CHAPTER 4

RESULTS AND DISCUSSIONS EXPERIMENTAL
INVESTIGATION

4.1. General

Many experimental studies the field oftransient flowin a piping systendeat with
the influence ofthe closure timeof the flow-control valve on the water hammeipressure
(Hughes, 1963; Kodura, 2016jowever,very few studiesnvestigaed intothe effect of he
closure time oflow-controlvalve, the velocity of flow and thanchoring conditions of giping
systemon the water hammer pressure, atigt maximumpressureconsequent to cavitation
Although te vibrationaccompaniediy the water hammeiof fluid conveying pipesvas
investigated both numerically and experimentally by many resear@easg et al., 1999;i
et al., 2018 Wang et al., 2013; S&arachar, 2015; Shaik et al., 2017; Hunain, 2017 and
Alnomani, 2018) its effect onflow characteristicsvas notdealtwith in thosestudies. Ifa
piping system is not anchorgatoperly, it will experienceunwarrantedvibration during
transient flow. Therovisionof more anchorsan makehe systenmorerigid and obviously
the vibration of the systegetsreducedHowever theimpact of rigidityon thecharacteristics
of fluid flow during a transientavitating evenhas not been investigatsd far Hence the
present study aims texaminethe effect of closure timef valve the initial flow rate of the
flow, material propertie®f the pipeand anchoringconditionsof the piping systenon the
characteistics of transent-cavitating flowthrougha piping systemThe experimentsvere
conductedn a custoramade experimental installation (explained in section 3.5 #heavater
flow laboratory of FluidControlResearch Institute Palakkdderala Based on the studyhe
results are presentseparatelyastheinfluence ofvariousparameters ooharacteristics of the

transient cavitating flow.
4.2. Effect ofvalve-closuretime on transient flow

One of thesignificantcause®f transienflow in a pipelinds the sudden closure of the
nonreturn valve/quick acting valveprovided at the downstream end difie pipeline The

sudden closure of the valaan be actuated by power failure ora pump tripor the like
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Experimentswere conductedwith various combinations oflosure time and initial flow
velocities so that the effect wélve-closuretime and initial flow velocities on the occurrence
of cavitation can be studie@he closuretime of valveis acritical factor affecting he pressure
peak formed duringhewater hammer. It is reportédy Ahmadi and Keramg2010)thatwhen

closure time is less thatt , thevalve-closuretime does not affedhe maximum pressure rise
Cc

In such a condition, the Joukowsky equation gives the maximum pre¥gbemthe valve-

closuretime isgreaterthan 2L the pressure rise is less thie Joukowsky pressuréience
C

the valuel is used for demrcating the type of closure into two categories, viz., sudden and
Cc

gradual.

The demarcatinglimit betweenthe sudden closure anthe gradual closure ik
c

(Simpson and Wylie; 1991, Simpson and Bergant, 1994; Ahmadi and Kerama}; B910
using the modulus ddlasticityof pipe materiabnd an equivalent bulk modulo$ water, the
wave velocity formild steel MS) was calculated asl391.06m/s. The limiting valuefor
categorising the closure time widencalculatedas43.6 ms Based orthis calcuétion, three
closure timesvereselected a81 ms, 40ms and 50 msof which50 ms fell into the type of
gradualclosureandthe other twg 31 ms and40 ms into the kindof suddenclosure For
studying the effect ofalve-closuretime alongwith the changén initial flow velocities, five
different initial flow velocitieswvereadoptedwhich are given imable 3.5 These initial flow
velocitieswere selectetb include different cases with and without cavitation. Steadystate
pressure at thealientlocations (Fig3.4, P1 and P2) anithe head loss values #teoutlet (P2)
for each velocity are given in Tabdel. Pressure variations versus time are ptbétethe outlet
(P2) and also at 20 m from the outlet (P1) fontheouscases. The variatieof pressure with
the threeclosure timegor the same flow velocitgre plotted ina graph toassesshe effect of

closure time on the occurrenceaaivitation.

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 gradudly the2L criteria and the other two as sudden, as indicated earlier. The
C

estimated hike in pressure for gradual closuge isavherej is the densityL length of pipe
andao the uniform deceleration. Thus, the estimated hike in pressure works out to bes1.1 bar

andhence, the total peak presstmebe2.8 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 tingetha 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 indejggn of the closure time when the closure comes under

the category of suddeie., t 2.0 These results match with welstablished theories and facts
Cc

(Simpson and Wylie, 1991; Simpson and Bergant, 1994; Ahmadi and Keramat,a22@I1L0M)is

validate the experimentation procedure and accuracy of measuring components. The variations
of pressure for all the thredosure time indicate that no cavitation is present for this velocity

of flow in each of the closure time. Fig. 4.2 gives giessure 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 thecuracy @ experimentation.

