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Abstract. The article presents the results of experimental studies investigating the conditions during the filling
and start-up of a water ram based on changes in pressure in the working zone and the pressure zone. The test
stand is described, and measurements are conducted in three configurations: (a) when the system is filled with
water (with the delivery pipe empty); (b) when the water ram is manually activated (with the delivery pipe
empty) and (c) when the water ram is activated after a manually induced break in water supply (with the delivery
pipe filled with water). The results of the study indicate that the operation of the ram pump will be automatically
resumed in every configuration, provided that the delivery pipe is filled with water to the appropriate height. The
aim of this study was to describe new applications for a water ram, in particular under varied supply conditions.
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1. Introduction
A water ram is a pump that transports water by relying on a
pressure surge phenomenon known as hydraulic shock or
water hammer. A water ram can be supplied from any
source, including a lake, river, stream or pond, provided
that the difference in the height of the water column (hs )
between the supply source (1) (figure 1) and the impulse
valve (3) is sufficiently large. According to the literature,
the minimum required difference is 1 m [1, 2]. In addition
to the ram pump, the installation should also consist of a
water supply system (1 and 2) and a water delivery system
(7 and 8). Water evacuated by the ram pump should be able
to freely move into the surrounding environment because
only a part of the supplied water is transported to the
delivery system. Water rams have numerous advantages.
They do not require an additional source of energy (such as
electricity) or additional control systems; they are easy to
build, operate and maintain; they are durable, reliable and
capable of lifting water to substantial heights. According to
the literature, delivery head (hc ) can exceed 125 m [2–5].
The main weakness of water rams is that they operate only
under specific hydraulic conditions. The quality of the
available water could also pose certain limitations [6].
In the initial phase of operation, water flows freely in the
working zone (wz) of a ram pump. The closing element (4)
*For correspondence

of the impulse valve (3) is in the down (open) position
(figure 1). Water flows through an open impulse valve (3)
and outside the ram pump into an evacuation channel or is
indirectly fed to the source that supplies the ram. The
gravitational force speeds up the flow of water in the
working zone and exerts pressure on the closing element of
the impulse valve (4). Hydrostatic pressure increases over
time, and it acts in an opposite direction to the direction of
the gravitational force. This period is represented by the
segment between points G and A in figure 2. When a certain flow rate is achieved, the pressure exerted by water on
the closing element of the impulse valve increases substantially, and the valve is closed [7–10]. The beginning of
impulse valve closure is marked by point H in figure 2. The
sudden cessation of water flow in the working zone produces a positive water hammer [11–13]. The moment when
the closure of the impulse valve is completed (and when the
pressure valve begins to open) is marked by point A in
figure 2. The maximum pressure during water hammer is
several or several dozen times higher than in the preceding
phase [12–14]. The increase in pressure is determined
mainly by the flow rate in the drive pipe, the rate of change
in flow velocity, the stiffness of pump and drive pipe
materials and the amount of air in water [15–17]. The
resulting shock wave opens the pressure valve (5), and a
certain amount of water enters the pressure zone (pz). The
final phase of return valve closure is marked by point B in
figure 2. At that point, the closing element of the pressure
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Figure 1. Diagram of a water ram installation: 1 – water source,
2 – drive pipe, 3 – impulse valve, 4 – closing element of the
impulse valve, 5 – pressure valve, 6 – air chamber, 7 – delivery
pipe, 8 – water tank, 9 – check valve, hs – height of the water
supply source, hc – height of water outflow, V_ s – flow rate of water
supply, V_ c – rate of water outflow to the water tank and V_ w – rate
of water outflow to the surrounding environment.
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valve reaches the topmost position, which leads to a sudden
change in pressure. The pressure in the pressure zone
increases after start-up, and it reaches a much higher level
than the average pressure in the working zone. Pressure in
the pressure zone is determined by delivery head (hc ). The
air chamber (6) in the pressure zone minimizes pressure
fluctuations in the delivery system. The movement of water
from the working zone to the pressure zone does not last
long because the system is not in equilibrium, and flow
quickly subsides in the delivery pipe. The two characteristic
points during this period (C and D) are marked in figure 2.
The instantaneous pressure drop at point C results from the
inertia of water in the pressure zone and the delivery pipe.
The water hammer leads to a sudden and high increase in
pressure inside the system, and water is pushed towards the
outflow via the delivery pipe. Water is a continuous medium, and its sudden motion produces negative pressure
(point C). A moment later, the movement of water is

