WATER HAMMER ANALYSIS OF
PIPELINE SYSTEM

By

Rafig Hama Osman




TABLE OF CONTENTS

Chapter ) - Introduction

AR I [0Y {0 o [ ot { oY o VNS TR (V)
V-Y- Water Hammer Description .........cccceeeveevececveenenne. (V)
V-Y-Causes of Transient Initiation.......ccccoecevveevivrrvnnnees (Y)

Chapter Y - Water Hammer Mathematics

Y-Y-The Momentum EqQUation .......ccceceevvereeeeeneennnnns (1)
Y-Y-The Continuity EQUation........cccccevevrmevrrereereereenee. (N)
Y-Y Bentley Hammer.......ovovvieeeeeieeieeeeeeeeeeeeeeee e (N)

Chapter ¥ - Water Hammer Analysis

Y-) Steady State Analysis .....cccceevverereverrerrerrerrennee, ()
Y-Y-Transient ANalySiS.....ccoeeveeeeeeeiereereeevverene (V)
V-Y- Results ANalYSiS.....coeeeeieiecreee et (YY)
¥ - E-CONCIUSION. ..ottt et (YV)
REFEIENCES oottt e (28)

APPENiX | e (29)




LIST OF FIGURE

Figure Y-} Water Hammer

DS CIIPIION. ..ttt ittt et et e e e e e (M)
Figure )-Y: Common Causes of Hydraulic Transients........................... QD)
Figure Y-Y: Typical Locations where Transient Pulses Initiate................. (®)
Figure Y-):conduit with instantaneous HGL..................................... Y
Figure Y-Y:free body diagram of fluid element................................. V)
Figure Y-): Steady state Head Profile................coooooiiiiiiiiiii i (QAD)
Figure Y-Y: Water Hammer Analysis Head Profile (without Protection)...... (V%)
Figure Y-Y: Water Hammer Analysis Head Profile (with Protection).......... (1)
Figure Y-Y-a: Max head plot without valve........................cooi, Y
Figure Y-Y-b: Max head with valve.......................oo )
Figure Y-£-a: Max pressure without valve....................oocoiiiiiinine, (19
Figure Y-£-b: Max pressure with valve.................ooooiiii . (Y+)
Figure Y-2-a: Min head without valve....................cooiiiiiiiii i, (YY)
Figure Y-2-b: Min head with valve..................cooiiiiiiiiiii e, (YY)
Figure Y-1-a: Min pressure without valve..................ooiiiiiiiii.. (YY)
Figure Y-1-b: Min pressure with valve...............coooiiiiiiiiiiiiinn (Y¢)
Figure Y-Y-a: Max volume without valve.......................ocoiiiiin, (Y°)

Figure Y-Y-b: Max volume with valve......................cociiina, (YY)




List of tables

Table r-!: Bentley HAMMER V 4 Edition Capabilities.......................... @)
Table Y-Y: Topographical data..................cooiiiiiiiii i, (%)
Table Y-Y: Pipe (?+* mm dia., X-¢Y) and flowdata............................ \Y)
Table Y-): Junction Without valve.................oooiiiiii i, (YY)
Table Y-Y: Junction with valve.................oooii i, (YY)
Table Y-Y:Pipe without valve.............coooiiiii (YY)
Table Y-£: Pipe with valve...........ooiiiii e (Y¢)




CHAPTER ' - Introduction

V-)- Introduction

Devices such as valves, pumps and surge protection equipment exist in a pipe
network. Power failure of pumps, sudden valve actions, and the operation of
automatic control systems are all capable of generating high pressure waves in
domestic water supply systems. These high pressures can cause pipe failures by
damaging valves and fittings. Study of pressure and velocity variations under such

circumstances is significant for placement of valves and other protection devices.
In this study, the role of each of these devices in triggering transient conditions is
studied. Analysis is performed on single and multiple pipe systems.

Transient analysis is also important to draw guidelines for future pipeline design
standards. These will use true maximum loads (pressure and velocity) to select
the appropriate components, rather than a notional factor of the mean operating
pressure. This will lead to safer designs with less over-design, guaranteeing better
system control and allowing unconventional solutions such as the omission of
expensive protection devices. It will also reveal potential problems in the operation
of the system at the design stage, at a much lower cost than during commissioning.

V-Y- Water Hammer Description

Liquid hammer is the destructive force, pounding noises and vibration in a
piping system when liquid flowing through a pipeline is stopped abruptly. When
sudden changes in flow occur, the energy associated with the flowing liquid is
suddenly transformed into pressure at that location. This excess pressure is known
as surge pressure and is greater with large changes in velocity.

