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Abstract 
 
Banging sounds from inside pipes and process vessels are clearly an undesirable situation, 
being indicators of large forces with the potential to damage equipment and become a safety 
hazard for people. The noises are usually caused by ‘water hammer’ or ‘steam hammer’ (more 
appropriately termed ‘steam/water hammer’ of which there are a number of distinct 
variations). Instances of these events that have occurred in sugar factories are described. The 
mechanisms involved are explained, to assist in understanding the factors that cause the 
events. Guidelines are given for preventing and eliminating both water hammer and 
steam/water hammer. 
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Introduction 
 
Most people who have worked in a sugar factory or refinery will be aware of incidents of 
banging sounds from process vessels and/or pipe lines. When these sounds are very loud they, 
correctly, raise concerns about equipment damage and possible safety threats to people in the 
vicinity of the source of the noise. 
 
Banging sounds that are not directly associated with any mechanical motion can be very 
confusing to those who do not understand the mechanisms involved. A particularly disturbing 
aspect of the banging sounds is that it is often not possible to identify the exact source of the 
sound, let alone the cause. The sound from within a vessel is particularly difficult to locate 
because the sound must first travel through the wall of the vessel for it to be audible outside. 
Since the steel wall of the vessel is a very good conductor of sound, the sound will be 
dissipated over a large area of the vessel wall (and perhaps the integral piping associated with 
the vessel) before it is transmitted into the air outside the vessel. As a result it is very difficult 
to pinpoint the source of the sound within the vessel. 
 
Instances of banging sounds are not unique to the sugar industry and are described relatively 
widely in the literature (see bibliography). 
 
The primary distinction in the different type of hammer events that produce the banging 
sounds is between those that occur in single phase systems (water hammer or hydraulic 
hammer) and those that occur when the two phases of water and steam are present together 
(steam hammer or steam/water hammer). Within the context of steam/water hammer there are 
a number of distinct mechanisms that can take place. There does not, however, appear to be 
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consensus on the method of categorising these different types of steam/water hammer events, 
as indicated in the examples listed in Appendix 1. 
 
This paper makes an attempt to cover the range of ‘banging’ events that occur in sugar 
factories. As a result, the different types of steam/water hammer have been categorised 
according to how they appear in sugar factory operations. The intention is to provide useful 
guidelines for sugar factory staff in understanding and eliminating these undesirable events. 
Success in achieving this can prevent equipment damage and the consequential costs of repair 
(and perhaps lost production). Most importantly, it might save one or more lives because the 
worst cases of hammer events can, and have, resulted in fatalities. Paffell (2008) makes the 
comment that, “… banging and other audible sound should be interpreted as the way the 
steam system is trying to communicate with plant personnel. This audible noise should be an 
alarm meaning ‘fix the water hammer problem’ or ‘damage will occur’.” 
 
In discussing different types of banging events, each will be described in terms of examples 
that are pertinent to sugar factory operations, an understanding of the mechanism(s) that cause 
the banging and, finally, practical means for eliminating the banging or mitigating its effect. 
 
 

Water hammer 
 
Single phase hammer or water hammer is probably the most widely known because its 
occurrence is not limited to industrial processing plants or steam generation and distribution 
installations (as are most instances of steam/water hammer). 
 
Water hammer or hydraulic hammer is the banging that is associated with a flowing column 
of water that is rapidly brought to a halt. Many people will be aware of this in domestic water 
piping when a tap is shut rapidly. The scale of the forces and potential for damage is 
immensely greater when this effect involves large, long pipes and large volumes of water. 
Severe instances of water hammer occurred in the injection water piping at Felixton mill 
when it was first built in the mid-1980s. The shock of the water hammer shifted the position 
of the pipe such that the saddles (attached to the pipe) were in danger of falling off their 
supports, as can be seen in Figure 1, which shows the injection water piping outside the 
Felixton evaporator building. 
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Figure 1. Injection water pipe at Felixton that has moved 
on its supports due to water hammer. 

 
 
The extent of the movement is clearly demonstrated in Figures 2, 3 and 4 that provide views 
of the injection water pipe below the pan floor. 
 

 
 

Figure 2. Channel-iron supports of walkway bent 
by movement of injection water pipe. 

Love D J Proc S Afr Sug Technol Ass (2010) 83: 289 - 314

291



 

 

 

 
 

Figure 3. Close-up showing magnitude (260 mm) of movement 
of injection water pipe necessary to bend channel-iron. 

 
Figures 2 and 3 show the extent to which the channel iron supports of the adjacent walkway 
have been bent by the injection water pipe moving at right angles to its length at this point. 
The 500 mm diameter pipe would have to have moved at least 260 mm in one direction to 
cause the damage that is visible. 
 
Figure 4 shows scratch marks where the pipe has moved longitudinally within its saddle 
support. The total movement of the 500 mm diameter pipe at this point is approximately 
500 mm (350 mm + 150 mm). Damaging water hammer of this sort is usually associated with 
lines that are long, large and often also associated with large static heads. Within Tongaat 
Hulett Sugar (THS), besides injection water systems, problems have been experienced on 
effluent and irrigation lines as well. 
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Figure 4. Evidence of longitudinal movement of the 
injection water pipe within its supporting saddle. 