Figure 2. Qualitative changes during a single water ram cycle: a – changes in pressure in the working zone (blue), b – changes in
pressure in the pressure zone (orange), c – status of the impulse valve, d – status of the pressure valve, e – water flow through the impulse
valve, f – water flow through the pressure valve, g – water flow through the drive pipe and h – relative duration of every stage in the water
ram cycle. Points: A (beginning of pumping) – end of impulse valve closure, beginning of pressure valve opening; B – end of pressure
valve opening; C – maximum negative pressure caused by water inertia in the delivery system; D – maximum positive pressure caused by
water inertia in the delivery system; E (beginning of backflow) – change in the direction of water flow inside the delivery pipe, beginning
of pressure valve closure; F – end of pressure valve closure, beginning of impulse valve opening; G (beginning of acceleration) – end of
impulse valve opening and H – beginning of impulse valve closure.
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suppressed by the gravitational force and the system’s
elasticity, which leads to a local increase in pressure (point
D). Water ceases to move inside the delivery pipe, and it
begins to flow downwards in the direction of the water
source supplying the ram. The change in the direction of
water flow inside the delivery pipe is marked by point E in
figure 2. The closing element of the pressure valve is
moved by flowing water, and the pressure valve is closed.
The closure of the pressure valve (point F in figure 2) in the
working zone produces negative water hammer, which
opens the impulse valve (segment F-G) and marks the
beginning of a new cycle in a water ram.
The amount of water transported to the delivery system is
determined by numerous factors, including the size of the
water ram, structural design (mainly the drive pipe and the
impulse valve), height of the water source, height of the
delivery point and flow resistance in the system. According
to the literature, only several to less than 20% of the supplied water reaches the water tank (subject to operating
conditions, in particular the height of the water source and
the water tank) [2, 18], and the remaining water returns to
the surrounding environment via the impulse valve. For this
reason, ram pumps are generally not used as direct sources
of water supply and are applied only to fill tanks and collectors, which constitute the main water reservoir. Several
ram pumps connected in parallel, i.e. a water ram farm, can
be used when the demand for water exceeds the supply
capability of a single pump.
It should be added that charts similar to the one shown in
figure 2 may be found in the literature; although they are
qualitatively similar to our results, they are not so detailed.
For example, the report published by Tacke [19] shows
changes in velocity in the drive pipe together with states of
the impulse valve and the delivery valve. The author listed
six phases of one cycle:
• The time from the moment of zero velocity to the
beginning of impulse valve closure (G–H);
• The time from the moment in which the valve begins
to close to the moment at which it is completely closed
(H–A);
• The time between the moment of complete closure of
the impulse valve and the moment of opening of the
delivery valve (A–B);
• The time during which the delivery valve is open (B–
F);
• The time between the closing of the delivery valve and
the moment the impulse valve reopens (F–G). In this
time the reverse flow in the supply pipe is reported,
exactly like in our investigations.
The main difference is that we additionally distinguish
the time at which the delivery valve is fully open and the
time at which this valve closes.
This article is a continuation of a series of studies dedicated to water rams [20–23], and in particular study [24],
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which analyses the working cycle of a ram pump and
proposes a qualitative interpretation of the major phenomena and processes. It should be noted that the description
given in this article (figures 1 and 2 with commentaries) is
somewhat different from that presented by [24]. In this
paper, the qualitative description (figure 2) has been modified by indicating changes in pressure in the pressure zone
and by including segment F–G in the backflow stage (rather
than the acceleration stage). The cited article also contains
a review of literature, which indicates that water rams have
been generally broadly discussed, but very few publications
have scientific merit (the only article known to the authors
is [25]). In general, there are two reasons for this. First, the
majority of scientific materials date back to the turn of the
19th and 20th centuries, when ram pumps enjoyed the
greatest popularity. These materials are based on rather
primitive measuring techniques, and are, therefore, obsolete. Secondly, the remaining materials had been developed
by amateurs and lack scientific basis. These observations
have prompted the authors to conduct a series of experiments on water rams. There is also a general lack of consensus among researchers regarding the sequence of
phenomena during a working cycle of a water ram. The
absence of reliable experimental data poses a considerable
problem, as previously mentioned by the authors (e.g.
[25, 26]). This observation prompted the experiment
described in [24]. The present article addresses a different
problem, namely the start-up of a water ram, which has
never been exhaustively described in the literature (excluding practical recommendations for start-up in a readymade installation). The described experiment contributes to
our knowledge about water rams.