Water hammer is usually recognized by the banging or thumpingNoise that is
heard when valves are shut off. Although this is easy way to recognize the
problem, water hammer doesn’t always make these telltale noises. Water hammer
occurs when the flow of moving water is suddenly stopped by a closing valve. This
sudden stop causes the whole column of water behind the valve to slam into the
valve, and itself, like a freight train crashing into a wall. The tremendous spike of
pressure that is caused, 1s called water hammer, and it not only acts like a tiny
explosion inside pipes, it can be just as destructive.




1 Valve closed - water still

Figure ‘- Water Hammer Description

\-Y-Causes of Transient Initiation

The cause of a hydraulic transient is any sudden change in the fluid itself or any
sudden change at the pressurized system's boundaries, including:

o Changes in fluid properties—such as depressurization due to the sudden
opening of a relief valve, a propagating pressure pulse, heating or cooling in
cogeneration or industrial systems, mixing with solids or other liquids (may
affect fluid density, specific gravity, and viscosity), formation and collapse
of vapor bubbles (cavitation), and air entrainment or release from the system
(at air vents and/or due to pressure waves).

o Changes at system boundaries—such as rapidly opening or closing a
valve, pipe burst (due to high pressure) or pipe collapse (due to low
pressure), pump start/shift/stop, air intake at a vacuum breaker, water intake
at a valve, mass outflow at a pressure-relief valve or fire hose, breakage of a
rupture disk, and hunting and/or resonance at a control valve.




Sudden changes such as these create a transient pressure pulse that rapidly
propagates away from the disturbance, in every possible direction, and throughout
the entire pressurized system. If no other transient event is triggered by the
pressure wave fronts, unsteady-flow conditions continue until the transient energy
is completely damped and dissipated by friction.

The majority of transients in water and wastewater systems are the result of
changes at system boundaries, typically at the upstream and downstream ends of
the system or at local high points. Consequently, you can reduce the risk of system
damage or failure with proper analysis to determine the system's default dynamic
response, design protection equipment to control transient energy, and
specify operational proceduresto avoid transients. Analysis, design, and
operational procedures all benefit from computer simulations with Bentley
HAMMER VAI Edition.

The three most common causes of transient initiation, or source devices, are all
moving system boundaries.

Pump Turbine Walve

Figure Y-Y: Common Causes of Hydraulic Transients

Pumps—A pump's motor exerts a torque on a shaft that delivers energy to the
pump's impeller, forcing it to rotate and add energy to the fluid as it passes from
the suction to the discharge side of the pump volute. Pumps convey fluid to the
downstream end of a system whose profile can be either uphill or downhill, with
irregularities such as local high or low points. When the pump starts, pressure can
increase rapidly. Whenever power sags or fails, the pump slows or stops and a
sudden drop in pressure propagates downstream (a rise in pressure also propagates
upstream in the suction system).




Turbines—Hydropower turbines are located at the downstream end of a conduit,
or penstock, to absorb the moving water's energy and convert it to electrical
current. Conceptually, a turbine is the inverse of a pump, but very few pumps or
turbines can operate in both directions without damage. If the electrical load
generated by a turbine is rejected, a gate must rapidly stop flow, resulting in a large
increase in pressure, which propagates upstream (in the penstock).

Valves—A valve can start, change, or stop flow very suddenly. Energy
conversions increase or decrease in proportion to a valve's closing or opening rate
and position, or stroke. Orifices can be used to throttle flow instead of a partially
open valve. Valves can also allow air into a pipeline and/or expel it, typically at
local high points. Suddenly closing a flow-control valve (with piping on both
sides) generates transients on both sides of the valve, as follows:

o Water initially coming towards the valve suddenly has nowhere to go. As
water packs into a finite space upstream of the valve, it generates a high-
pressure pulse that propagates upstream, away from the valve.

« Water initially going away from the valve cannot suddenly stop, due to its
inertia and, since no flow is coming through the valve to replace it, the area
downstream of the valve may "pull a vacuum," causing a low-pressure pulse
to propagate downstream.

The similarity of the transient conditions caused by different source devices
provides the key to transient analysis in a wide range of different systems:
understand the initial state of the system and the ways in which energy and mass
are added or removed from it. This is best illustrated by an example for a typical
pumping system

Y. A pump (upstream source device) starts up from the static HGL and
accelerates flow until its input energy reaches a dynamic equilibrium with
friction at the steady HGL.

Y. A power failure occurs and the pump stops supplying hydraulic energy;
therefore, the HGL drops rapidly at the pump and a low-pressure pulse
propagates downstream towards the reservoir. Subatmospheric pressures can
occur at the high point (minimum transient head), but the reservoir maintains
downstream pressure at its liquid level by accepting or supplying liquid as
required, often several times during the transient event.