Table4.1 Steadystate pressure at they locations anthe pressurdoss at outlet

Initial flow Pressure at Pressure atutlet| Pressurdoss
S| No. Velocity 20m ‘EVF?{T; outlet (P2) at outlet (P2)
(m/s) (Barg (Barg (Barg
1 0.181 1.6965 1.6895 0.01050
2 0.273 1.6945 1.6839 0.01608
3 0.362 16941 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 variationthe outlet for differentclosure time (v=0.181 m/s)
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Fig. 4.2 Pressure variation at 20 fromtheoutlet (v= 0.181m/s)

The experimenivasrepeatedor an initial velocity of 0.273 m/s for all the three closure
times. Here again, theharacteristics ofhe first pressure pedbr both sudden and gradual
closureof the valveare similarto that for thelow velocity of 0.181 m/s. Howevethe curves
of pressurevariation indicatehe occurrenceof cavitationfor closure time<l0 ms and31 ms

as shown in Fidg.3 The pressure drops to vapour pressure for taltases. Duration of
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cavitationperiods is from 0.078 to 011 s when the time of closuns 40 ms and 0.065s to
0.11swhen it is31 ms. Thus the water changesom its liquid to vapourstateduring this
period (bubble formation period) and these vapour bubbles collapse as(ggherating a
suddenpressureise upto 9.4 bars The pressure riseeachesabove 30barsin the caseof
closuretime 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 thetamperof closure time

and its link to the occurrence of cavitation. The pressuredsileeresult ofavitationwasfound

to bemuch higherthan thatof water hammepressurg3 to 10 times).Thus,it is always
advisable to avoid the occurrence of cavitatiHence theassessmertf operating time for

flow controldevicess vital for preventingthe occurrence of cavitation im@apiping system
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Fig. 4.3 Pressure variation at the outlet (v=0.273 m/s)

An enlarged view of the pressure variation during the cavitaégishownin Fig.4.4to
have a better understanding of the procEggs4.4 shows that the pressure hike as a result of
cavitation incase of closure time of 31 ms is more than three times that of 40 ms closure time.
Unlike the water hammer pressure, the pressure mkesasedrastically with the decrease in
closure time. The magnitudes of these hikes@ificantin the context tht pipes used in the
piping systenmare normally testefbr 1.5 times the static pressure. Although the closure times
of 40 ms and 31 mare classifieéds sudden closure and the water hammer pressures are equal,
the pressure risaas a result of vapour calpseare not comparabléTable 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 muaithe valveclosure time. It is seen from the Table 4.2 that

the increase in pressudue 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 assuadlgtion m
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.
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Fig. 4.4 Pressure variation #teoutlet (v= 0.273n/s)- enlarged view

To verify theoccurrence of cavitation away from the oyttae pressure variation at 20
m from the outletvas also plotted (Fig. 4.5 shows that the second peak in the pressure wave
is slightly higher than the first one and thus indicates the occurrence oficavitatt only near
the outlet but also at 20 m from the outldbwever,the severity of theavitationeffect is
small at 20 m when compared with that at the outlet of the Phpeseverities of the events in
thecaseof 31 ms and 40 ms are almost equ&@@m, whereas it is not the case in the pressure
variation at the outlet. However, this fact hasbt verifiedin the subsequent cases. As
expected, there was no cavitation for the case 50 ms closure time (gradual closure) even when

the flow velocity vas increased from 0.181 m/s to 0.273 m/s.
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Table4.2 Details ofpeakpressuret the outlefor differentflow rates

Time (s)

Fig. 4.5Pressure variation at 20 m frdire outlet (v= 0.273n/s)
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Velocity | Closure time First pressure Second Third prissure Cavitation
(m/s) (ms) pea pressure pea pea Yes/No
(Barg (Barg (Barsg
50 3.15 2.55 2.45 No
0.181 40 4.1 3.85 3.8 No
31 4.1 4.0 3.95 No
50 4.2 3.5 3.3 No
0.273 40 5.55 9.4 5.25 Yes
31 5.55 >30 18.5 Yes
50 5.1 4.1 3.8 No
0.362 40 6.3 12.8 9.0 Yes
31 6.3 >30 >30 Yes
50 6.0 4.8 4.4 No
0.445 40 7.5 15 16.5 Yes
31 7.5 >30 >30 Yes
50 7.2 6 51 No
0.540 40 8 >30 >30 Yes
31 8 >30 >30 Yes
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In order toreinforce the fact regardinidpe reduction in severityf pressurewith the
distance from the source, the curves of pressure variationratf@im the outlet of the pipe
for theflow rate of 0.362n/sare showrin Fig.4.6. As in the previous case, the second pressure
peaks in the pressure variation curve of sudden closurea&skgher in magnitude than the

first water hammer pressure peak, indicating the presence of cavitation.
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Fig. 4.6 Pressure variation at 20 m frdire outlet (v= 0362m/s)

