even in the case of UPVC 

pipe. 

 
Fig. 4.21 Effect of anchors on the pressure variation at the outlet for a velocity of 0.4 m/s and 

closure time 40 ms (UPVC pipe) 

The pressure variations at the outlet for all the four anchoring conditions and with a flow 

velocity of 0.6 m/s are included as Fig. 4.22. From Fig. 4.22 it can be inferred that the water 

hammer pressure is independent of the number of fixed anchors attached to the system, whereas 

the occurrence of cavitation and cavitation pressure depend on the number of fixed anchors 

attached to the system. Hence, these characteristics reinforce the fact that the number of anchors 

and hence, the rigidity of the piping system influences the severity of cavitation in the system.  

 
Fig. 4.22 Effect of anchors on the pressure variation at the outlet for a velocity of 0.6 m/s and 

closure time 40 ms (UPVC pipe) 
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Table 4.7 tabulates all the water hammer and cavitation pressure values of UPVC pipes with 

four different anchoring conditions. It can be noted from the table that as the rigidity of the 

piping system increases (by increasing the number of fixed anchors attached to the system), 

the water hammer pressure remains unaltered while the cavitation pressure goes on increasing 

with the increase in the number of fixed anchors. From Table 4.7, it can also be seen that the 

third pressure peak is more than the second peak in all the cases of UPVC pipes. But the 

identification of the reason behind this abnormal behaviour needs further investigation. 

Table 4.7 Pressure at outlet for UPVC pipe 

Velocity 

(m/s) 

Anchoring 

condition 

Water Hammer 

Pressure (first 

peak) (Bars) 

Cavitation 

Pressure second 

peak (Bars) 

Cavitation 

Pressure third 

peak (Bars) 

0.5 

No anchor 4.5 3.8 4.5 

Two anchor 4.5 4 4.8 

Three anchor 4.5 13 15 

Five anchor 4.5 18 21.5 

0.6 

No anchor 5.0 5.0 11 

Two anchor 5.0 5.0 15 

Three anchor 5.0 12.5 16.5 

Five anchor 5.0 13 19 

0.7 

No anchor 5.5 5.0 15.0 

Two anchor 5.5 14 22 

Three anchor 5.5 >30 >30 

Five anchor 5.5 >30 >30 

0.8 

No anchor 6.0 14 22 

Two anchor 6.0 >30 >30 

Three anchor 6.0 >30 >30 

Five anchor 6.0 >30 >30 
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4.5.3. Effect of anchors-HDPE pipes 

In a similar way, experiments were conducted in the HDPE pipe installation for 

different flow velocities, and the results are tabulated and plotted. Experiments were conducted 

for the three different anchoring conditions as explained in experimental setup (Table 3.5) i.e. 

two anchors, three anchors and five anchors. The variation of water hammer pressure for a  

flow velocity of  0.6 m/s with respect to time  was plotted at the outlet and  is given in Fig. 

4.23. The figure indicates that the water hammer pressure is independent of the number of 

anchors attached to the system also in the case of  HDPE pipe. 

 

Fig. 4.23 Effect of anchors on the pressure variation at the outlet for a velocity of 0.6 m/s 

(HDPE pipe) 

The pressure variation at the outlet for another flow velocity of 1.2 m/s is included as 

Fig. 4.24. From Fig. 4.24 it can be concluded that the water hammer pressure is independent 

of the number of fixed anchors attached to the system, whereas the occurrence of cavitation 

and the pressure peaks consequent to cavitation depend on the number of fixed anchors 

attached to the system. The behaviour of HDPE pipe is similar as in the case of other two 

materials included in the experimental investigation. As these characteristics prevail for all the 

three types of material tested and all the trails with various velocities, it can be categorically 

stated that the characteristics of cavitation in a piping system is very much influenced by the 

rigidity of the piping system.  Presence of a greater number of fixed anchors to the system 

results in reduction of unsupported length and the effective length of the piping system; and 

makes the system more rigid. This can be the reason for the increase in the cavitation pressure 

in the system during transient flow. Now, why does the number of anchors affect only the 

pressure because of cavitation, but not the pressure due to water hammer? The answer to the 
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question lies with the different nature of the water hammer pressure and the pressure due to 

cavitation. Water hammer pressure has fixed frequency depending on the length and the 

velocity of sound in water whereas the cavitation pressure has variable high frequency, 

resulting from the local nature of reflection as explained in earlier section (section 4.2).  The 

cavitation pressure wave is of local nature, and it oscillates within small stretches. Very high 

frequency of pressure wave is observed in the case of cavitation compared to that of water 

hammer pressure wave. The water boundary/pipe boundary near bubble collapse area might be 

acting as reflection points and hence, the pressure waves oscillate with high frequency. When 

the rigidity of the pipe wall increases (by providing greater number of fixed anchors), the 

boundary on which the pressure wave reflects becomes more rigid and absorbs only less energy 

or undergoes less deformation during the impact of pressure wave. This nature leads to increase 

in the cavitation frequency and the cavitation pressure with the increase in the number of fixed 

anchors attached to the system. 

Table 4.8 tabulates all the water hammer and the cavitation pressure values of HDPE 

pipes with the three different anchoring conditions. It can be noted from the table that as the 

rigidity of the piping system increases (by increasing the number of fixed anchors attached to 

the system), the water hammer pressure remains unaltered while the cavitation pressure goes 

on increasing with the number of fixed anchors. 