Y. The pressure pulse is reflected toward the pump, but it encounters a closed
check valve (designed to protect the pump against high pressures) that




reflects the pulse as a high pressure toward the reservoir again (maximum
transient head).

¢. Friction eventually attenuates the transient energy and the system reaches a
final steady state: static HGL, in this case, since pumping has stopped and
flow at the reservoir is zero.

The foregoing discussion illustrates the typical concepts to consider when
analyzing hydraulic transients. Computer models are an ideal tool for tracking
momentum, inertia, and friction as the transient evolves, and for correctly
accounting for changes in mass and energy at boundaries. Note that transients
propagate throughout the entire pressurized system.

Maximum Transient Head

Friction | hg ) Reservoir

Downstream
Source Devices
o — o — E— h

g

4 Upstream Source Devices

Figure Y-¥: Typical Locations where Transient Pulses Initiate

Chapter Y - Water Hammer Mathematics




Y-V-The Momentum Equation

The continuity and momentum equations can be used to describe transient flow in
a closed conduit. Consider a segment of a constant diameter conduit in the flow
direction (x-axis) of length Ax and cross-sectional area A. For this }-dimensional
element we consider the force balance which yields the necessary momentum
equation. In Figure Y.), the flow direction is to the right and the dashed line
labeled HGL is the instantaneous hydraulic grade line. Figure Y.) represents the
moment in time where the shock wave is propagating in the reverse direction to the
flow due to a downstream disturbance.

HGL — —

W e eyeeveur = SN

X X+ Ax

Figure 2.1 Conduit with Instantancous HGL.

At position x, the flow is Q, and the piezometric head, pressure head plus the
elevation head, is H. At the position x + Ax the flow is Q +g—3 Ax, and

: : : oH ] oH : o
piezometric head is H + P Ax , where % and 3, are the partial derivatives of Q

and H with respect to x and are considered to increase in the positive x-direction.
Figure Y-Y shows the forces acting on the fluid element with a free body diagram.




The angle of the conduit is unimportant for now because the H term takes into
account any change in elevation of the conduit.

Figure 2.2 Free Body Diagram of a Fluid Element

The forces acting on the fluid element are the pressure forces, F) and FY, the wall
shear force due to friction, S and the body force. The piezometric head H = p/y + z
accounts for both the pressure and weight components.

Using,

FY=(H-2z)yA
FY =(H+Z—:AX—Z)’YA

A is the area on either side of the fluid element.
Appling Newton’s second law of motion, we get after simplification the following

form:

) ) : = VIV
o’ |‘~.e'i Lilgr |”iIr|| 0
ct i ooy cix 2D

Y-Y-The Continuity Equation

R




As the water hammer pressure wave moves through a pipe, we like to account for
the following: (1) Continuity of the flow (V) the pipe wall extension and expansion
due to pipe wall elasticity and compressibility of the fluid.

Hansen () 91V) has derived the most general form of the control volume equation
that considers both the movement and the deformation of the control volume.

6H  0Q ¢’
F Ry
ot ox gA

where: ¢ = wavespeed

Y-¥ Bentley HAMMER

Bentley HAMMER VAI Edition is an advanced numerical simulator of hydraulic
transient phenomena (water hammer) in water, wastewater, industrial, and mining
systems. Built with busy engineers in mind, it simplifies data entry and allows you
to focus on visualizing, improving, and delivering your results quickly and
professionally. Bentley HAMMER VAi Edition can handle any fluid or system that
a typical steady-state hydraulic model like WaterCAD can, but it can also solve a
broader range of problems, as shown in the table below.

Table r-!: Bentley HAMMER V 4 Edition Capabilities
WaterCAD Bentley HAMMER VAi Edition*

Steady or gradually varying Rapidly varying or transient flow
turbulent flow

Incompressible, Newtonian, Slightly compressible, two-phase fluids (vapor and

single-phase fluids liquid) and two-fluid systems (air and liquid)

Full pipes Closed-conduit pressurized systems with air intake
and release at discrete points

With Bentley HAMMER VA Edition, you can analyze drinking water systems,
sewage forcemains, fire protection systems, well pumps, and raw-water
transmission lines. You can change the specific gravity of the fluid to model oil or
slurries, for example. Bentley HAMMER VAi Edition assumes that changes in
other fluid properties, such as temperature, are negligible. It does not currently

'Y




model fluids with significant thermal variations, such as can occur in cogeneration
or industrial systems.

The Bentley HAMMER VAi Edition algorithms will grow and evolve to keep pace
with the state of the practice in water distribution and wastewater collection
modeling. Because the mathematical solution methods are continually extended,
this manual deals primarily with the fundamental principles underlying these
algorithms and focuses less on the details of their implementation.