 
The details of water hammer can be explained in terms of the simple system shown in 
Figure 5. 
 

Pipe Length L

Fluid Velocity U Valve

Reservoir

 
 

Figure 5. Simple representation of hydraulic system susceptible to hammer. 
 
 
Consider a system where liquid is flowing from a reservoir along a pipe, of length L (m), 
towards a valve at the end of the pipe. With the valve fully open, the liquid is travelling at a 
velocity of U (m/s). Suppose that the valve is then closed within a period of time t (s). The 
kinetic energy of the flowing liquid will be converted into a rise in pressure. Inevitably the 
shorter the time taken to close the valve, the higher the rise in pressure will be. There is, 
however, a limit to the rise in pressure, imposed by the speed of a pressure wave (the speed of 
sound) within the liquid in the pipe. This is explained by the Joukowsky (Joukowski) 
equation: 
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where: 
�pm is the maximum pressure rise due to the valve closure (Pa) 
ρ is the density of the flowing liquid (kg/m3) 
a is the velocity of sound in the fluid (m/s) 
U is the velocity of the flowing fluid (m/s). 
 
This maximum pressure rise will occur if the time taken to close the valve is shorter than a 
time �  

a
L⋅= 2τ  

where: 
� is the longest time for valve closure that will result in the maximum pressure rise (s) 
L is length of the pipe line (m). 
 
If the valve is closed in a time t that is greater than �, then the pressure rise can be 
approximated by (Kellogg, 1956; Perry, 1997): 
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where: 
�p is the pressure rise due to the valve closure (Pa) 
t is the time taken to close the valve (s). 
 
A detailed derivation of these formulae is given by Fay and Loiterman (2001) whilst a 
simpler, more heuristic one is given by Kellogg (1956). To give an indication of the possible 
magnitude of the forces involved, taking a velocity of sound in water of 1439 m/s (Anon, 
2001), a water density of 1000 kg/m3 and a liquid velocity of 3 m/s gives a maximum pressure 
rise of 4.32 MPa (1000 � 1439 · 3 / 1 000 000) for a rapid closure of the valve at the end of the 
line. If the line is 500 m long this maximum pressure rise will occur if the time taken to close 
the valve is less than 0.695 seconds (2 · 500 / 1439). 
 
The simple analysis presented above is only a rough guide. A more detailed analysis will 
determine the sound velocity in the pipe based on the compressibility of the liquid, the 
elasticity of the pipe wall, the pipe thickness, the pipe diameter (Perry, 1997; Fay and 
Loiterman, 2001) and the proportion of free bubbles in the liquid (Clarke, 1988a). This can 
result in a substantially lower maximum pressure rise, particularly for plastic piping. There is 
also an added pressure rise due to an effect called ‘line pack’ (Clarke, 1988a). 
 
Whilst the simple explanation of water hammer based on the rapid closure of a valve at the 
end of a straight pipe line has relevance to sugar factories, a more complex and probably more 
relevant explanation covers the situation of a pumped pipe line (as illustrated in Figure 6) and 
the hammer that occurs as a result of pump stoppage (Clarke, 1989; Reynolds, 1952). If the 
discharge valve is slowly shut before a pump is stopped there should be no water hammer 
event but this is clearly not possible if the pump trips. In the event of the pump tripping, the 

Uapm ⋅⋅=∆ ρ
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momentum of the water in the pipe will result in the liquid continuing to flow and producing a 
low pressure at the pump discharge before the flow stops and the direction then reverses, 
generating a large pressure pulse as the energy is dissipated against a closed non-return valve. 
Both Clarke (1988a, 1989) and Fay and Loiterman (2001) suggest using detailed computer 
simulations to fully understand water hammer in more complex situations. 

Pump Sump

Centrifugal
Pump

Isolation 
ValveNon-return 

Valve

 
 

 
Figure 6. Representation of pumped hydraulic system susceptible to hammer. 

 
Despite the difficulty in being able to fully understand water hammer in complex systems, 
there are a number of options for either eliminating water hammer or mitigating its effects: 
 
1 Use of a standpipe. A standpipe on the outlet of the pump, at the beginning of the 

pipeline, can provide a simple form of pressure relief to prevent a pressure surge in the 
event of a pump trip. The height of the standpipe would be impractically high in many 
instances. 

2 Use of a ‘surge arrestor’ or air chamber (Clarke, 1989, Reynolds, 1952). A surge 
arrestor or air chamber provides a compressible volume to absorb a proportion of the 
energy released, and is sized to limit the pressure rise of a hammer event to a level that 
does not cause any damage. 

3 Installation of a flywheel on the pump (Clarke, 1989). Installing a flywheel on the 
pump prevents an almost instantaneous stop in pumping when the pump trips, with the 
rate of pumping slowly reducing as the stored energy in the slowing flywheel is smoothly 
converted into flow energy. By limiting the rate at which the flow rate will slow down the 
rise in pressure is limited. 