Here again, the severities of the events in case ofidand 4 ms are almostaual
though it is not so in case of pressure variation at the putteth indicates thahe severe
high-pressuravave does not travel towards upstreaatherit getsdampedthere itself. The
generated cavitation pressure wave is of local natum@it oscillates withinshortstretches.
This fact was verified for all flow rates of experiments. Moreovetthe local nature of
occurrence of cavitatiowas verified by repeated tals and observations of each cagery
high frequency opressurevaveis observedn the case of cavitatiotomparedo that of water
hammer pressure wave. The water boundary/pipe boundartheeabblecollapseareamight
be acting as reflecting pdiand hencegthe pressure wavesscillatewith high frequency. The
water hammer pressure arising out oftlusureof valve acts uniformly across a cross section
and gets moved upstream and downstream through the entire lengthpgieh&nlikethe
wata hammer pressurdhe pressure rise due to cavitation occurs due to the collapfgeeof

vapour bubbles created crosssectioncan contain many numbers of such bubbles and their
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collapse Hencethe generategressureas a result othe collapse can move not only in
longitudinal direction but also along other directions due to the change in pressure across a
crosssection Lind and PHiips (2012) reported that cusping and perturbation of bubbles occur
very near to the boundary. Hax) the pressure variation across a cross section can create waves
in all directions. Eventually, thessultiple pressure waves may either impinge each other or

with the boundary and credtggh-frequencywaves

The results corresponding to all flow velioes for three different closure times have
been prepared and presented in Table 4.2. The same pattern is repeated also for the remaining
three velocitie®.362 m/s, 0.445 m/s and 0.54 nmfsom Table 4.2, it can be concluded that
when thevalve-closuretime issuddenthe water hammer pressure is as per the Joukowsky
equation and isotdepenédon thevalve-closuretime. However,the pressurencrementdue
to cavitation is nothesame for all the suddemlve-closuretimes for a given velocity, and the

pressure due to cavitation increases drastically thithlecrease inalve-closuretime.

The experimental resulfer the velocity 0.54 m/s fathetwo closure times@ms and
50 ms are givenin Fig. 4.7. From Fig.4.7, it is observed that the pressure @sea result of
cavitation increases considerality 40 ms closure timeHowever the cavitation is initiated
for the case of initial velocity 0.54/s and closure timedans, i.e,, the pressurpistapproaches
the vicinity of vapour pressuras indicated by the pressure variation curve {Ffcat time
0.0875s). Thisfeatureis also vivid from the feeble oscillations tife second peak of the
pressurevariation curve corresponding to closure time50fms (unlike the other case with
closure time40 ms in which the high frequency and sharp peaks are pres€ig.4.7). The
resulting vapour generation and the consequent pressure risethdeeapour 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
velocity to closiretime aretabulatedn Table 4.3 The ratios give the deceleration, provided

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

The Table4.3 shows that for sudderalve-closurefor which closure time 2D, the
C

occurrence of cavitation is relatedtte flow velocity/ valve-closuretime ratio {/t). It can be
concludedfrom the experimental resulthat, the cavitation occurred when thgt ratio is
greater than €or sudden closure conditioBut for gradal closure conditioycavitation is not
initiated when the v/t ratio less than 10. When it nears 10.8, cavitation is just inibiate¢de
resulting vapour generation and consequent pressure rise dihe v@pour collapse is
negligible.However, theseaicts and limits shall further be verified for other gradual closure

conditions.

Table4.3 Flow velocityialve-closuretime ratio in m/és

Flow velocity | 0.181 0.273 0.362 0.445 0.54
Closure time m/s m/s m/s m/s m/s
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
31ms 5.84 8.81 11.68 14.35 17.42 | closure
Cavitation
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From the pressura the outle¥/s time curve obtained for different experimental cases,
an attempts made to predidhe occurrence of cavitation from the first pressure cycle itself.
Forthat,the slops of therecessiorphase of the first pressure cyaeecalculated for all the
flow rates andhe closure times and given in Tabded. This slope is taken by selecting two

salient points on the recession phase of the first pressure cycle with coordir{atgs)eand

(t2, p2) and the slope is calculatee——.

Table4.4 Slope ofrecessiorphase of first pressure cyclethéoutlet pargs)

Velocity | 0.181 0.273 0.362 0.445 0.54
Closure time m/s m/s m/s m/s m/s
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 tfe recessiophase of first water hammer
pressure cycle for differenalve-closuretimes and initial velocies For all the cases without
cavitation, the slope is less than 300 (slope expresdeatds). Similarly, the slope isigher
than 300or all the cases in which cavitation occéirgap can be easily identified between the
maximum value of slope withoutaeitation (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 cyclehigherthan a value of 200, the cavitation can occur and
hencesafey 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 favoufse sblution to this
guandary is the use of readily available simpl@ dumerical water hammer model which can
easilybeemployed for the estimation of the water hammer cycle with great accuracy, thereby
finding the slope of descending phase, and henctifgag 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 timeFor capturing cavitation duringhe simulation oftransient flow, very fine

mesh and vergmalttime steparenecessargven for 1D model(Sumam et a]2010) The2-
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D and 3D models are computationally more expenshience, this suggested method gives

an esy way to identify the chance of occurrence of cavitation.
4.3. Effect of initial flow velocity on transient flow