This appendix introduces the principles of hydraulic transients in piping systems,
reviews current analytical approaches and engineering practices, discusses the
potential sources and impacts of water hammer, and presents a proven approach to
help you select and size surge-control equipment. Several transient simulations are
integrated into the discussion to provide context.

Chapter ¥ - Water Hammer Analysis
Y-V STEADY STATE ANALYSIS

The starting point of the line is considered as being the Low Lift station and
the end point reservoir. The design is carried out for a line section of YAY. Y
m long. The pump capacity is Y'Y+ + mY/h against a total head of Y YA.Yo m,

The pipeline topography along the selected route is listed below

VY




Table Y-Y: Topographical data

PVI | Station | Elevation
) vhee | £YY QYA
Y CFAY VT [ £YY 0.q
Y Y+14 .41 EYT Y
¢ Y+HTA YT EYe vy
o | YHYYUE| €Y. YVA
1 £4+149.1) IARIRAR!
Vo[ ey ev | £YY YY)
A T+HTAYE ARNE AR
q A++v+ | EYY 000
Yo 44+ | £YY 000
VY | d400 ¥A EYY A
Y qLAO Y. | £YY AVY
VY AREN AN
V¢ VY404 | €YY RAY
\o \V+Yo_/\o ¢oo o00)
Y1 | YY4+Yq 00 £0¢ YAA
VY Y40, ¢AT YYo
YA | YYEYV oY | fAg oYE
K Yot ¢40 40
Y. YVteo | £2Y.VA)

¢




YY YY+o. | £9A07Y

Y¥ [ Yette Y[ ervavy

Y¢ | YYHAQY) ov .
Yo YA++e | OYA£0)
YU [ YAV Yo ov .

YV | YA+YT 00 oYY .« AT

YA | YAEV. YE | OoYANYA

In the design of the water supply system, pipeline head losses are considered
as major losses and additional minor losses are due to the bending elements.
Pipe material is chosen to be X-¢Y which from point of longer life time and
durability is advantageous.

Table Y-Y:Pipe(%++ mm dia., X-£Y) and flow data

L(m) YAV. Y¢
D (mm) Ao

Fs Ve

Sy (MPa) Ya.
Density AR
(kg/mY)

g(m/sY) AN
Hpump (m) VYA Ye
Q (m"/h) ¥y

yo




The steady state calculation was first executed for the pipeline system in
order to define the initial condition for the surge analysis. Fig(¥-)) shows the
hydraulic grade line for steady state case.

1
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Figure Y- Steady state Head Profil
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¥-Y-TRANSIENT ANALYSIS

The most servere water hammer conditions are caused by a sudden
pumps trip or power failure to the pump/motor sets. At the outset runs are
carried out without any control devices installed on the pipeline in order to
determine the nature and extent of the transient.

Determination of appropriate  surge control strategies, the
recommendation for the suppression of peak pressures and the elimination of
column separation are then addresses.

The analysis revolves over the adequate water hammer control being
required whether to mitigate the pressure rise or to prevent negative pressures
and vapour pockets from developing at apexes or over the entire pipeline.

Multiple verification runs were carried out with various control devices
recommended to limit extent of the transients simulating failure of the pumps.

RUN ): WATER PIPE WITHOUT ANY PROTECTION
No water hammer preventing devices has been taken. All input values are
given in the appendix.

HAMMER Program has been run and surge calculated.

Fig(¥-Y) shows the profile of maximum and minimum heads, Some of the
important results of this run:

There is minus V.3 KPa () bar) pressures and cavitations at pipe 9+ + mm.
Max pressure in 1+ + mmis £,++1.9 KPa (¢+ bar).

So water hammer preventing devices should be taken to prevent minus
pressures and to decrease max pressures during surge.

Other pressures and heads can be seen in result sheets as attachment in
the folders.

YA
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Figure Y-Y Water Hammer Analysis Head Profile (without Protection)
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RUN Y: WATER PIPE WITH PROTECTION

Same inputs as previous run with following changes:

one Y+ mY bypassed air vessel. Y++ mm air vent valves has been put at
various peaks shown in the profile.

Some of the important results of this run is that there are no cavitations at
pipes 1++ mm. There is only some negative pressures at the end of 9+
mm pipe for very short period, which is tolerable. So measures are very
effective. This can also be seen if head and pressure graphs in steel pipes
with and with no measure are compared. These head and pressure the
appendix.
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¥-¥- RESULTS ANALYSIS

From the figure shown below it is clear the advantage of protection of the
pipeline against water hammer will affect the following parameters:-

Y- Decrease the maximum head of water .

Y- Decrease the maximum pressure of water

Y- Increase the minimum head of water ,that causes the decrease of cavitations
¢~ Increase the minimum pressure of water.