2. Materials and methods
The water ram and the test stand were described in a previous study [24]. All construction elements (including
water ram) as well as the whole measurement system were
self-made. The test stand was subjected to minor modifications for the needs of the present study: (a) an additional
valve for emptying the delivery pipe was introduced in the
delivery zone and (b) two pipes with different diameters (6
and 19 [mm]) were used interchangeably in the delivery
zone and (c) delivery pipes were arranged horizontally (5
[m]) and then vertically (6 [m]). The diagram of the test
stand is presented in figure 3.
In addition to primary systems, i.e. the supply system, the
ram pump and the delivery system, the test stand was also
equipped with measuring devices, including the height
measurement system, an analogue pressure measurement
system, a digital pressure measurement system, a digital
system for analysing the signal from pressure sensors and
flow rate measurement systems (volumetric and mass flow
rate). The digital pressure measurement system, which
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Figure 3. Diagram of the test stand (left): 1 – water source, 2 –
drive pipe supplying water to the ram pump, 3 – main valve for
closing water supply to the ram, 4 – pressure transducer in the
working zone, 5 – impulse valve, 6 – pressure valve, 7 – air
chamber, 8 – pressure transducer in the pressure zone, 9a–9d –
delivery pipe and 10 – water tank.

supports simultaneous measurements of pressure in the
working zone and the pressure zone, played the most
important role in the described experiment. The water
hammer was registered with electronic pressure transducers
(WIKA, model A-10) with a measuring range of 0–10 [bar]
(with a proportional amplitude output of 0–10 [V/div]), EZ
Digital DS-1080C digital oscilloscope with 80 [MHz]
bandwidth and 100 [MSa/s] sample rate per channel and
GW Instek GDS -1052-U digital oscilloscope with 50
[MHz] bandwidth and 250 [MSa/s] sample rate. According
to the manufacturer’s data, pressure transducers have a
maximum response time of 4 [ms], but this parameter is
generally much lower during the experiment. On rare
occasions, selected results had to be discarded due to signal
clipping, but this was not a serious concern because the
water ram was operated continuously and the experiment
could be repeated any number of times. The oscilloscope
was connected to a laptop with an USB cable. The test
stand supported pressure measurements directly from the
oscilloscope and indirectly via the computer.
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were as follows: height of the head of the impulse valve (5)
relative to ground level – 0.2 [m]; height of the pressure
transducer in the working zone (4) relative to ground level
– 0.3 [m], height of the pressure transducer in the pressure
zone (8) relative to ground level – 0.44 [m].
All systems were checked and the oscilloscope was
calibrated before the measurements. The time base was set
at 2 [s], and the sensitivity of both channels was 0.1
[V/div]. In the first stage, water was emptied from the
delivery pipe (9) and the water ram. The supply pipe (2)
was filled with water. Next, the pressure transducer was
activated, and the main supply valve was opened. The
changes in static pressure in the working zone (marked as
1) and the pressure zone (marked as 2) are presented in
figure 4.
The segment between points 0 and 1 denotes the period
of time between the activation of the pressure sensor and
valve (3) opening. In the segment marked by points 1–2, a
minor increase in pressure was observed after valve opening when water filled the space between the main valve (3)
and the impulse valve (5). Pressure increased rapidly at
point 2 when water reached the impulse valve and when
local pressure losses were observed. These losses resulted
from changes in the direction of water flow (the water
stream was additionally separated inside the valve by
guides that controlled the closing element) and by increased
friction among the fluid, the valve head and the closing
element. The loss of pressure also resulted from disturbances in the velocity field, which increased the local shear
rate and intensified viscosity effects. Inflowing water lifts
the closing element of the impulse valve (6), which is
denoted by the segment between points 2 and 3. In this
area, pressure increased at a much slower rate (previous
studies demonstrated that the closing time of the closing

