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ABSTRACT
Low transient pressures in piping systems are different in
many ways to high transient pressures. While high pressures
can obviously burst pipes or damage components, low
pressures can collapse pipes, pull in environmental
contaminants, bring components out of solution, or induce
transient cavitation, a particular concern for hydrocarbon
liquids. This paper will use examples of computer modeling to
reveal how common system events such as pump trips or valve
closures induce low pressure transient waves that have
potential to be just as destructive as more intuitive high
pressure waves.
Fluid transient studies and literature often focus on high
pressures, or do not clearly demonstrate how liquids with low
vapor pressures (such as many hydrocarbons) can be affected.
Even discerning a pipe’s negative pressure rating through codes
and standards can be a challenge. It is shown that low pressure
transients are a potential issue in any liquid system. It is further
demonstrated that “Rule of Thumb” or typical simplified
calculations are not sufficient to capture these effects, and
cannot be used to properly locate and size equipment.

2. BACKGROUND
A transient pressure wave is essentially a slice of fluid
where the pressure on one side is different than the pressure on
the other side (Thorley [1]). This “slice” is communicated
through a pipeline as a wave and moves with a speed near the
speed of sound. Its behavior is much like a sound wave
communicated through air.
The cause of these pressure waves is quite simple. They
are induced by a change in fluid velocity. While it is quite
intuitive that a change in velocity would cause a change in
pressure, the magnitude and behavior of a transient pressure
wave as it moves through a system is not nearly as intuitive.
2.1 Wavespeed
How quickly a transient pressure wave moves through a
pipeline is largely a function of a fluid and pipe system’s
elasticity. In general, the wavespeed will be higher for more
rigid systems. In fact, in a steel piping system, the wavespeed
will quite commonly exceed 4,000ft/sec. The following factors
increase wavespeeds:
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1. INTRODUCTION
Negative pressures often do not get the focus they deserve
when evaluating a piping system. It is more natural to be
concerned with the maximum pressure ratings of a pipe. In fact,
when determining the root cause of a system failure, it’s all too
common to seek out and settle upon what circumstance could
have caused such catastrophic high pressures. In reality
however, negative pressures are just as likely to occur in nearly
every system, and quite often they are the unknown root cause
of piping failures. With the right tools, engineers and operators
can not only uncover such root causes, they can also design
effective mitigation solutions adding years of life to a pipeline.

Higher Young’s Modulus (lower pipe elasticity)
Higher Bulk Modulus (lower fluid elasticity)
Thicker pipe walls
Stronger or additional pipe restraints
Lower fluid density (at the same bulk modulus)

Another contributor to wavespeed is gas or air dispersed
within the fluid. While typically unfavorable, air entrainment
can greatly reduce the wavespeed.
Wavespeed is critical in surge calculations for two reasons.
It is one of two primary factors in determining a wave’s
communication time, discussed in the next section. It is also
one of the most important factors when quantifying the
magnitude of pressure rise or fall, discussed in section 2.3
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For more information on wavespeed reference Wood [2]
and Wylie [3]
2.2 Period & Propagation Phases
A transient pressure wave’s period, also known as
communication time, is the time it takes for the pressure wave
to travel the length of the pipe and back. The time can be
quantified by the following equation,

𝜏=

2L
c

FIGURE 1: SIMPLE FLOW DIAGRAM
This immediate increase in pressure can be dramatic but is not
difficult to quantify thanks to the building work of scholars
dating all the way back to Newton. The most common method
for quantifying the immediate change in pressure is through
what is commonly known as the Joukowsky equation,

∆H = ±
(1)

Where, 𝜏 = wave period, L = pipe length and c = wavespeed.
The faster the velocity changes, the greater the pressure
increase or decrease. If the velocity change happens abruptly –
faster than the pressure wave’s period – the theoretical total
pressure change will be near a maximum. This is because the
pressure change can only be relieved by reflection from a
system boundary. If the velocity change is completed before a
reflection has occurred, no opportunity for relief has been
presented.
For instance, a negative wave will be reflected with a
change in fluid velocity direction, bringing some relief to the
initial pressure drop. This action will repeat itself before
eventually being dampened out by friction. For a more detailed
explanation, reference Chaudhry [4] and Wylie [3].
Let’s use a basic example to demonstrate how a wave’s
period can impact the magnitude of pressure rise or fall.
Example 1: Consider two systems operating at the same
pressures and flowrates. In each system, the wavespeed is
1,000ft/sec. The only difference between the systems is the
piping length. In system A, the length is 200ft and in system B,
the length is 2,000ft. Referencing Equation 1, the period of
system A is 0.4sec and in system B, the period is 4sec. If each
system experiences a pump trip where the pump takes 3sec to
wind down to 0 rpm, system B will experience a greater
immediate pressure drop than system A. System B did not get
relief from the reflected wave soon enough and the full
magnitude of the pressure change was realized. This is
discussed in more detail in the next section.