4 Limiting the speed of closure of manual and automatic valves. Practically, 
manually operated gate valves could not be closed fast enough to cause water hammer; 
however, manually operated quarter-turn valves (such as butterfly valves) can be closed 
fast enough to cause problems. The speed of closure of manual butterfly valves can be 
limited by fitting them with gearbox actuators. The speed of closure of automatic valves 
can usually be limited by appropriately programming the automatic control systems, but 
more preferably by fitting appropriate restriction orifices (snubbers) in the air actuation 
lines. 

5 Use of slow closing non-return valves (Reynolds, 1952). Slow closing non-return 
valves on the discharge side of the pump will allow the energy of the reverse flowing 
liquid to be dissipated slowly, thus avoiding the pressure spike of a water hammer event. 

6 Use of a ‘surge anticipation valve’ or ‘surge suppressor’ (Reynolds 1952). There 
are commercially available actuated valves that can be mounted on a T-off just 
downstream of the non-return valve after the pump. In anticipation of a pressure surge, the 
valve will open to discharge liquid back into the sump from which the pump is sucking 
(see Figure 7). The valve will then close slowly so that it dissipates the pressure surge 
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without fully draining the discharge line from the pump. The ‘anticipation’ can be 
triggered by a drop in pressure in the discharge piping from the pump or from a direct 
(electrical) signal indicating that the pumps have tripped. 
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Figure 7. Representation of surge anticipation valve installation to eliminate hammer. 
 
 
For preventing water hammer in injection water systems in sugar factories and refineries mills 
it would probably be most cost effective to first prevent rapid closure of valves (item 4 
above), then use slow closing non-return valves (item 5) and finally, if these precautions are 
insufficient to eliminate water hammer, install a surge anticipation valve (item 6). 
 

Steam/water hammer 
 
Banging sounds that are generated in two-phase or biphase systems – generally steam and 
condensate systems – are the result of a range of mechanisms that are substantially different 
from those described in the previous section for single phase liquid systems and termed ‘water 
hammer’. Some commentators still use the term ‘water hammer’ for the hammer events in 
biphase systems (e.g. Kremers, 1983 and Paffel, 2008) but the term ‘steam hammer’ has been 
used for some time in THS and is used by other commentators (e.g. Lieberman and 
Lieberman, 1997). To try and avoid confusion, this paper will use the term ‘steam/water 
hammer’ to cover all types of hammer events that take place in biphase systems and use more 
specific terminology to describe particular types of steam/water hammer. 
 
Although different authors categorise steam/water hammer events in different ways (see 
Appendix 1), once conventional water hammer is excluded, there appears to be three major 
mechanisms which are implicated in steam/water hammer. 
 
The simplest is the collapse of steam bubbles, ‘bubble collapse’, formed within condensate 
that is colder than the saturated temperature of the steam. The other two main mechanisms are 
well described (and named) by Kirsner (1999a), being the conventional ‘steam flow driven 
water hammer’ and the less well known ‘condensation-induced water hammer’. The 
difference between these mechanisms is very important. Steam flow driven water hammer 
generally occurs when a slug of water is carried along at the velocity of the steam travelling in 
a pipe, and it “… strikes a stationary object (e.g. a pipe bend) and gives up its momentum 
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much like an ocean wave striking a sea wall” (Kirsner, 1999a). Condensation-induced water 
hammer, on the other hand, generally occurs when a pocket of steam is trapped by a plug of 
condensate, which is accelerated into the collapsing void as the steam condenses. The 
mechanism is shown diagrammatically in Figure 8 (taken from Kirsner, 1999a). 
 

 
 

Figure 8. Mechanism of condensation-induced water hammer (from Kirsner 1999a). 
 
 
Kirsner (1999a) makes the point that condensation-induced water hammer can easily be as 
much as 100 times more powerful than conventional steam flow driven water hammer! 
 
It is important to realise that in trying to understand specific hammer events (particularly if 
they are catastrophic and if they result in fatalities) it will often be difficult to gather sufficient 
information to fully explain what happened, particularly when people involved are concerned 
about their legal culpability. However, Kirstner (1995, 1999a) and Ginter (1997) provide very 
useful examples of detailed investigations into fatal accidents caused by condensation-
induced water hammer. Their findings indicate that the proper application of a number of 
fundamental principles is sufficient to ensure that fatalities from condensation-induced water 
hammer will not occur (see Appendix 2 for detailed recommendations from different 
sources). 
 

Steam/water hammer – Direct steam injection heating 
 
Anyone who has ever tried to heat a tank of water by submerging the end of a steam hose into 
the water and injecting steam directly into the water will be aware of the banging that results, 
particularly as the temperature of the water increases. The banging is a result of bubbles of 
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steam which form within the water and then collapse – the bigger the bubble, the bigger the 
bang. The mechanisms are well described by Youn et al. (2003) and Kerney et al. (1972). 
Sites where direct injection heating is commonly used in sugar factories are molasses blow-up 
tanks, remelters, process hot water tanks and syrup being fed to a syrup clarifier. 
 