©- Decrease the maximum volume of air by passing the air from the valve.
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Fig(¥-Y-a) Max head plot without valve
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¥-¢-CONCLUSION

Water hammer will continue to challenge engineers, operators, and managers of
water systems because it is associated with systems that cannot be exactly
defined due to the size and length of the water distribution system with
undulating profile or the lack of definition of the system components such as
valves or pumps. By knowing how to avoid situations that will create water
hammer or pulsations during the process, or while trouble shooting, you can
eliminate a lot of problems, failed valves and equipment, and costly downtime.
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Appendix I

Transient Calculation Summary: Base

Transient Calculation Summary

Time Step

Number of Time
Steps
Total Simulated Time

Number of Nodes

Number of Pipes

coY
1TYYA

e
¥a

YA

Specific Gravity
Wave Speed
(Global)

Vapor Pressure

Number of Report
Paths

NCLY
Weo

-av.q

Transient Initial Conditions Summary

Label Start Node Head (Initial Stop Node Head (Initial
at Start Node, at Stop Node,
Transient) Transient)
(m) (m)

P-v Jv ori.a | J-r or1.a
P-y J-v oyla | J-£ oY1.1
P-s J-5 oY1l | J-o oY l.o
P-o J-o oYlo | J1 oY 1.Y
P-1 J1 oYLy | J-Vv oYo.q
P-v J-v oYo.q | J-A oYo.q
P-A J-A oYo.q | J-Q oYo.1l
P-a J-q oYo.l | J-\ - oYo.L
P-1 . J- e oYo.s | J-1 oYo.Y
P-1) J- oYo.Y | J-\Y oYo.Y
P-\Y JY oYo.Y | J-\Y oYo.\
P-1Y J\Y oYo.\ | J-\g& oYo
P-1s Js oYo | J-\o oYs.v
P-1o J-Yo oYs.V | I 1 oYs.l
P-111 J 1 ovs.l | J-wv oY
P-\v J\wWV ovYs.) | JAA oyy.q
P-1A J- A oyYv.a | J-1a oYY.&
P-1q J-1a oyYvy.s | J-v- oYY.Y
P-v. J-v. oYY.Y | I ovY
P-T) I ovY | J-vY orv.a
P-YY JvY orv.a | J-vY ovY.0
P-vY J-vy orv.o | Jve or1.a
P-Ys Jve ov).a | J-Yo ov).a
P-Yo J-Yo ovi.a | J-v1 oY).q
P-v1 J-¥1 ov).q | J-Yv ov).q
P-yv J-Yv ov).q | R\ oY\).A
Pm\ R-Y £+9.V | PMP-Y -9V
P-vs PMP-Y oyv.\ | J-v oYl.4a
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Extreme Pressures and Heads