3. Results and discussion
3.1 Filling the installation with water – 6 [mm]
delivery pipe
In the installation presented in this paper, the height of the
water supply source is hs ¼ 3:2 [m] and the height of the
outflow is hc ¼ 8 [m]. The results produced in the
remaining configurations are qualitatively identical; therefore, they are not described. The remaining parameters

Figure 4. Changes in pressure when the installation was filled
with water (6 [mm] delivery pipe).
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element of the impulse valve was relatively long) and
peaked at point 3. This point is interpreted as the moment at
which the impulse valve is completely closed, which prevents water from flowing out into the surroundings. The
pressure valve (6) opened at point 1 (or, to be more precise,
somewhere between points 1 and 2) because water had not
yet reached zone B above the pressure valve and additional
forces, which maintained the valve in a closed state, did not
act on the valve’s closing element. The pressure zone is
gradually filled with water, as shown by the regular
increase in pressure recorded by the top sensor in segments
1–3. The pressure zone was filled with water up to point 4,
after which water began to fill the delivery pipe. The initial
segment of the delivery pipe (9a) was tilted downwards,
and water flowed down gravitationally. This led to a pressure drop between points 4 and 5 in the top segment of the
pipe. By the same token, when water filled the curved
segment of the delivery pipe (9c), pressure increased in the
pressure zone (segments 5–6 in the top segment of the
pipe). Similar changes in pressure were registered by the
bottom sensor. The delivery pipe had a small diameter;
therefore, it was rapidly filled with water, and successive
stages of that process were not clearly identified (e.g. filling
of section (9b)). The vertical section of the delivery pipe
(9d) was filled with water in the segment between points 6
and 7. In the last stage, changes in pressure were very
small, and they could not be distinguished in every registered run. This observation was made while monitoring
oscilloscope readings and the height of the water column
inside the delivery pipe (made of transparent material).
When the system is filled with water (with the ram pump
switched off), it has a U-pipe topology; therefore, the
pressure measured by both sensors is nearly identical.
pz
Minor variations in pressure, i.e. pwz
7  p7  0:11 [mH2O],
resulted from differences in sensor height, which were
determined at 0.14 [m]. The difference in pressure (approximately 0.03 [mH2O]) can be attributed to the low
accuracy of sensor height measurements and pressure
measurements within the range of values presented in figure 4. Pressure read-outs in every stage of system filling are
presented in table 1. Based on the height of electronic
pressure transducers in the working zone (0.3 [m]) and the
pressure zone (0.44 [m]), the height of the water column
was determined at 3.26 [m] at point 8 on the supply side
and at 3.29 [m] on the delivery side. These values correspond to the height of the water supply source (hs ) with an
error of 0.1 [m].