Where the heating is done in open tanks (blow-up tanks and remelters) it is common to use 
commercially available steam ejectors, sometimes called ‘silent blowers’. These devices are 
designed to use the kinetic energy of the injected steam to entrain and mix the liquid being 
heated with the injected steam. This prevents the growth and collapse of large steam bubbles 
and prevents most of the banging. To prevent the vibration that does still occur from 
damaging the tank (and perhaps attached instrumentation) it is good practice not to bring the 
steam supply to the ejector through the wall of the tank, but rather to bring the line in through 
the open top of the tank with sufficient freedom of movement to allow some vibration of the 
ejector without damage to the tank. 
 
An in-line sparger has been used for direct injection steam heating of syrup being fed to the 
syrup clarifier at the Maidstone factory. This has proved noisy at times, but the important 
principle to avoid excessive banging/vibration is to have an appropriately designed sparger 
with many small holes and a relatively high velocity of syrup flowing in the annulus between 
the sparger and the syrup pipe wall. 
 

Steam/water hammer – Steam mains 
 
In the large exhaust steam and vapour mains in sugar factories, steam flow driven water 
hammer can be a source of banging in the plant. Condensate that accumulates on the bottom 
of these lines can be picked up by the relatively high velocity of steam (often around 40 m/s) 
and causing banging when it crashes into bends or tee junctions in the piping. The extent of 
condensate accumulation is greater during start-up when the piping is cold, and in factories 
where the piping is not lagged. 
 
To prevent this problem the most important precaution is to have sufficient appropriately 
sized ‘drip legs’ that collect and remove the condensate from the path of the flowing vapour 
before discharging it via a steam trap. Steam trap suppliers (see bibliography) supply useful 
information on the appropriate sizing and positioning of drip legs. Paffel (2008) provides 
some useful recommendations and suggests the standard installations as shown in Figures 9 
and 10. 
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Figure 9. Standard drip leg installation associated with an isolation valve 
(from Paffel 2008). 

 
 

 
 

Figure 10. Standard drip leg installation prior to a modulating valve 
(from Paffel 2008). 

It is important that the condensate drainage from these drip legs is monitored on a regular 
basis and that the steam traps are regularly maintained. A particular problem that can add to 
the accumulation of condensate in an exhaust main is a poorly performing desuperheater that 
results in an excess of water being added into the exhaust steam line – as has happened at 
Xinavane recently. In this situation, the manual blow down valve on the drip leg needs to be 
used to assist with condensate removal until the desuperheater problem can be corrected. 
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Steam/water hammer – Condensate hang-up in calandrias 

 
Most factory personnel will be familiar with loud banging sounds from the calandrias of pans 
and evaporators. This steam/water hammer is almost always associated with problems of 
condensate drainage and the banging mechanism is then of the ‘bubble collapse’ kind, as the 
entering steam forms bubbles within the sub-cooled condensate that is held up in the 
calandria. Because the differential between the steam temperature and the condensate is small, 
the bubbles can be large and the sound from the collapse is often very loud. (See the section 
on ‘steam/water hammer – pan tube damage’ below for a discussion of a different hammer 
mechanism within calandrias.) The problem of condensate hold-up in heat exchangers is 
discussed in the general literature in terms of ‘stall charts’ (Butcher, 1993; Risko, 1996, 2002, 
2004). These stall charts focus on the problem of condensate drainage when the steam 
pressure within the calandria drops below the pressure to which the condensate is being 
discharged (often atmospheric pressure) and the condensate cannot then drain away. 
 
In sugar factories with multiple sub-atmospheric vapour streams, condensate drainage and 
flash recovery systems can be designed to prevent the problem of ‘stalling’ by draining the 
condensate to an appropriately low pressure. The calandria condensate drainage problems 
(resulting in banging) in sugar factories can be caused by a variety of problems. For example: 
 
• insufficient or undersized condensate outlets on the vessel 
• steam traps that are undersized, air-locked or blocked (perhaps poorly maintained) 
• undersized or badly routed condensate piping. 
• insufficient pressure differential between the calandria and the vessel to which the 

condensate is discharged (this can happen during commissioning of new evaporators or 
during normal start-up conditions, when evaporator vapour pressures are far from the 
values catered for in the design of the system). 

 
Careful attention to all of these issues should eliminate condensate hang-up and the associated 
steam/water hammer. 
 