Experimentsre conducted in MS pipe fdive differentinitial flow velocities as given
in Table 3.5 The figures Fig. 4.8 to 4.1Ghow the variation in pressure peak vilik change
in initial flow velocity while the closing time andhe support conditions are kepbnstantThe
variation ofpressure fowariousflow velocities while keeping the closure tirae50 ms and
the anchoringcondition as twdixed anchorsare shown in Fig4.8. It is vivid that thepeak
pressure increases with the increaséninal flow velocity whereasthe period ofpressure
wavesremainssamein all casesFor theinitial velocity of 0.54 m/sthe cavitation is initiated
(Fig.4.8at time 0.087%5). Feeble oscillations pressure curv@relocity 0.54m/s) also indicate
a weak cavitatioyunlikethepressure variatiatorrespondingo the otheflow 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
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Fig.4.8 Pressureariationatthe outlet for50 ms closuretime (MS pipe)and for different
velocities

When thevalve-closuretime reduces to@ims, keeping all other variableonstantthe
pressurgeak(asa result ofwater hammerincreases with the increasetiveflow velocity as
in thecaseof 50 ms closure timgFig.4.9) No cavitationis present for the flow velocity 0.181

m/s. Cavitation occurs for thigalve-closuretime whentheinitial flow velocity was changed
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t0 0.273 m/sFor 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 Vielacity of 0.181

m/s, the water hammer pressure does not drop below vapour pressure ambleviation

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 nléa seen for dlother flow velocities. Therise in the

severity ofcavitationwith theincrease irtheinitial flow velocity is vividly visiblein Fig.4.10
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Fig. 4.9 Pressure variation at the outlet for 40 ctasure time (MS pipe) and for different

velocities
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Fig. 4.10First cavitation pressure rise at outlet fOrms closiretime- enlarged view
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It can be concluded that when findial flow velocity increasesthe cavitation period

and the correspondirgavitationpressurencreaseslrastically
4.4. Effect of materialpropertieson transient flow

As the mechanical behaviour of the pipe material influencéldinecharacteristicghe
presentstudy also assessethe effect of material properties on transient flow. Three pipe
materialsviz., Mild Steel(MS), Unplasticized Poly Vinyl Chloride (UPVC) and High Density
Poly-Ethylene (HDPE were used foconducting acomparative studyinitial flow velocities
for the comparative studyere selected in such a manner that transient event in that flow
velocity under sudden closure conditidid not cause cavitatiooreover, these velocities
were selectetb have almost the sameater hammepressureThe flow velocities of 0.181
m/s, 0.4 m/s and 0.6 m/s were used for MS, UPVC and HDPE respedtiveiger to get rid
of the variationin flow velocity and period of pressure waw#mensionless charts were
prepared by keepintipe x axis as t/T{time/fpressurewave periodandthey axis aghechange

in pressure divided bihe pressure calculated frothe Joukowsky formulgFig. 4.11)

(P-Po)/deltaP

Fig.4.11Normalisedpressure aheoutlet for three materialgith 2 anchors

From Fig4.11it can be seen th&WH pressureobtained from the experiment for the elastic
material (MS)is the same ashe pressure calculatdaly Joukowsky formula i.e. the ratio is 1.
But, the water hammer pressabtained frontheexperimenfor both visceelastic materials
(UPVC and HDPE)aremore tharthe pressure calculatedoy the Joukowsky formula i.e. the
ratio obtained as 124for UPVC and 1.34 for HDPH-or further verificationtheseatios were
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computed for all the cases of UPVC and HD#ges(Table 45). Thesedata indicateéhatthe

Joukowsky formulaoes not predidhe water hammer pressure in visglasticpipes correctly.

Table 45 Ratio of change in pressure to Joukowsky pressure (UPYEB®Epipes with 2
anchor condition)

Sl no Material Flow Velocity Maximum water hammer Ratio
(m/s) pressureyP (Bar9g ( By cMp
1 0.4 2.44 1.42
2 0.5 3.03 1.41
UPVC
3 0.6 3.45 1.34
(c=430 m/s)
4 0.7 3.89 1.30
5 0.8 4.45 1.30
6 0.6 2.52 1.34
7 HDPE 0.8 3.15 1.25
8 (c=315 m/s) 1.0 3.65 1.16
9 1.2 4.14 1.10

FromTable45, it can be seen that the change in pressbtained fronthe experimens for

the UPVC pipe is much more than theoretidaukowskypressurdor all the five flow rates
(the ratioO 1.3 with average value 1.36)he same is trutor HDPE pipe also. Howevethe
ratio decreases witincreasen flow velocity. In any case, the ratio is greater than dinés
finding has practical implication iftné design as the Joukowsky formula is generally used for
estimating water hammer pressure in the design calculati@mee, proper modification has
to be carried oun the pressure obtained the Joukowsky formula while estimating the water
hammer presse for viscoelastic pipgg¢JPVC and HDPE