End Point Upsurge Ratio Max. Pressure  Min. Pressure Max. Head Min. Head
(kPa) (kPa) (m) (m)
P-y:J-Y Y. Yaoo.Y -qy.a VYZ.a ALY
P-v:J-Y Y.V Ya-+-+.0 -qv.aq VYY.YA atley
P-y:J-Y Y.v YQ--.0 -qv.Qq VYY.YA ALY
P-v:J-& Y. 1 Yaywv.y -A\V VYY.L& £10.AA
P-s:J-5 Y. 11 Yayww.y -AV VYY.L& £10.AA
P-s:J-0 Y.ol YAV E.A -0+.0 VAN £10.0Y
P-0:J-0 Y.ol Yars.A -0+.0 VIAND )oY
P-0:J-1 Y.Zo YVY.A -V TaV.AY £rva
P-1:3-1 Y.Zo YIVY.A -V TaV.AY £rva
P-1:J-v Y.£& YlaL.g -No TaA.0Y £)s.08
P-v:J-v Y.£& YlaL.g -No TaA.0Y £)s.08
P-V:J-A Y.va Yyiv.a -qg.) Q)Y PAPA B
P-A:J-A Y.vq Yiv.a -Qs.) T)AY aem
P-A:J-q Y.&£ Yiva.o -q) aav.yYy £18.Yo
P-q:J-q Y.L Yiva.o -q) aav.yYy £18.Yo
P-q:J-\ - Y.YV Yod%0.Y -qv.aq TAAAVY £\Y.o00
P-y+:3-) - Y.YV Yo%o.Y -qv.q TIAAVY £\Y.o00
P-1+:3-1) Y.YV Yavy..y -AA.Y q9..7Y EV.EA
P-11:3-1) Y.YV Yavy..y -AA.Y q9..7Y EV.EA
P-1):J\ Y Y.L yua.y -90.Y a9q).8Y PAPIRE
P-\Y:J-\Y Y.L yua.y -90.Y a9q).8Y PAPIRE
P-YY:J-\Y Y. YYVI.Y -qv.a avy.ya AR
P-\Y:J-\Y Y. YYVI.Y -qv.aq avy.ya AR
P-\Y:J-\ & Y.vq YYVY.L -qv.aq v AR
P-15:3-18 Y.vq YYVY.L -qv.aq v AR
P-1s:3-Yo Y.A YV -qv.q AVVLYA £50.00
P-10:J-10 Y.A YI\Ve -qv.aq TVVLYA £20.00
P-10:J11 Y.V YIVY -qv.q v £88.Y4
P-11:3111 Y.W YIVLY -qv.aq v £8e.Yq
P-Y1:J-\wV £AY 'aya.o -qv.aq TAY.YA VLYY
P-\V:J-\V Y 14aya.o -qv.q TAY.YQ EVAYY
P-1V:J- A Y.Q) YAQ). -qv.aq VLA &ve.oy
P-YA:J-YA Y.Q) YAQ). -qv.aq VLA &ve.oy
P-1A:J-1Q .08 110.4 -qv.a T £Mo.%0
P-1a:3-19 .08 110.4 -qv.a T £Mo.%0
P-1q:3-y- A 1YYV -qv.a TY.0A EAV.VA
P-Y+:J-Y- A 1YYV -qv.Qq TY.0A EAV.VA
P-y+:J-M\ v 1A -qv.a TY.&0 EAV.VA
P-v):J-T\ v 1A -qv.a TY.&o0 EAV.VA
P-v):J-YY s.Vo Yod4.v -qv.Qq amv.Ley SAA.0T
P-YY:J-YY &.Vo YoQ4a.Vv -qv.a Tv.Ley EAA.01
P-YY:J-YY V. \Yoo.Y -qv.Qq T0).74 o-Y.ay
P-YY:J-YY V.1 \Yoo.Y -qv.a To0).va o-+Y.ay
P-YY:J-Y& Yo.9A Y +YA.0 -qv.a Yo o\q
P-vs:J-Y& Yo.qV Y +YA.0 -qv.a Yo o\q
P-vs:J-Yo Y+.QA V-0&.9 -qv.a avye o\A.2o
P-Yo:J-Yo Y+.QA 1+0L.9 -qv.a avye o\A.2o
P-Yo0:J-Y1 o&.Aq 1+14.V -qv.a AYLAA oY+
P-Y1:3-Y1 ogZ.Aq 1+14.V -qv.a aAYLAA oY+
P-Y1:J-YV oA.T 1e1LE -qv.aq AayyY.ao oY-.\
P-YV:J-YV oA.T) I ER 3 -qv.a AavyyY.ao oY-.)
P-YV:R-\ . . . oY\.A oY\.A
Pm\:R-Y \ £++9.9 £++9.9 £+Q.VY £+Q.VY
Pm)\:PMP-Y VAT Yoo -YV.V £a.yy £V

Y




P-Y£:PMP-Y Y.EA YIY.Y AR Yaa.y
P-vs:J-Y Y.L Yaoo.Y -ay.q Ap At V.Y
rawpipe.wtg Bentley Systems, Inc. Haestad

Methods Solution Center
ZATARRA] YY Siemon Company Drive Suite Y:+ W

Watertown, CT +1V3e USA +)-Y.Y.voo.
Y1t

Table (¥-)) Junction Without valve

Bentley HAMMER VA XM Edition

[*A.+9.600 7]
Page ) of \

Id Label Elevation (m)Head (Max)m Head (Min) (m) Pressure (Max) (kPa) Pressure (Min) (kPa) Vapor Volume (Max) (L)

25 J-2 422.51 724.46 413.02 2955.2
28 J-5 420.28 718.1 415.12 2914.8
30 J-7 423.23 698.53 414.54 2694.4
32 )9 423.56 692.22 414.25 2629.5
34 J-11 422.6 690.33 413.48 2620.3
35 J-12 423.81 691.43 414.09 2619.2
36 J-13 430 672.29 420 23713
37 J-14 433.69 676.1 423.69 23724
39 J-16 454.3 676.66 444.29 2176.2
41 J-18 484.52 677.8 474.52 1891.6
42 J-19 495.95 666.16 485.95 1665.9
44 )-21 497.78 662.45 487.78 1611.6
45 J-22 498.56 662.02 488.56 1599.7
46 J-23 512.92 651.39 502.92 1355.2
48 J-25 528.45 636.24 518.45 1054.9
49 J-26 530 634.18 520 1019.7
100 J-3 426.02 722.38 416.02 2900.5
101 J-4 424.77 722.44 415.88 29133
102 J-6 424.62 697.82 416.79 2673.8
103 J-8 423.93 691.83 414.31 2621.9
104 J-10 423.56 688.72 413.55 2595.2
105 J-15 455.55 677.28 445.55 2170
106 J-17 486.24 683.39 476.23 1929.5
107 J-20 497.78 663.58 487.78 1622.7
108 J-24 529 635.11 519 1038.5
109 J-27 530.1 633.95 520.1 1016.4