Steam/water hammer – Condensate piping 
 
Condensate piping, after steam traps, must inevitably carry both steam and water – the 
condensate that is allowed through the trap and the flash vapour that results from the 
reduction of pressure across the trap to the pressure within the condensate collection system. 
This piping is thus immensely susceptible to steam flow driven water hammer, and 
appropriate pipe sizing is important (Paffel, 2008; Kremers, 1983). If the piping is too small, 
the flash steam flowing above the flowing condensate can generate waves in the condensate 
that are accelerated to the steam velocity and crash into fittings, creating hammer. To avoid 
this Calogero and Brooks (1987) recommend sizing the piping for a steam velocity of 15.2 
m/s (50 ft/s) and provide a nomograph to simplify the estimation of the condensate line size. 
A particular type of problem can occur when condensates from vessels operating on different 
grades of steam are combined into a common condensate manifold. The mixing of higher 
temperature flash vapour from one vessel with lower temperature condensate from another 
vessel will cause condensation of the vapour and banging. There is a particular tendency to 
create this type of problem in the design of condensate systems for juice, where a simple 
single condensate piping system is used for all the juice heaters that use, variously, exhaust, 
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vapour one and vapour two steam. The problem can be compounded by the use of the 
throttling type of steam trap (often referred to locally by the trade name Gestra) that can pass 
substantial quantities of steam into the condensate line when not set correctly. This problem 
of banging in a common juice heater condensate system was experienced at Felixton. The 
problem can be avoided by having separate condensate systems associated with the different 
grades of steam and only combining the condensates after they have been flashed to a 
common pressure, as suggested by Lieberman and Lieberman (1997). 
 

Steam/water hammer – Juice lines in evaporators 
 
Two-phase flow also exists on the process side of sugar factory evaporators when various 
juices, liquors and syrups are concentrated by evaporation. The multiple pressures within 
multiple effect evaporators mean that flashing is also an important mechanism in the 
generation of two-phase systems of juice and vapour. Two unusual banging events in 
evaporators are described here. It is interesting that the mechanisms of both events are 
described in the general literature. 
 
As part of the chemical cleaning system retro-fitted to the Felixton evaporator station, a 
balance line was installed between the juice outlets of the second effects (each connected to 
the juice inlet of a third effect) of the two parallel lines of evaporators, as shown 
diagrammatically in Figure 11 and photographically in Figure 12 (after the installation of a 
second isolation valve). 
 

�

Retrofitted Balance line

Isolation valve
on balance line

A-Phase
Second Effect

Kestner Separator

B-Phase
Second Effect

Kestner Separator

A-Phase
Third Effect

Robert
Evaporator

B-Phase
Third Effect

Robert
Evaporator

 
 

Figure 11 Schematic of juice balance line between the two lines of evaporators at Felixton 
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Figure 12. Juice balance line between the two lines of evaporators at Felixton. 
 
 
Extreme banging was subsequently experienced during normal operation of the evaporators 
and the source of the sound was eventually traced to the new balance line, even though the 
isolation valve in the line was closed. An inspection of the butterfly isolation valve on the 
next stop day showed that the shaft of the valve had been bent by the forces associated with 
the banging. It appeared that slugs of liquid were being accelerated down the balance line and 
crashing into the valve, which had been placed at one end of the balance line for easy access. 
The solution was to fit a second isolation valve at the other end of the balance line – close to 
the A-phase evaporator line. This eliminated the banging. What appeared to be happening was 
that two phase flow in the juice line was occurring at times, and the vapour was accumulating 
at the top of the pipe and then subsequently entering the balance line via the vertical 
connection to the juice line. Once the vapour had filled the long horizontal section of the 
balance line and begun to condense by cooling to the surrounding air, a condensation induced 
water hammer event (of the type shown diagrammatically in Figure 8) would occur. This type 
of banging, associated with vapour collection in a vertical connection, is described in some 
detail by Kirsner (1999a) who illustrates the mechanism with the diagram shown in Figure 13. 

Juice line 
between second 
and third effects 
of A-phase 
evaporator line 

Balance Line 
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Figure 13. Condensate collection in vertical lines (from Kirsner, 1999a). 
 
Another example of an unusual banging event was experienced on a falling film evaporator in 
the fructose plant at Huletts refinery. The banging was associated with the feed line and only 
occurred under low feed flow conditions. The feed was not pre-heated and (as is conventional 
on falling film evaporators) was fed into the vapour space rather than into the liquid, as done 
on Kestner and Robert evaporators. The most probable mechanism was that vapour was 
flowing back up the feed line during periods of low feed flow, thereby providing the 
conditions for a condensation-induced water hammer event of the type shown in Figure 8. 
From an understanding of the mechanism, the non-return valve on the feed line was moved 
closer to the vessel (limiting the extent to which steam can flow back up the feed line) and 
this appears to have substantially reduced the problem. Other solutions to the problem are to 
pre-heat the feed to eliminate the condensation due to cold feed, or to create a liquid seal by 
feeding below the liquid level in the vessel. A very similar problem associated with the feed 
to a distillation column is described by Harrison and France (1989). 
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Steam/water hammer – Condensate pumping 
 
The Felixton factory was built with an unusual arrangement for the exhaust condensate from 
the first effect Kestner evaporators. To improve thermal economy, this condensate is not 
flashed but is piped directly to a condensate pump that delivers the condensate to the boiler 
deaerator. In 1991 a fatal accident occurred when a condensate pump casing cracked, spraying 
the evaporator operator with hot condensate. An investigation into the accident identified two 
major causes: 
 
• Firstly, although the exhaust condensate pump had been operating normally when a single 

evaporator phase was operating, an air or vapour lock had occurred in the suction piping 
to the condensate pump when the second evaporator phase was started, and condensate 
began to back up within the Kestner calandria. (The design capacity of a single condensate 
pump is sufficient for both evaporator phases.) As a result of the limited pumping 
capacity, the standby condensate pump was started. 