It is interesting to note thahe dampingcharacteristics othe pressuravave for the three
materials ar@lifferent. To have better insighhormalised pressure plots are prepared for each
material (Fig. 4.12, 4.13 and 4)1&he damping of pressure wave is different for the three

materials under consideration.
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Fig.4.12Normalised pressure at outlet (MS pipe)
Fig. 4.12 showshe damping of pressure wave (represented bydktedline connecting the
peaks) foMS pipe with aflow velocity of 0.181 m/s Thedamping is 18.2 % in 10 cycles
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Fig.4.13Normalised pressure tteoutlet (UPVC pipejor different velocities

Fig. 4.13 shows th@ormalised variation of pressure wave for UPVC pipe (under three
velocities). Herehe damping ig14.8 % in 10 cycles.
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Fig.4.14Normalised pressure tteoutlet (HDPE pipejor different velocities

Fig. 4.14 shows the normalised variation of pressure wave for HDPE pipe (under three
velocities). In contrast with the other casdbge dampingis 75 % in 10 cycleslt can be
concluded that pressure wave damping is maximum in HDPE pipes and hence, pressure
fluctuations are less dangerous for HDPE pifé®refore, HDPE pipes are recommended for
water transmission lines where the adverse effgfcsudden change in operating ddions

are frequent.

4.5, Effect of Anchors on transient flow

Anchors are provided for any piping systémrhold the pipes properlyn position to
reducethe vibrationof the pipesand to give rigidity to the entire piping system. Anchors are
normally fixed or restrained in particular directionhe anchors provideih the studywere
fixed which restriatdthe motiorideformationsf pipe in all directions at tlsepositions The
experiments were conducted to study the effect of such supports orvitehélcacteristics of
the pipingsystem byarying the number of fixed anchoastached to the systerhis was
repeated for three different materials of the pipes, viz., MS, UPVEIBRE pipes.

4.5.1 Effect of anchorsn MS pipes

As explained in themethodology the experimerd were conductedon MS pipe

installationwith four differentanchoringconditions viz., no anchors, two fixed anchors (at
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two ends), three fixed anchors (at two ends and centre), and five fixed anchods (atetre,
onefourth and thredourth lengths). The pressunasmeasured at the outlet and 20 m from
theoutlet. Forassessinthe effect olinchoringconditions on transient flow characteristitse
pressurevariation curves are plotted at the outlet and 20 m fribi@ outlet, for different
anchoringconditions in a single plot, keeping all other variables such as closure time, flow

velocity andmaterialproprty as constant.
4.51.1. GradualValveclosure

By taking thevalveclosuretime as50ms, the pressure variatiowith time was
compared for all the fousnchoringconditions mentioned in the experimental setup (ice.
anchor, two anchoyghree anchors andve anchors) and for all the fiweslocities(casesas
given in he Table 3.5. The pressure curveseredrawnat the position of two transducers
attached to the pipe (i.e., at the outlet and 20 m fronoukie)). The pressure variation at the
outletwasthe samefor all the fouranchoringconditions and all the fiveelocities adopted in
the studyunder gradual closure conditiof typical figure is given irFig. 4.15 which shows

the pressure variation at tbatletcorresponding to #ilow velocity of 0445m/s.
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Fig. 4.15 Effect of anchors othepressure at theutletfor avelocity of0.445m/s and
closure time B ms

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

results (Figd.16), for all the fve flow velocities
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Fig. 4.16 Effect of anchors othepressure at 20 m from tloaitlet (velocity of 0.445m/sand
closure timeof 50 ms)

From Fig. 415 and 416, it can be found that the water hammer pressareViS pipeis
independent of number of fixeshchorsattached to the systewhen closure time comes under

the category of gradual condition
4.51.2. Suddervalveclosure

The next closure time adopted for the studgQsns which comes under the category
of sudden closurd-or this closure timethe pressure variation at tbetletand also at 20 m
from theoutletwereanalysed fothe differentanchoringconditionsmentioned earlieand for
all the fivevelocities.Fig.4.17 shows the pressure variation at the outlet for a velocity of 0.181
m/s andfor the fouranchoringconditions.Fig. 4.17 confirms thefact that the increase in
number offixed anchorsdoesnot change the water hammer pressure even for swddles

closure Similarresults aravailable at 20 m frorthe outlet
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Fig. 4.17 Effect of anchors onrpssure variation at trautletfor avelocity 0f0.181 m/s and
closure time @ ms
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TheFig.4.17 showssimilar behaviour as Fi¢.15and4.16. The water hammer pressure
andtheperiod of pressure wave are the same for all thedocinoringconditions. Theressure
peaksagreewell with therespectivegressure rise calculated the Jowkousky equation for the
sudderclosure of the valvécalculated ad.2 bar$. Forthe samevalve-closuretime, when the
velocity increases to 0.273 spthe pattern ofpressure variationnexpeatdly changes. fie
water hammer pressure pe@k55 barg is preciselythe same for all the fouanchoring
conditions and alsequal tothe pressure calculated thye Jowkouskyequation. The pressure
variation at theoutlet corresponding to a velocity of 0.273 nafisd the valveclosure time of