-92.9
-50.5

-85

-91
-89.2
-95.2
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9

-76.6
-94.1
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9

O O o o o

0.3
53
3.4
496.1
26.7
8.1
73.8
10.9
213
5.6

0.5
27.7
15441
60.8
12.2
13.9




Table (Y-Y)Junction with valve

Id Label Elevation (m) Head (Max) (m) Head (Min) (m)

25 J-2

28 J-5

30 J-7

32 J-9

34 J-11
35J-12
36 J-13
37 J-14
39 J-16
41 J-18
42 J-19
44 )-21
45 J-22
46 J-23
48 J-25
49 J-26
100 J-3

101 J-8

102 J-10
104 J-15

422.51
420.28
423.23
423.56
422.6
423.81
430
433.69
454.3
484.52
495.95
497.78
498.56
512.92
528.45
530
426.02
423.93
423.56
455.55

683.66
680.04
669.89
663.03
657.34
655.91
652.95
651.83
644.21
628.29
615.88
601.59

599.1
583.74
555.74
557.09

684.9
668.99
658.85
645.63

447.69
450.48
458.81
458.77
463.24
463.74
465.7
467.54
472.36
485.09
493.39
497.23
497.53
507.14
518.45
520
448.2
459.68
462.03
471.63

1

Pressure (Max) (kPa) Pressure (Min) (kPa) Vapor Volume (Max) (L)

2555.9
2542.3
2414
2343.8
2297.4
2271.6
2182
2134.9
1858.7
1407.1
1173.7
1016
983.9
693.1
267
265.1
2533.7
2398.4
2302.9
1860.3

246.4
295.6
348.2
344.6
397.7
390.7
349.4
331.3
176.8
5.5
-25.1
-5.4
-10.1
-56.6
-97.9
-97.9
217
349.9
376.6
157.4
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Table (Y-Y) Pipe without valve

Id Label ScaledL(m) Length (m) Start Stop D (mm) Material Haz-Wil C Wave Speed (m/s)

53 P-2

54 P-3

55 P-4

56 P-5

57 P-6

58 P-7

59 P-8

60 P-9

61 P-10
62 P-11
63 P-12
64 P-13
65 P-14
66 P-15
67 P-16
68 P-17
69 P-18
70 P-19
71 P-20
72 P-21
73 P-22
74 P-23
75 P-24
76 P-25
77 P-26
78 P-27
115 Pm1
116 P-34

7.08
6.75
6.65
7.4
7.18
8.71
7.84
8.82
9.15
8.93
7.95
7.74
7.4
7.96
8.27
8.93
9.02
9.53
9.01
9.02
7.49
7.32
6.63
6.3
9.72
10
2.95
12.67

37.2)-2 )3
1483J)-3 J-4
54.38J)-4 )-5
146.97 )-5 J-6
183.82)-6 J-7
14.91J)-7 J-8
131.66 J-8 J-9

100J-9 J-10
55.38 J-10 J-11
29.82 )-11 J-12
114.8 J-12 J-13

50J)-13 J-14
175.85 J-14 J-15

13.7 )-15 J-16
310.45 J-16 J-17
77.52 )-17 J-18
272.48 J-18 J-19

100 J-19 J-20

100 J-20 J-21

50J-21 J-22
215.63 J-22 J-23
323.68 J-23 J-24

10.69 J-24 J-25
17.25 J-25 J-26

9.31-26 J-27
43.79 J-27 R-1

17.45R-2 PMP-

74.89 PMP-J-2

900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel
900 steel

125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125

v

958
958
958
958
958
958
958
958
958
958
958
958
958
958
958
958
958
958
958
958
958
958
958
958
958
958

0

0

Vel (Max) (m/s) Vel (Min) (m/s) P. (Max) (kPa) P.(Min) (kPa) HI (Friction) (m)

1.39
139
1.39
1.39
1.39
1.39
1.39
1.39
1.39
1.39
139
141
1.84

15
175
2.24
2.24
1.69
1.57
1.56
1.98
197
1.87
1.89

19
1.92
1.39
1.39

-1.06
-1.13
-1.19
-1.17
-1.22
-1.2
-1.25
-1.28
-1.3
-1.29
-1.36
-1.38
-1.49
-1.5
-1.53
-1.53
-1.74
-1.71
-1.72
-1.74
-1.83
-1.98
-1.99
-2.01
-2.01
-2.02
-0.03
-1