• Secondly, a condensation-induced water hammer event occurred on the start-up of the 
standby pump. 

 
Recommendations to eliminate any future occurrence of this event covered firstly 
modifications to eliminate the possibility of an air or vapour lock in the suction piping, since, 
if this had not happened, there would have been no need to start the second pump and the 
condensation-induced water hammer event would not have occurred. Secondly, drain valves 
and procedures were put in place to ensure that all cold condensate is drained from the pump 
and piping that is not in service before it is returned to service. 
 
The importance of removing cold condensate before any steam is admitted to a system, to 
avoid the possibility of condensation-induced water hammer, is emphasised in all the recom-
mendations from a range of commentators (Appendix 2). The articles by Kirstner (1995, 
1999a, 1999b, 2005, 2007) and Ginter (1997) are recommended reading for anyone who 
wants to fully understand the mechanisms and dangers of condensation-induced water 
hammer. 

 
Steam/water hammer – Pan tube damage 

 
Over the years, a number of instances of damage to pan tubes, loosely termed ‘tube dings’ 
have been reported in both batch and continuous pans. The damage is normally a dent in the 
pan tube, bulging inwards from the outside of the tube. In extreme cases the tube may actually 
fold inwards from the tube plate – rupturing the seal between massecuite in the pan and steam 
in the calandria. The forces that have been calculated to be necessary to produce this damage 
are very large – far in excess of any pressure differential that can occur between the steam and 
vapour spaces of the vapour space to the pan tube damage. Two examples of this type of tube 
damage (from a refinery white massecuite batch pan with stainless steel tubes welded into a 
stainless steel tube plate) are shown in Figures 14 and 15. 
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Figure 14. Pan tube showing ‘dings’ – welded tubes in 
a stainless steel calandria of a refinery batch pan. 

 

 
 

Figure 15. Pan tube showing a tube torn away from tube plate – welded 
tubes in a stainless steel calandria of a refinery batch pan. 

 
The common characteristics of the tube dings are as follows: 
 
• the size of the indentations or ‘dings’ is reported to be that which would be caused by a 

golf ball or a cricket ball 
• The indentations happen at the upper end of the tube, close or adjacent to the top tube 

plate. 
• The damaged tubes are normally located at the effective end of the vapour path within the 

calandria. This is close to the down-take in a batch pan and at the opposite end of the 
calandria from the steam inlet (incondensable gas removal end) in continuous pans of the 
Tongaat Hulett design, that have long narrow calandrias with the steam inlet on one end 
and incondensable gas removal at the opposite end. 
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• The occurrence of this type of damage is generally erratic and infrequent not even 
happening consistently on one particular pan in a particular factory. The occurrences 
happen in both continuous and batch pans and with both welded tubes and expanded 
tubes. A particular factory may discover a number of damaged tubes in one particular pan. 
After repairing the damage (by a combination of tube replacement and ‘panel beating’) the 
problem may then never re-appear. 

 
Condensation-induced water hammer is a highly probable cause of the type of tube damage 
shown in Figure 16. In support of this hypothesis, a similar type of tube damage has been 
reported as the result of ‘condensate hammer’ in heat exchangers (McKee, 2001). 
 

 
 

Figure 16. Heat exchanger tube damage from 
steam hammer (from McKee, 2001). 

 
In support of the damage shown in Figure 16, McKee (2001) states that, “(the figure) shows 
typical tube damage caused by steam hammer. In this case, condensate accumulated in the 
shell and rapidly accelerated, producing a high pressure shock wave that collapsed the tube 
and caused the tear holes. Properly sized steam traps with return lines pitched to a condensate 
receiver or condensate return pump should be installed to prevent this type of damage.” 
 
The damage to pan tubes can be explained by the ‘unusual’ situation where a calandria 
becomes almost totally filled with condensate and then has steam fed into the calandria. 
Under these circumstances a situation very close to that shown in Figure 8 may occur in a 
relatively small portion of the calandria just below the top tube-plate. The condensation-
induced water hammer takes place in the pocket of vapour between the top tube-plate and the 
high level of water held up in the calandria. The plug of water that is formed will travel 
towards the end of the vapour path within the calandria, producing a very high collapsing 
pressure on the outside of the tops of the pan tubes in this position.  
 
The situation of a calandria almost completely filled with water is clearly an unusual situation 
that cannot be part of normal operation (or the pan would not boil) and is more likely to be the 
result of some start-up, shut-down or off-line condition. Possible causes might be a calandria 
that has not been drained after a pressure test. Another possible cause is a pan where the 
steam has been shut off while vacuum is maintained on the vessel. With incondensables 
vented back into the vessel, the calandria will eventually equalise with the vacuum in the 
vessel. All that is then needed is a leaking steam trap or an inadequate condensate seal leg for 
condensate from other operating pans to be sucked up into the calandria. 
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Whilst this possible mechanism for the cause of pan tube dings has not been fully proven, it 
remains a viable explanation. Thus, when this type of tube damage is experienced, it is highly 
advisable to ensure there is no possibility of steam ever being admitted to a flooded calandria. 
For a persistant problem it would make sense to install a measurement of the level of 
condensate within the calandria (and full 24-hour recording). 
 