𝑐∆𝑉
𝑔

(2)

Where, ∆𝐻 = change in pressure (ft/m), c = wavespeed, ∆𝑉 =
change in velocity and g = acceleration of gravity (Wylie [5],
Thorley [1], Wood [2] and Wylie [3].
Whether or not the change in pressure is positive or
negative depends on the location of measurement relative to the
inducer. If the upstream side of the valve experiences a sudden
increase in pressure, what happens on the downstream side?
The fluid still comes to a rest but the pressure decreases,
creating a low pressure transient wave. Why? The fluid on the
upstream side coming to rest is in some ways like compressing
a spring – energy is stored and the spring pushes back against
the applied force. On the downstream side it is like stretching
the spring – energy is still stored but in this case the spring
pulls away from the applied force. The fluid has inertia but
cannot continue flowing and the pressure falls to compensate.
When there is a velocity increase, like the opening of a
valve, the physics is the same, except this time the “spring” is
compressed on the downstream side and stretched on the
upstream side. Reference Figure 2 for clarification of when
there is a pressure increase versus a decrease, relative to the
location and action of the inducer. For instance, if the inducer
(valve, pump etc.) creates a velocity increase, a negative
transient wave is emitted backwards on the upstream side of the
inducer and a positive transient wave is emitted outward on the
downstream side of the inducer.

2.3 Quantifying Transient Pressures
When a moving mass is suddenly stopped, its kinetic
energy shifts to potential energy. Stopping a moving fluid is no
different. When an incoming flow is halted by a closing valve
(reference Figure 1) – the fluid’s kinetic energy (velocity) is
converted into potential energy (pressure).

FIGURE 2: TRANSIENT PRESSURE ACTION RELATIVE TO
ACTION AND LOCATION OF INDUCER
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Let’s conclude this section with another example, this time
to demonstrate why low pressure transients can more quickly
become problematic than high pressure transients. The goal for
this example is to calculate how much of a change in velocity
would result in an immediate vacuum condition where the
formation of vapor pockets would begin to develop.
Example 2: Consider gasoline flowing through a steel pipeline
with an absolute vapor pressure of 8psia (27ft of head). Normal
operating pressure is 50psia (170ft) and the estimated
wavespeed for the system is 4,000ft/sec. What amount of
abrupt (quicker than communication time) velocity change can
the system withstand without any formation of vapor pockets?
Rearranging the Joukowsky equation,

∆𝑉 =

𝑔∆𝐻
𝑐

32.174𝑓𝑡
(
) (−(170𝑓𝑡 − 27𝑓𝑡))
𝑠𝑒𝑐 2
∆𝑉 =
4,000𝑓𝑡
𝑠𝑒𝑐
= −1.15𝑓𝑡/𝑠𝑒𝑐
While the Joukowsky equation characterizes abrupt
changes, it approximates slower changes relatively well
assuming there are no complexities like reflections. Like
Example 1, the pressure wave can be relieved by reflection, but
no relief can occur until the communication time has elapsed.
Any change in velocity shorter than the communication time is
effectively the same as an abrupt change. For Example 2, this
means the rate of velocity change is limited by both the vapor
pressure and the communication time.
Note; the immediate change in pressure as calculated with
the Joukowsky equation, will not always be the most extreme
change in pressure. The Joukowsky equation offers a common
“Rule of Thumb” approach to pressure surge. This equation
accounts for the immediate pressure rise or fall associated with
an instant change in velocity at a specific location. However, it
does not capture complexities like frictional dissipation, line
pack, cavitation, or fluid structure interaction. This can easily
lead to a mistaken judgement on maximum or minimum
pressures (Walters [6]). Also noteworthy is the complexity of
the math involved when there are multiple wave reflection
points as is the case for most piping systems. For these reasons
computer simulation is imperative. For the purposes of this
section, the Joukowsky equation allows for understanding the
order of events which is ultimately critical in discerning
mitigation solutions discussed in later sections of this paper.
In the coming sections, more detail will be conveyed
concerning secondary events and how they can be prevented by