40 msis givenin Fig.4.18.
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Fig.4.18 Effect of anchors onrpssure variation at theutletfor avelocity 0f0.273 m/s and
closure time of @ ms

Fig. 4.18 showstheincrease ircavitationpressuravhen the number of anchors increases. The
cavitation initiated at 0.075s for all the faamchoringconditions and continues up to 0.1065s
in the case of no anchor. @Bubbles collapse at 0.1065s for zero anchor condition and
maximum pressure rise due to bubble collapseSdars.For thetwo anchors conditigrthe
cavitation pressure is 9.4 bars. Rbe three anchor andhe five anchor conditionsthe
cavitation pressueeare 11 bars and 14 bars respectiveljhe cavitationperiods are almost
same in all the four cases ah@ pressure rise during cavitation increases with the increase in

thenumberof fixed anchorsattached to the systefable4.6).

The results (Figh.18) revealthat 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 hititwer velocities
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Prossure in bars

without changnhg the closure time. Figt.19 shows the pressure variation at theletfor a

flow velocity 0f0.362 m/swith a closurgime of 40 ms.

— noanchoe
e 2R
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Fig. 4.19 Effect of anchors onrpssure at theutlet(MS pipé for avelocity of0.362 m/s and
closure time @ms

It is found that the pressure curves have same pattern ifrigotti8 and4.19. In both
the casesthe pressure pealas a result ofvater hammerdo not varywith the increase in
number of fixed anchor3his behaviourreinforces the fact stated in the previous section that
the water hammer pressure is not affected by the change in the number of ahoerser,
the second peabecause otavitation considerably changes witke increase in number of
anchors. The presmuvariation for all the three velocities (for which cavitation occurred) with
four differentanchoringconditions a0 ms closure timere tabulatednd presented in Table
4.6.

From Table 4.6, it is clear that for sudden vatl@sure condition alsohé number of
anchors does not have any influence on the peak of water hammer prelssueger,the
severity of cavitation and the pressure as a result of cavitation change raditalithe
increase in number of anchors. It may be noted that all the faitters, 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 bealysed further.
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Table4 .6 Effect of anchors on theaviation of pressure faudden closuredQ ms)

Water The period o Cavitation
_ _ ) _ Cavitation
Velocity | Anchoring Hammer during which ) Pressure
N o duration
(m/s) condition Pressure Cauvitation ©) second peaH
S
(Barg occurs(s) (Barg
No anchor 5.5 0.075- .107 0.032 7.5
Two anchor 5.55 0.0750.112 0.037 9.4
0.273
Threeanchor 5.55 0.0750.112 0.037 11
Five anchor 5.55 0.0750.112 0.037 14
No anchor 6.3 0.07-0.116 0.04%6 8.5
Two anchor 6.3 0.070.116 0.046 12.8
0.362
Three ancho 6.3 0.07-0.117 0.047 16
Five anchor 6.3 0.0750.117 0.047 20
No anchor 7.5 0.0650.126 0.061 9.5
Two anchor 7.5 0.0650.126 0.061 15
0.445
Three ancho 7.5 0.0650.128 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 andhe pressurevariation was plotted for all the fouranchoring

conditions with the correspondiripw velocities. The pressure variatoat 20 m from the

outletfor all the fouranchoringconditionsdo not vary much. Although thisharacteristigs

contradictory to the results of pressure variation avthet it is very much in line with the

discussion had in previous section regarding the high frequardipe local reflection of the

cavitation wavesA typical pressure variation curiggivenin Fig. 4.20 which is for a flow

velocity of 0.362m/sand for theclosure timeof 40 ms.
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Fig. 4.20 Effect of anchors on therpssure variation at 20 m frotime outlet (velocity 0.362
m/s and closure tim40 ms)

By analysing the pressure variation atdliéletand at 20 m from theutlet, for different
flow velocities under sudderlve-closurecondition it canbe concludethatthepeak ofwater
hammer pressures unaltered by the presence wiore number offixed anchors.But the
occurrence of cavitation arttie cavitation pressure induced by bubble collapse are highly
influenced by the number of anchatached to the systems the piping system becomes
more rigid by the presence af greatemumber of fixedanchorsthe cavitation pressure
increasegxtensivelyHowever this adverse effect of cavitation is significanty at the outlet,
where the transient eveistinitiated This phenomeon reinforces the fact thaihe occurrence
of cavitation andhe pressure rise ratted by vapour collapsarelocal andhenceits effect is
not transmittd towards the other ends it moves away from thicationof occurrencgof
cavitatior), the adverse effect of cavitation goes on decreasing which is evidentheom
measurementsbtained from the transducer kept at 20 m fromattiget (Fig4.20).