 

Conclusions 
 
Understanding the mechanisms of water hammer and steam/water hammer is enormously 
helpful in identifying the source of banging sounds in a sugar factory and taking the necessary 
action to eliminate them. This paper has presented details of a number of instances of water 
hammer and steam/water hammer events in an attempt to provide useful practical guidance on 
the types of events that can be expected in sugar factories and how they can be eliminated. 
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Standard texts 
 
Standard texts on piping, chemical engineering and mechanical engineering can provide some 
useful information on water hammer, but it appears that this aspect is normally only touched 
on briefly. Examples, quoted in the references, are:  
 
Perry’s Chemical Engineers’ Handbook 
The ASHRE Handbook on Fundamentals 
Design of Piping Systems from the MW Kellogg Company. 
 
Equipment suppliers of steam traps 
 
The major suppliers of steam traps often provide a wealth of free information on steam and 
condensate systems. Examples are: 
 
Armstrong International: http://www.armstronginternational.com/ 
Spirax Sarco: http://www.spiraxsarco.com/ 
Gestra: http://www.gestra.com/ 
TLV Corporation: http://www.tlv.com/ 
 
US Government Departments 
 
US Department of Energy – Office of Health, Safety and Security 
US Department of Energy – Office of Industrial Technologies, Energy Efficiency and 
Renewable Energy. 
 
Nuclear industry 
 
A lot of information on water hammer and steam/water hammer is available from the nuclear 
industry, primarily from the perspective of disseminating information to prevent accidents. It 
appears that, because of the importance of safety in this industry, much of the information is 
freely available on the internet. 
 
Internet discussion forums 
 
An internet search on water hammer will show links to engineering discussion forums where 
water hammer is discussed. This is probably the least reliable source of information because 
there may be no effective moderation on the advice and suggestions and no guarantee that the 
person providing the advice knows what they are talking about. 
 
Specialist consultants 
 
 Information made freely available by specialist consultants can be found on the internet sites 
below. 
 
Plant Support and Evaluations, Inc (part of Swagelock Company): www.plantsupport.com 

Love D J Proc S Afr Sug Technol Ass (2010) 83: 289 - 314

309



 

 

 

Kirsner Consulting Engineering: www.kirsner.org 
Process Solutions: www.MckeeProcess.com 
ComTec International: http://www.comtec-intl.com/ 
 
Associations and publications focusing on boilers and pressure vessels 
 
National Board of Boiler and Pressure Vessel Inspectors: http://www.nationalboard.org/  
 
Chemical Engineering journals 
 
Hydrocarbon Processing 
The Chemical Engineer 
Chemical Engineering 
Process Engineering 
 
Specialist valve manufacturers 
 
Bermad valves: http://www.bermad.com/ 
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Appendix 1: 

Terminology for types of hammer in biphase systems 
 
 
Different authors use slightly different terminology and different ways of categorising the 
different types of hammer events that happen in biphase systems: 
 
 
Paffel (2008) uses the categories: 
 

Hydraulic shock 
Thermal shock 
Flow shock 
Differential shock. 

 
Anon (2006) uses the categories: 
 

Flashing-induced 
Void-induced 
Valve-induced 
Steam propelled water slug 
Condensate-induced. 

 
Kremers (1983) uses the categories: 
 

Hydraulic shock 
Thermal shock 
Differential shock. 

 
Kirstner (1999, 2007) uses the categories: 
 

Steam flow driven water hammer 
Condensation-induced water hammer 
Column-closure water hammer. 
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Appendix 2: 
Recommendations to prevent incidences of condensation induced water hammer. 

 
 
Recommendations from Kirsner (1999a): 
 
“Here’s what I want steamfitters and operators to know: 
 
- High-pressure steam in contact with subcooled condensate is an unstable and potentially 

explosive mixture. 
- Don’t admit steam into a line filled with subcooled condensate. In fact, always be wary of 

admitting steam to any cold steam line if you cannot be absolutely certain that the line has 
been completely drained. 

- Allowing subcooled condensate to flow into a steam-filled line is more dangerous than 
admitting steam into a line with subcooled condensate. 

- If you suspect that a pressurized steam line is filled with subcooled condensate, don’t 
attempt to drain the condensate. Shut the steam off first; then, drain the condensate. If you 
do open a drain and the line hammers, close it and get the steam off. The line may 
continue to hammer until you get the steam off. 

- A mixture of steam above subcooled condensate can sit dormant in an isolated steam line 
like a loaded gun awaiting a triggering event. Opening a valve to admit steam or opening a 
bleeder to drain condensate can trigger the event. Don’t let yourself or those you supervise 
inadvertently pull that trigger without first making sure the gun is unloaded.” 