first addressing the immediate energy exchange discussed thus
far.
3. UNMITIGATED RISKS
In the water industry, we’ve grown accustomed to multiple
pipe breaks a day. While unacceptable, they are expected and
even perceived as normal. The root cause of these breaks is
associated primarily with pipe age. At the time of this writing,
The New York Times and the Gothamist published an article
describing how 500,000 gallons of water was released in the
New York subway system after a water main break (Gold [7]
and Offenhartz [8]). Also stated was that the city has
experienced a 5 year average of 474 breaks a year (Gold [7]).
While aged pipes are certainly a foundational factor, age alone
is not the whole story. Some event must still break the pipe, and
extreme pressure fluctuations – especially low pressure
transients – exacerbate the possibility when left unmitigated.

3.1 Contaminants
Aside from failures which will be discussed in the
following sections, contamination is a real concern for piping
systems experiencing low pressure transients. Negative
pressures can draw in contaminants through poor joints, cracks,
or other faults. This is a particular concern for potable water
systems where pipe leaks and breaks are a daily challenge as
discussed above. There are different forms of contamination
and regulations to comply with. A simple yet alarming instance
of contamination is the presence of particular organisms in
potable water systems such as Naegleria fowleri ameba, also
known as brain eating ameba. Naegleria fowleri ameba is
commonly found in warm natural bodies of water such as lakes
and ponds.
It is known for causing amebic meningitis after entering
the nasal cavity, typically during swimming. To date, it is
almost always fatal. In 2011, the CDC confirmed the first two
US cases of amebic meningitis as a result exposure to Naegleria
fowleri via typical household plumbing and treated municipal
water supply (Yoder [9]). At the time of this writing, this
ameba is not on the EPA regulated contaminant list, however it
is on the 2016 Contaminant Candidate List 4 [9].
The current approach toward maintaining aging water
systems is one of repair and replace. It is only when a greater
focus is placed on detecting and mitigating transient pressures
that significant ground will be gained towards increasing the
quality of piping systems and better preventing contamination.
3.2 Cavitation
During a low pressure transient or even in a secondary
phase of a high pressure transient, vapor pockets will form
where the pressure has dropped to the fluid’s vapor pressure.
Let’s apply a simple valve closure example, this time with the
help of computer simulation.
Example 3: Figure 3 depicts a system operating under a normal
flow of 9,000gpm and 50psig pressure at the valve discharge. A
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quick valve closure, faster than the wave period, will initiate a
substantial pressure change on both sides of the valve.

FIGURE 3: EXAMPLE 3 STEADY STATE OPERATIONS
BEFORE VALVE CLOSURE

Looking first at the downstream side of the closed valve in
Figure 4, the fluid very suddenly decreases in velocity when the
valve is closed. The pressure immediately drops to vapor
pressure and a vapor pocket begins forming. Fluid continues
flowing at a slower rate away from the vapor pocket as it
grows. At 18sec into the simulation, the flow begins to reverse
and the vapor pocket is compressed until it collapses
completely causing a dramatic 500+psi pressure spike. The
process repeats itself, decreasing in magnitude each time due to
friction.

FIGURE 4: EXAMPLE 3 COMPUTER SIMULATION PREDICTS
CAVITATION ON THE DOWNSTREAM SIDE OF THE VALVE
AFTER CLOSURE.

In Figure 5, it is seen that the upstream side of the valve
will also see a low pressure surge at some time. When the valve
closes, a high pressure wave travels upstream from the valve to
a reservoir, where it is reflected back towards the valve.
However, an important change occurs – initially, the flow was
towards the valve, building pressure. After the reflection, the
flow direction reverses, lowering pressure. When the reflected
high pressure wave reaches the valve, the fluid wants to move
away from the valve. This causes the pressure to fall below the
steady state pressure, and a low pressure surge is propagated
through the upstream pipe.