4.52. Effect of anchordJPVC pipes

As explained in thexperimentasetup theexperimerg were conductedn UPVC pipe
installation, for different flow velocitie§Table 3.5 andthe resultsre tabulatedTable 4.7)
and plotted. The resultgereanalysedor studying the effect of differeminchoringconditions,
and curvesare preparedaccordingly. Experimentswere conductedwith the four different
anchoringconditions as explained ithe experimental setufsection 3.5.5 The variation of
water hammer pressure at the ouigplotted in Fig. 21 for the closure time 040 ms and

the flow velocity as 0.4 m/sFrom Fig. 421, it is clear that the water hammer pressure is
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independent of the number fi¥ed anchorsattached to the systeaven in the case of UPVC

pipe.
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Fig. 421 Effect ofanchors on the pressurariation at theutletfor avelocity of0.4 m/s and
closure timed0 ms (UPVC pipe)

The pressure variatigmat the outletfor all the fouranchoringconditionsand with a flow
velocity of 0.6 m/sareincluded as Fig. 22. FromFig. 422 it can beinferredthat the water
hammer pressure is independent of the number of fixed anchors attached to thendysteas
the occurrencef cavitationand cavitation pressure dependtba number of fixed anchors
attached to the systemence, tresecharacteristisreinforce the fact that the number of anchors

and hencgthe rigidity of the piping systermfluences the severity of cavitation in the system.
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Fig. 422 Effect of anchors on the presswagiation at theutletfor avelocity of0.6 m/s and
closure timet0 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 systemncreases (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 likadebr

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 47 Pressure at outlet for UPVC pipe

_ _ Water Hammer Cavitation Cavitation
Velocity Anchoring _ _
N Pressuréfirst Pressure second Pressure third
(m/s) condition
peak)(Bars) peak(Bars) peak(Bars)
No anchor 4.5 3.8 4.5
Two anchor 4.5 4 4.8
0.5
Threeanchor 45 13 15
Five anchor 45 18 21.5
No anchor 5.0 5.0 11
Two anchor 5.0 5.0 15
0.6
Three anchol 50 12.5 16.5
Five anchor 50 13 19
No anchor 55 5.0 15.0
Two anchor 55 14 22
0.7
Three anchol 55 >30 >30
Five anchor 55 >30 >30
No anchor 6.0 14 22
Two anchor 6.0 >30 >30
0.8
Three anchol 6.0 >30 >30
Five anchor 6.0 >30 >30
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4.53. Effect of anchorddDPE pipes

In a similar way, experiment&ere conductedin the HDPE pipe installation for
different flow velocitiesandthe resultsre tabulate@dnd plottedExperimentsereconducted
for the three differenanchoringconditions as explained in experimental seflgible 3.9 i.e.
two anchors, three anchors and five anchdtee variation ofwater hammer pressufer a
flow velocity of 0.6 m/swith respect to timewas plottedat the outletand is given in Fig.
4.23. The figureindicates thathe water hammer pressure is independent of the number of
anchorsattached to the systeatso in the case of HDPE pipe
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Fig. 423 Effect ofanchors on the pressurariation at theutletfor avelocity of 0.6 m/s
(HDPE pipe)

The pressure variation at the outlet for another flow velaxiti.2 m/s is included as
Fig. 424. From Fig. 424 it can be concluded that the water hammer pressunelépéndent
of the number of fixed anchors attached to the systdmreas the occurrencé cavitation
and the pressure peaks consequentawitation depend othe number of fixed anchors
attached to the systerihe behaviour oHDPE pipe is similar as in the case of other two
materials included in the experimental investigatAmthesecharacteristics prevail for all the
three types of materiaéstedand all the trails with various velocitieis can becategorically
statedthat the char@eristics 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 #meleffective length of the piping systerand
makes the system more rigid. This can be the reason for the increase in the cavitation pressure
in the system during transient floMow, why doesthe number of anchors affect only the

pressure because of cavitatitaut not the pressure due to watammer? The answer to the
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guestion lies withthe different nature of the water hammer pressurethegressure due to
cavitation. Water hammer pressure has fixed frequency depending on the lendtte and
velocity of sound in water whereas the cavitatfgessurehas variable high frequency,
resultingfrom the local naturef reflectionasexplainedin earlier sectior{section 4.2) The
cavitation pressure wave is of local natwedit oscillates within small stretchegery high
frequency of pressure wave 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 refleatin points and hencgthe pressure wavesscillae with high frequencyWhen

the rigidity of the pipe wall increases (lpyoviding greaternumber of fixedanchor$, the
boundary on which the pressure wave reflects besamee rigid and absogmnly lessenergy

or undergesless deformation durinpeimpact of pressure wave. Timatureeadsto increase

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

anchors attached to the system.