3.2 Filling the installation with water – 19 [mm]
delivery pipe
The described experiment was repeated using a delivery
pipe with a larger diameter of 19 [mm]. The preliminary
steps and analytical procedures were identical. Exemplary
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pressure measurements are presented in figure 5. Pressure
measurements at characteristic points are given in table 2.
The sequence of events was qualitatively similar to
that described in the previous subsection, but the delivery
pipe was filled with water at a much slower rate. Due to
differences in the cross-sectional area of the tested
delivery pipes (A19/A6 = 10.03), the same amount of
water filled different sections of the compared pipes,
which prolonged stages 4–5, 5–6 and 6–7. The initial
stages were identical.
Installation filling time was clearly longer than in the
previous experiment, which also prolonged the movement
of water in the delivery pipe. Pressure losses (linear and
local) were more noticeable in this scenario. During
water flow, the pressure registered by the bottom sensor
(hz ) was lower than the pressure registered by the top
wz
sensor (hs ). The difference (Dhs ¼ pwz
8  p7 ) reached
0.32 [m], and it disappeared in sections 7–8, where water
flow was gradually slowed down (which eliminated the
differences in effective head) as the system regained
equilibrium. Pressure losses were also noted in the previous experiment, but they were difficult to observe
because changes in head in the delivery system proceeded much more rapidly.
Linear and local losses between the water source and
point 7 were measured during system filling to determine
whether the difference in effective head Dhs (figure 5)
can result from hydraulic loss. The average flow rate was
estimated at 0.0001 [m3/s] based on system filling time
and pipe volume. It was assumed that the flow rate was
constant during system filling. This is a gross oversimplification, but non-stationary phenomena would be very
difficult to take into account in the analysed system.
p4 ﬃﬃﬃﬃ
Linear losses (k) were calculated using formula k ¼ 0:3164
Re
[15] on the assumption that the drive pipe and the
delivery pipe are straight lines. In reality, the pipes
featured several bends (such as section (9c)), but their
radii were large relative to the pipe diameter. Local
losses (n) were calculated according to the procedure
described by [27], excluding the local losses for axial
check valves, which were determined with the use of the
method proposed by [28]. Data for measurements, linear
losses (hk ) and local losses (hf ) are presented in table 3.
Symbols l, d, c and Re denote the length of the straight
pipe section, pipe diameter, average water flow rate in
the pipe and the Reynolds number, respectively. The loss
of effective head in the pipe is presented in figure 6.
Total loss is estimated at 0.353 [m], and it is similar to
the difference in head Dhs in figure 5. The obtained
results seem to validate the proposed interpretation.
However, it should be noted that the presented solution
relies on a significant oversimplification. Losses cannot
be accurately determined based on the formulas found in
the literature, and the results are significantly influenced
by the method of determining loss factors.
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Table 1. Parameters measured at characteristic points in a water ram with a 6 [mm] delivery pipe.
Amplitude [V]

Pressure [kPa]

Pressure [mH2O]

Point

Working zone

Pressure zone

Working zone

Pressure zone

Working zone

Pressure zone

Time [s]

0
1
2
3
4
5
6
7
8

0.0
2.0
9.0
15.0
14.5
14.0
14.5
14.5
14.5

0.0
0.0
1.0
13.0
14.0
12.5
13.5
14.0
14.0

0
4
18
30
29
28
29
29
29

0
0
2
26
28
25
27
28
28

0
0.41
1.83
3.06
2.96
2.85
2.96
2.96
2.96

0
0
0.2
2.65
2.85
2.55
2.75
2.85
2.85

0
1.6
1.64
3.2
3.6
4.6
5.6
7.6
18.8

Figure 5. Changes in pressure during the start-up of a water ram
with a 19 [mm] delivery pipe.