FIGURE 5: EXAMPLE 3 COMPUTER SIMULATION PREDICTS
CAVITATION ON THE UPSTREAM SIDE OF THE VALVE
AFTER CLOSURE.

Later in section 5, solutions to these challenges are
presented. As a sneak peek however, note that - while each side
of the inducer experiences a low pressure transient, the
appropriate solution will remediate the first order of events.
This means the upstream solution will be designed to first
accept energy while the downstream solution should
immediately give energy to the system.
3.3 Collapsed Pipe
A large diameter pipe under low pressure service may be
specified with a small wall thickness and protected from high
pressure surges with typical means such as pressure safety
valves or rupture disks. A simple event like closing an upstream
valve can cause unexpectedly low downstream pressures,
which can collapse such a pipe with relative ease. This is
significantly more likely for buried or submerged pipes under
external loading.
Bergant, Simpson, and Tijsseling make specific reference
to a similar sequence of events in which a rapid valve closure in
a penstock system propagated a high pressure wave. This
resulted in pipe rupture, killing three workers, and a
corresponding low pressure wave that collapsed a “significant”
portion of the penstock (Bergant [10]).
Another instance of a collapsed pipe occurred only weeks
ago, at the time of this writing, when dozens of homes were
flooded with sewage. While unlikely, the cause was initially
thought by some to be a Thanksgiving cooking grease blockage
in major sewage line. Further examination revealed a large
portion of a buried 42in reinforced concrete sewer line had
collapsed after only 32 years in service (Vigdor [12] and Hicks
[13]). This circumstance is still fresh and under review,
however it is an example of just the type of catastrophe that
can be caused by unmitigated low pressure transients.
In general, the number of failures in piping systems of all
applications begs the question, do our codes and standards
adequately account for the risk associated with transient
pressures? For more information on this topic see Wylie [5].
4. MITIGATION TOOLS
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Due to the complexities of interconnected piping networks,
computer simulation and high frequency transient monitoring
are the only practical means of unveiling and numerically
quantifying critical risks within a liquid piping system.
Transient pressure monitoring enables engineers and operators
the ability to see pressure transients typical pressure recording
devices cannot capture. Further, computer models help identify
the most effective mitigation strategies, minimizing complexity
and cost. With the advancement of technology and modeling
software, it is becoming more common for both resources to be
used, especially for sophisticated and/or critical systems.

4.1 Modeling
As mentioned in section 2.3 and demonstrated in section
3.2, appropriately quantifying transient pressures in a
reasonable time frame will most always require the use of
computer simulation. The following data is an account of how
transient computer modeling was used to help protect a fuel
terminal loading facility in the US Gulf Coast region.
Example 4: In this application a 30in, carbon steel line over
3,000ft long was designed to carry fuel from a plant to a
shipping loading terminal. The routing was not complicated,
though there was a 20ft elevation change to clear a railroad
along with an elevation and piping diameter change through the
loading arms. The pump selected for the project generated
25,000gpm of flow at a steady state velocity of 12ft/sec and a
discharge pressure of 75psig.

FIGURE 7: EXAMPLE 4 COMPUTER SIMULATION PREDICTS
CAVITATION AT THE PUMP DISCHAGE AFTER A PUMP TRIP

Using the computer modeling software, engineers sized
and located a surge vessel to mitigate the low pressure transient
that was expected to occur.

FIGURE 8: EXAMPLE 4 COMPUTER SURGE MODELING
USED TO SIZE AND PLACE A SURGE VESSEL

The stored energy in the surge vessel would be introduced
to the system immediately and thus prevent the formation of
vapor pockets. The vessel would also accept the energy from
the eventual flow reversal, protecting the pump and other
equipment in service. Reference the dashed line in Figure 9
below. More discussion on surge vessels can be found in
section 5.2.