Table 48 tabulates all the water hammer ahé cavitation pressure vads of HDPE
pipes withthe three different anchoring conditions. It can be noted from the table that as the
rigidity of the piping system increasésy increasing the number of fixed anchors attached to
the syster)) the water hammer pressure remains uredtevhile the cavitation pressure goes

on increasing with the number of fixed anchors.
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Fig. 424 Effect of anchors on the presswagiation at theutletfor avelocity of 1.2 m/s
(HDPE pipe)
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Table 48 Pressure at outlet for HDPE pipe

Velocity Anchoring Walgerre ?;Temer Cavitation/ |
) condition second Pressure peg
(Bars) (Bars)
Two anchor 3.9 3.3
0.6 Threeanchor 3.9 3.3
Five anchor 3.9 3.3
Two anchor 4.5 4.0
0.8 Three anchor 4.5 4.0
Five anchor 4.5 4.0
Two anchor 5.2 4.0
1.0 Three anchor 5.2 5.8
Five anchor 5.2 6.3
Two anchor 6.0 4.5
1.2 Three anchor 6.0 6.7
Five anchor 6.0 9.5

Hence it can be concluded thé&br all the three materials included in the present
experimental studyhe water hammer pressure remains unaltered by the increase in the number

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

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

4.6.Pipe Acceleration

Along with the measurement dfuid pressurgthe accelerations in y and z directions
of theMS pipewerealso measured during the experimental stlithg. variation of acceleration
with timewasrecorded athecentre of span in twanchor condition and #tequarter spam

threeanchor conditionThe variation ofacceleratiorwith time is plottedfor two-anchor and

threeanchor conditions.
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4.6.1 Two-anchor condition

During the experimentacceleration wameasured at the centre thie pipe for two
anchorconditionand for all the flow velocitiegzig. 425 shows the acceleration in y direction

for theflow velocity of 0.181 m/s.
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Fig. 4.25 Acceleration in y direction at the centre of pipeelocity 0.181m/s

The x axis represents time in seconds; and y axis represents acceleration in terms of
acceleration due t o gr thematingum acgeferatiofrio ydiregtiorl 8 1
at the centre of the pipeas only0.46g, which is 4.5 m?s The acceleration time curve
corresponding tdhe initial velocity 0.181 m/s haswo main zones.The first zone was
developediuringthe sudden closure of the QAWd was criticalTheaccelerationn this zone
corresponds$o the water hammer pressumedit exists only for a small duratioithe zone 2

of acceleratiortorrespondso the damping zonandfinally, the acceleration appsches zero.

When the velocityvas increasetb 0.273 m/sthe pattern of acceleration alslbanged
as a result othe occurrence of cavitation, as given in F@6. The acceleraticime curve
corresponding to 0.273 m/s has thramnes The first zoneis 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 tdhe velocity 0.181 m/s. The increase in velocity is only 50 %, but the
equivalent increase in egleration is about 13 tim¢$300%)the previous acceleration due to
water hammefor the velocity of 0.18In/s Fig. 4.26 indicatesan additional zone, whichs
related tahe pressure rise due to cavitation. The magnitude of that accele@tiespading

to cavitation pressure is 19ghich is 192 % more than the acceleration du¢heowater
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hammer.The ncrease in pressut@cause otavitation is only 55% more than the water

hammer pressure for the same velocity 0.273(irdble4.9).
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Fig. 4.26 Acceleration in y direction at the centre of pipeelocity 0.273m/s

In brief, for the flow velocity 0f0.273 m/s, the maximum acceleration due to water hammer is
around 6.5g whiclsignificantly increases to 19g when vapour bubbtdlapse ¢avitation)

After that the acceleration gradually reduces apgroaches zelia zone3 (Fig.426).

The acceleration in z direction also shows the same pattern with three zone2{Fig. 4.
For the first zone, the magnitude of acceleration is onlyfargvelocity 0.273 m/syhich 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 @®&ngar pattern is
observed fotheother flow \elocities (Table 4).
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Fig. 427 Acceleration time graph in z direction, flow velocity 0.273 m/s
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Table4.9 Pressure and Acceleratiahthe centre of pipe with 2 anchors

o % Increase | % Increase in
_ WH Cavitation| | Accelerati _
Velocity in pressurgl Acceleration acceleration
pressurg pressure on Zone 2
m/s due to Zone 1 (g) due to
(Barg | (Barg L (9) o
cavitation cavitation
0.181 41 - - 0.5 - -
0.273 55 8.5 54.55 6.5 19 192.3
0.362 6.5 12 84.62 20 45 1250

From Table49 it is observed thatrastic increase in acceleration and vibratien

observed at the centre of pipath increase in flow velocityvhenthe number of anchoiis

limited totwo.

4.6.2.Three anchocondition

In two anchorcondition, the acceleration was maximum at centre. But for three anchor
and five anchor conditions, a fixeahchortis introduced at this position of maximum
acceleration. As a result, the acceleration is reduced to zero at that position. Hence, the

acceleation was measured the pipe with three anchorat 7.5 m from both upstream and

downstream end3 he acceleratioat 7.5 m fronthe outletfor the flow velocity 0.273m/s is

given in Fig.4.28.

Fig. 4.28 Acceleration in y direction a.5 m fromoutleti velocity 0.273m/s
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