2955.2
29133
29323
2914.8
2713.9
2697.1

2656
2632.1
2620.3
2620.3
2619.2
2373.9
2372.4
2176.2
2239.6
1929.6

1915
1695.7
1663.9
1680.6
1621.3
1355.2
1054.9
1054.9
1019.7
1016.4
4009.9
31123

-97.9
-97.9
911
-76.6

-85
-94.1
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-97.9
-27.7
-97.9

0.07
0.27

01
0.27
0.34
0.03
0.24
0.18

0.1
0.06
0.21
0.09
0.32
0.03
0.57
0.14

0.5
0.18
0.18
0.09

0.4

0.6
0.02
0.03
0.02
0.08
0.03
0.14




Table (Y-¢) Pipe with valve

Id Label Scaled L(m) Length (m) Start Stop Diameter Material Haz-Wil Wave Speed (m/s)Vel (Max) (m/s) Vel (Min) (m/s) P (Max) (kPa) P (Min) (kPa) HI (Friction) (m)

52 P-1 9.04 82.76 HT-1 J-2 900 steel 125 1050 139 -1.32 2648.5 243.5 0.15
53 P-2 7.08 37.2)-2 )3 900 steel 125 1050 139 -1.28 2555.9 217 0.07
54 P-3 6.75 1483J-3  AV-2 900 steel 125 1050 139 -1.32 2533.7 217 0.27
55 P-4 6.65 54.38 AV-2 J-5 900 steel 125 1050 139 -1.35 2542.3 246 0.1
56 P-5 7.4 146.97 J-5 AV-3 900 steel 125 1050 139 -1.38 25423 266.9 0.27
57 P-6 718 183.82 AV-3 J-7 900 steel 125 1050 139 -1.39 2468.6 266.9 0.34
58 P-7 871 1491J)-7 )-8 900 steel 125 1050 139 -1.39 2414 348.2 0.03
59 P-8 7.84 13166 )-8 )9 900 steel 125 1050 139 -1.42 2398.4 300.9 0.24
60 P-9 8.82 100J-9 J-10 900 steel 125 1050 139 -1.43 2343.8 344.6 0.18
61 P-10 9.15 55.38J-10 J-11 900 steel 125 1050 139 -1.43 2302.9 376.6 0.1
62 P-11 8.93 29.82 J-11 J-12 900 steel 125 1050 139 -1.44 2297.4 390.7 0.06
63 P-12 7.95 1148 J-12 J-13 900 steel 125 1050 139 -1.44 2271.6 342.1 0.21
64 P-13 7.74 50J-13 J-14 900 steel 125 1050 139 -1.44 2182 317.1 0.09
65 P-14 7.4 175.85 J-14 J-15 900 steel 125 1050 139 -1.43 2141.8 157.4 0.32
66 P-15 7.96 13.7 J-15 J-16 900 steel 125 1050 139 -143 1860.3 157.4 0.03
67 P-16 8.27 31045 J-16 AV-7 900 steel 125 1050 139 -1.43 1858.7 -63.3 0.57
68 P-17 8.93 77.52 AV-7 J-18 900 steel 125 1050 143 -14 1461.4 -29.9 0.14
69 P-18 9.02 27248 )-18 )-19 900 steel 125 1050 149 -1.43 1407.1 -25.1 0.5
70 P-19 9.53 100 J-19 AV-8 900 steel 125 1050 15 -1.44 1173.7 -25.1 0.18
71P-20 9.01 100 Av-8 J-21 900 steel 125 1050 151 -1.44 1062.4 -13.2 0.18
72 P-21 9.02 50J-21 J-22 900 steel 125 1050 152 -1.51 1016 -10.1 0.09
73 P-22 7.49 215.63 J-22 )-23 900 steel 125 1050 16 -1.55 983.9 -56.6 0.4
74 P-23 732 323.68 J-23 AV-9 900 steel 125 1050 1.58 -1.58 693.1 -97.9 0.6
75 P-24 6.63 10.69 AV-9 J-25 900 steel 125 1050 1.58 -1.65 269.6 -97.9 0.02
76 P-25 6.3 17.25J-25 J-26 900 steel 125 1050 1.58 -1.66 267 -97.9 0.03
77 P-26 9.72 9.3J-26 AV-10 900 steel 125 1050 159 -1.66 265.1 -97.9 0.02
78 P-27 10 43.79 AV-1(R-1 900 steel 125 1050 161 -1.68 255.7 -97.9 0.08
83 PMP 3.01 5R-2 PMP-1 900 steel 125 1050 139 -0.06 4009.9 6.9 0.01
84 PU 3.58 5 PMP- HT-1 900 steel 125 1050 139 -0.11 2778.7 335.5 0.01
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