 

Fig. 4.24 Effect of anchors on the pressure variation at the outlet for a velocity of 1.2 m/s 

(HDPE pipe) 
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Table 4.8 Pressure at outlet for HDPE pipe 

Velocity 

(m/s) 

Anchoring 

condition 

Water Hammer 

Pressure 

(Bars) 

Cavitation/ 

second Pressure peak 

(Bars) 

0.6 

Two anchor 3.9 3.3 

Three anchor 3.9 3.3 

Five anchor 3.9 3.3 

0.8 

Two anchor 4.5 4.0 

Three anchor 4.5 4.0 

Five anchor 4.5 4.0 

1.0 

Two anchor 5.2 4.0 

Three anchor 5.2 5.8 

Five anchor 5.2 6.3 

1.2 

Two anchor 6.0 4.5 

Three anchor 6.0 6.7 

Five anchor 6.0 9.5 

Hence it can be concluded that, for all the three materials included in the present 

experimental study, the water hammer pressure remains unaltered by the increase in the number 

of fixed anchors attached to the piping system. But the cavitation pressure increases with the 

increase in the number of fixed anchors attached to the piping system. 

4.6. Pipe Acceleration  

Along with the measurement of fluid pressure, the accelerations in y and z directions 

of the MS pipe were also measured during the experimental study. The variation of acceleration 

with time was recorded at the centre of span in two-anchor condition and at the quarter span in 

three-anchor condition. The variation of acceleration with time is plotted for two-anchor and 

three-anchor conditions.  
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4.6.1. Two-anchor condition 

During the experiment, acceleration was measured at the centre of the pipe for two 

anchor condition and for all the flow velocities. Fig. 4.25 shows the acceleration in y direction 

for the flow velocity of 0.181 m/s. 

 
Fig. 4.25 Acceleration in y direction at the centre of pipe ï velocity 0.181m/s 

The x axis represents time in seconds; and y axis represents acceleration in terms of 

acceleration due to gravity ógô. For 0.181 m/s velocity, the maximum acceleration in y direction 

at the centre of the pipe was only 0.46g, which is 4.5 m/s2. The acceleration time curve 

corresponding to the initial velocity 0.181 m/s has two main zones. The first zone was 

developed during the sudden closure of the QAV and was critical. The acceleration in this zone 

corresponds to the water hammer pressure and it exists only for a small duration. The zone 2 

of acceleration corresponds to the damping zone, and finally, the acceleration approaches zero.  

When the velocity was increased to 0.273 m/s, the pattern of acceleration also changed 

as a result of the occurrence of cavitation, as given in Fig. 4.26. The acceleration-time curve 

corresponding to 0.273 m/s has three zones. The first zone is similar to that of 0.181 m/s 

velocity. But, the magnitude of acceleration is 6.5g which is much higher than the acceleration 

corresponding to the velocity 0.181 m/s. The increase in velocity is only 50 %, but the 

equivalent increase in acceleration is about 13 times (1300%) the previous acceleration due to 

water hammer for the velocity of 0.181 m/s. Fig. 4.26 indicates an additional   zone, which is 

related to the pressure rise due to cavitation. The magnitude of that acceleration corresponding 

to cavitation pressure is 19g, which is 192 % more than the acceleration due to the water 
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hammer. The increase in pressure because of cavitation is only 55% more than the water 

hammer pressure for the same velocity 0.273 m/s (Table 4.9). 

 
Fig. 4.26 Acceleration in y direction at the centre of pipe ï velocity 0.273m/s 

In brief, for the flow velocity of 0.273 m/s, the maximum acceleration due to water hammer is 

around 6.5g which significantly increases to 19g when vapour bubble collapse (cavitation). 

After that, the acceleration gradually reduces and approaches zero in zone 3 (Fig.4.26).  

The acceleration in z direction also shows the same pattern with three zones (Fig. 4.27). 

For the first zone, the magnitude of acceleration is only 2 g (for velocity 0.273 m/s) which is 

less than the acceleration in y direction (6.5 g). For the second zone, the acceleration is 8 g 

which is also less than the respective acceleration in the y direction (19 g). Similar pattern is 

observed for the other flow velocities (Table 4.9). 

 
Fig. 4.27 Acceleration time graph in z direction, flow velocity 0.273 m/s 
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Table 4.9 Pressure and Acceleration at the centre of pipe with 2 anchors 

Velocity 

m/s 

WH 

pressure 

(Bars) 

Cavitation 

pressure 

(Bars) 

% Increase 

in pressure 

due to 

cavitation 

Acceleration 

Zone 1 (g) 

Accelerati

on Zone 2 

(g) 

% Increase in 

acceleration 

due to 

cavitation 

0.181 4.1 - - 0.5 - - 

0.273 5.5 8.5 54.55 6.5 19 192.3 

0.362 6.5 12 84.62 20 45 125.0 

From Table 4.9 it is observed that drastic increase in acceleration and vibration is 

observed at the centre of pipe with increase in flow velocity when the number of anchors is 

limited to two.  

4.6.2. Three anchor condition 

In two anchor condition, the acceleration was maximum at centre. But for three anchor 

and five anchor conditions, a fixed anchort is introduced at this position of maximum 

acceleration. As a result, the acceleration is reduced to zero at that position. Hence, the 

acceleration was measured in the pipe with three anchors at 7.5 m from both upstream and 

downstream ends. The acceleration at 7.5 m from the outlet for the flow velocity 0.273 m/s is 

given in Fig. 4.28. 

 
Fig. 4.28 Acceleration in y direction at 7.5 m from outlet ï velocity 0.273 m/s 