 
Recommendations from Ginter (1997): 
 
“Our corrective actions required us to find a way to get our workers to focus on preventing a 
water hammer BEFORE they ever put their hand on a valve wheel. We provided this focus in 
what we call the ‘Safety Principle’ which states: “Steam and water can not be safely mixed in 
a piping system without risking Condensate Induced Water Hammer. Do not mix steam with 
water either by injecting water into a steam system or steam into a system that includes water 
(condensate). Condensate should be assumed to be in all low points and dead legs until 
proven otherwise.” In order to reinforce the philosophy behind the safety principle, we 
provided several recommendations: 
 
- Engineers need to inspect their steam piping systems to ensure that there are sufficient 

traps and blowdowns to handle excess condensate generated during start-up and for 
normal operation. 

- Operators and maintenance workers need to walk down their systems to ensure that traps 
are working properly and repair or replace defective traps. 

- Using the method of ‘cracking’ open a steam valve to remove excess condensate, will not 
protect you from a condensation induced water hammer. 

- Valves in pipe lines which lack properly positioned steam traps should remain open at all 
times or preferably should be removed from the piping system; otherwise, install traps at 
these locations. 

- Using reach rods (extension linkage) is a good practice, but will not always protect you 
from the forces of a water hammer event. 

- Steam piping systems should be inspected for sagging. Where necessary, install steam 
traps at these locations, or repair the sagging. 
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- Check and repair piping insulation. It will save energy, and reduce the accumulation of 
excess condensation in the piping system. 

- Activation of cold piping should be performed slowly (using bypass valves if available) at 
reduced pressure, with bleed valves (Mudlegs) continuously open until the piping reaches 
system pressures and temperatures. 

- Placement of blowdown valves before and after a vertical rise is required to prevent 
possible condensate accumulation. 

- These recommendations should be followed regardless of piping size. Do not exclude 
small pipe sizes without an appropriate analysis. 

- Finally, and I believe most importantly, improperly designed steam systems should not 
have the incorrect features overcome by operational methods. Systems must have their 
incorrect features corrected.” 

 
Recommendations from the U.S. Department of Energy (Anon, 2006): 
 
“Preventing Water Hammer: 
 
- Do not introduce steam into piping without verifying that there is no liquid water present. 
- Warm cold steam piping slowly, keeping steam trap blowdown valves open. 
- Walk down steam systems and check for proper location, distribution, and sizing of steam 

traps and blowdown valves for startup and operation. 
- Inspect steam traps frequently for proper operation. 
- Be cautious when cracking open valves to avoid condensation induced water hammer 

because steam-propelled water slugs can be formed at very low flow conditions. 
- Verify that steam traps are operating properly before opening steam line valves. On 

startup, open blowdown valves fully and leave them open until liquid stops flowing. 
- When feasible, operate valves remotely using mechanical extension linkages, reach rods, 

or power-operated valves. Ensure that reach rods and extension linkages are properly 
maintained. 

- Inspect piping systems for sagging. If necessary, install steam traps at low points or repair 
the sag. 

- Check and repair piping insulation to reduce condensate formation in the piping and to 
save energy. 

- All isolation valves should have bypass systems. Remember that bypass operations do not 
prevent water hammer if condensate is present.” 

 
 
Recommendations from Plant Support and Evaluations Inc: 
 
From: Steam System Best Practices Document No. 11) available as PSE_BP_11.pdf at 
www.plantsupport.com (accessed on 28 May 2010). 
 
“Preventing or Resolving Water Hammer. There are a variety of design or system changes 
that can be implemented to prevent or eliminate water hammer: 
 
1.  Proper training for plant personnel. 
2.  Ensure correct steam and condensate design 
3.  Have documented SOPs (standard operation procedures) for steam system startups and 

shutdowns. 
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4.  Have installation standards for steam components. 
5.  Properly place steam line drip steam traps on the steam system. 
6.  Correct condensate connections of branch lines to the main condensate line (enter only 

on the top). 
7.  Use steam traps that are properly sized and appropriate for the application. 
8.  Use warm up valves on steam line isolation valves larger than 2 inch. Do not ‘crack 

open’ large steam isolation valves with the hope of avoiding condensation-induced water 
hammer. This will not guarantee safe operation. 

9.  Check or repair the pipe insulation. It saves energy and reduces accumulation of 
condensate in the piping system. 

10.  Condensate line sizing is crucial to insure proper operation of the steam system. Under-
sizing the condensate lines is one of the largest contributors to water hammer. 

11.  System that has a modulating control valve should have a drip leg trap upstream of the 
valve to remove condensate during a closed condition for the valve. 

12.  Always gravity drain away from the process applications with a modulating control 
valve. 

13.  Condensate can be drained into a pressurized condensate return line, if proper differential 
is maintained. 

14.  Proper labeling of steam and condensate lines. 
15.  Abandoned steam and condensate lines, remove from the system. 
16.  Pro-active maintenance program. 
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