FIGURE 6: EXAMPLE 4: US GULF COAST FUEL LOADING
TERMINAL STEADY STATE OPERATION

A surge model was conducted to evaluate the transient risk
of the system should there be an unplanned pump trip and as
expected the computer simulation showed the system would in
fact go into a full vacuum state with cavitation eminent upon
flow reversal, reference Figure 7 below.
FIGURE 9: EXAMPLE 4 COMPUTER SURGE MODELING
SHOWS NO MITIGATION (SOLID) AND HOW A SURGE
VESSEL WILL MITIGATE A LOW PRESSURE TRANSIENT,
PREVENTING CAVITATION (DOTTED)

4.2 Uncertainty in Simulations
Computer simulations are effective tools in the low
pressure surge mitigation process – they are capable of
handling very complex mathematical details with ease and
therefore fewer simplifications are needed compared to a
solution by hand. In general, this makes them more accurate,
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but they are still only models, and every mathematical model
carries with it some uncertainty.
How uncertain a model is, and what situations it can
accurately capture, becomes a primary concern. The behavior
of transient waves in liquids is well understood and a
substantial technical body of research exists on the topic.
Models often utilize key assumptions for simplicity, such as:
one dimensional flow, constant fluid properties, constant
wavespeed, and rigid piping. Each of these assumptions
neglects physical effects that occur in real systems. Verification
of the models against field and lab tests has demonstrated that
these differences are acceptable for most engineering purposes.
Often, the primary driver of inaccuracy in the model is
uncertainty in the wavespeed – as the pressure response is
directly related to wavespeed, any inaccuracies here directly
affect the calculated surge. Typical models allow for variability
on wavespeed of around 15%.
Liquid-only flow is a primary assumption in simplified
analysis. However, cavitation is likely to occur during a low
pressure surge. If cavitation is extensive, or sustained for
significant time, the vapor pockets will begin to flow through
the system with the liquid. Accurately modeling this two-phase
flow is significantly more difficult. If the cavitation is shortlived and the resulting vapor pocket small enough in volume, it
can be considered a local phenomenon and modeling it in a
simplified framework is not only surmountable, but quite
accurate. Still, it is less accurate than liquid-only simulation and
caution should be taken in interpreting these results (Stewart
[14]).
Fortunately, the onset of cavitation can very accurately be
predicted, as it is a function primarily of vapor pressure and
local pressure. In the vast majority of systems, the goal is to
prevent cavitation entirely, rather than determine the results of
severe cavitation. To this end, computer simulation is still
recommended as by far the most effective approach to
mitigation design, despite modeling uncertainties. The
information in this section is a summary of discussions found in
many established and respected transient fluid theory references
(Thorley [1], Wood [2], Wylie [3], and Chaudhry [4]).

4.3 Monitoring
Transient monitoring, also known as high frequency
pressure monitoring, is a manner of measuring pressure
multiple times a second. Transient monitors can measure, and
typically record, pressures 20 to 500 times a second. Normal
methods for pressure measurement range from a dial gauge to
SCADA systems, where the pressure might be recorded at 1Hz
at best. At worst, the pressure is recorded dependent on an
operator’s rounds. Because transient pressure waves travel near
the speed of sound, a record of pressures recorded at 1Hz or
slower will only convey bits and pieces of most transient
events. This concept is conveyed through the following figure
where transient data was recorded at 100hz. The same data was
copied and scrubbed of the extra points to mimic a data set
recorded at only 1hz. The lower frequency data indicates a very

moderate pressure envelope, when in reality there are
potentially severe problems only revealed at the higher
frequency. In addition, many more pressure fluctuations were
captured for the higher frequency dataset.
80

70

60

50
PSIG (100 Hz)
40

PSIG (1 Hz)

FIGURE 10: HIGH VERSUS LOW FREQUENCY PRESSURE
MONITORING

The minimum recommended frequency is dependent on
the system’s wavespeed and communication time. Generally
speaking, the higher the frequency, the more accurate and allencompassing the data will be. Historically the biggest
challenge with higher frequency pressure detection devices has
been data management; however, the technology continues to
advance and in this day even includes cloud based database
capabilities.
5. MITIGATION EQUIPMENT
Relief valves are often the go to for protecting piping
systems. However, relief valves will only relieve a system from
high pressure. They will not alleviate vacuum pressures.
Further, relief valves have a delay in opening and are sized
based on a worst case condition. Lesser cases of high pressure
events can cause a relief valve to lift or chatter which will
induce additional transient pressure waves.
Discharge control valves can assist in shutting the pressure
in, however the operation and control sequence should be
carefully determined through computer surge modeling so not
to cause a high pressure transient event.
Mitigating low pressures requires a means for adding
energy to the system, often as quickly as possible. Even a one
second delay can be greatly problematic for some systems. Two
of the most appropriate equipment types capable of quickly
adding energy to a piping system are air vacuum valves and
surge vessels.

5.1 Air Valves
Probably the first thought of solution for a negative
pressure condition is to include an air vacuum valve into the
design. Depending on the application and sizing, air valves can
be an adequate solution. They are commonly found in raw
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water systems but for many other systems they are used only as
a last resort measure due to pump loading concerns, corrosion,
contamination, etc. For hydrocarbon applications, they are
prohibited due to the risk of combustion.
It is common practice to place air valves at the high
elevation points within a system which is a good measure for
alleviating moderate vacuum. However, remedying transient
pressures appropriately first begins with a solution at the source
of the inducer (Walters [15]). This is because the wave travel
time must be respected – the air valve cannot react until the
wave reaches it. Before it does, the entire expanse of piping
between the pump and the air valve is at a low pressure. Even
when located at the source of the low pressure transient, a
modeler will incorporate up to a 0.3sec delay in opening.
Second, air vacuum valves must be sized appropriately. As
the line pressure drops, the pressure across the air valve
increases, resulting in higher air flow. However, at some point
this air flow may become sonically choked (Walters [16]) – the
flowrate will not increase with dropping line pressure,
effectively allowing the line pressure to drop without restraint.
Lastly, there are different designs of air valves, some with
multiple stages of air release allowing for a controlled release
of air back out of the pipe. In a single-stage design, where the
inlet size is the same as the outlet, the air may be expelled
extremely rapidly, while the system is still in a transient state,
causing valve slam. This propagates a very high pressure wave
which starts a similar wave cycle over again. Restricting air
release to prevent slam is often critical (Walters [15]).
Continuing with Example 3, a single stage air vacuum
valve, when installed near the outlet of the inducer can mitigate
the initial low pressure transient, however a secondary transient
is created after all the air is released. Reference Figures 11-12.

FIGURE 11: AIR VACUUM VALVE PLACED DOWNSTREAM
OF TRANSIENT INDUCER

FIGURE 12: EXAMPLE 3 COMPUTER SIMULATION USED
TO SHOW AIR VALVE OPENING, ALLOWING AIR INTO THE
SYSTEM, THEN CLOSING ROUGHLY 100 SEC LATER

Replacing the single stage air vacuum valve with a
multistage type allows for the initial low pressure transient to
be remedied without causing any secondary transient
challenges, reference Figure 13.
Even with extreme care in sizing the air valve, sufficient
protection may not be possible from air valves alone (Thorley
[1]). In the next section, surge vessels will be discussed as a
primary solution for low pressure transients.

FIGURE

13: EXAMPLE 3 PRESSURE COMPARISON
DOWNSTREAM OF VALVE: SINGLE STAGE (SOLID) VERSUS
MULTI-STAGE (DOTTED) AIR VACUUM VALVES.

5.2 Surge Vessels
Surge vessels are unique in that they are used to relieve
both high and low transient pressures without breaking
containment and without any delay. Surge vessels are typically
ASME Sec VIII Div 1 pressure vessels with an internal air or
nitrogen gas charge. When placed online and in steady state
operations, the fluid enters the vessel and assumes a fixed
liquid level according to the system’s steady state pressure and
the vessel’s initial gas charge. When the system is in a transient
state, the liquid level rises and the gas compresses as the vessel
receives a high pressure transient wave. And vice versa, the
liquid level falls and the gas expands in a low pressure transient
event. In section 3.2 it is shown that transient cavitation can
occur on both sides of a transient inducer. In section 4.1,
computer surge modeling helped engineers mitigate a
significant low pressure transient condition with a surge vessel
that would first give energy when placed downstream of the
pump. In this section, computer modeling will show how a
surge vessel can also mitigate transient cavitation on the
upstream side of an inducer.
Continuing on with Example 3, a surge vessel placed
upstream of the valve will both accept energy from the initial
high pressure transient and give energy during the succeeding
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low pressure transient. As a result the transient pressures are
mitigated. Reference Figures 14-16.

FIGURE 14: SURGE VESSEL PLACED UPSTREAM OF
TRANSIENT INDUCER

have formed with low pressures transients. With the right tools
and practices such as transient modeling and monitoring,
appropriate and effective solutions can be incorporated into the
design of piping systems adding years of design life, reducing
safety risks and significantly reducing cost.
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