3.3 Start-up test with a 6 [mm] delivery pipe
The system’s behaviour during start-up was evaluated in
the next stage of the study. The start-up procedure was

investigated with the two previously described configurations of measuring instruments.
The system was prepared for the test (i.e., the drive pipe
and the delivery pipe were filled with water, all measuring
instruments were checked), pressure transducers were
activated and the main valve (3) was opened (figure 3).
This section is represented by segment 0–1 in figure 7.
Immediately after opening the valve (3), the ram pump was
activated by pressing the closing element of the impulse
valve. The closing element was pressed at intervals of
approximately 1 [s]. In the diagram, the moments when the
closing element was pressed are denoted by points 2, 3, 4,
5, 6, etc. The water ram was not activated autonomously
until point 7. It should be noted that every time the closing
element of the valve is pressed (manually induced water
hammer), small amounts of water enter the pressure zone
and gradually fill the delivery pipe. Delivery head increased
after every water hammer, which increased hydrostatic
pressure acting on the top surface of the closing element of
the pressure valve during backflow. During this stage,
hydrostatic pressure reached a level (table 4) at which
negative pressure was produced inside the air chamber. The
impulse valve was opened, and a new working cycle was
initiated. The water ram was activated with an estimated
frequency of 3.9 [Hz]. The activation of the water ram is

Table 2. Parameters measured at characteristic points in a water ram with a 19 [mm] delivery pipe.
Amplitude [V]

Pressure [mH2O]

Pressure [kPa]

Point

Working zone

Pressure zone

Working zone

0
1
2
3
4
5
6
7
8

0.0
1.0
7.5
13.0
12.5
12.5
12.5
12.5
14.0

0.0
0.0
0.5
4.0
6.5
6.0
6.5
8.0
13.5

0
2
15
26
25
25
25
25
29

0
0
1
8
13
12
13
16
27

Working zone

Pressure zone

Time [s]

0
0.2
1.53
2.65
2.55
2.55
2.55
2.55
2.96

0
0
0.1
0.82
1.33
1.22
1.33
1.63
2.75

0
1.16
1.2
1.8
3.2
4.4
5.2
13.2
18.8
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Table 3. Loss of effective head – parameters and results.

No.
1
2
3
4
5
6
7
8
9
10
11
12

Type of loss
Inlet with bevelled edges
Drive pipe
Sudden decrease in cross-section
Straight pipe section
Pipe bend
Straight pipe section
Axial check valve
Straight pipe section
Pipe bend
Straight pipe section
Sudden increase in cross-section
Delivery pipe
Total loss

l
[m]

d
[m]

c
[m/s]

Re [–]

5

0.025

0.2037

5063

0.2

0.0128

0.7771

9888

0.1

0.0128

0.7771

9888

0.1

0.0128

0.7771

9888

0.2

0.0128

0.7771

9888

5.3

0.019

0.3527

6661

n
[–]

k
[–]

hf
[m]

0.0375

0.015868

0.0317

0.015260

0.0317

0.007630

0.0317

0.007630

0.0317

0.015260

0.0350

0.061941
0.1236

0.250

hk
[m]
0.00053

0.414

0.01274

1.760

0.05416

3.200

0.09850

1.760

0.05416

1.448

0.00918
0.2293

Figure 6. Loss of effective head in the system.

marked by point 8 in figure 6. The increase in pressure in
the delivery system is influenced by the delivery head (hc ).
In the analysed case, hp was approximately 0.56 [m]
higher than supply head (hs ) (3.2 [m]). When delivery head
is lower, backflow is limited by flow resistance. Dynamic
effects in the system are also reduced by the air cushion in
the pressure zone. The water ram is activated only when a
certain level of pressure is attained in the delivery system.

3.4 Start-up test with a 19 [mm] delivery pipe
The preparatory stage was identical to the previous start-up
test. The moment when the closing element of the impulse
valve is pressed for the first time is marked by point 2 in
figure 8. The closing element is then pressed at intervals of
approximately 1 [s], and these moments are denoted by
points 2–3–4–5–6–7. The time base in figure 7 is relatively

Figure 7. Changes in pressure during the start-up of a water ram
with a 6 [mm] delivery pipe.

long (5 s), which is why the maximum values corresponding to water hammer are not shown in the majority of
cases (excluding point 5). It should be noted that every
manually induced hammer head opens the pressure valve,
and a small amount of water enters the pressure zone. This
increased delivery head and pressure inside the delivery
pipe. Successive pressure increments in the delivery system
were recorded by the sensor (8). Pressure in the delivery
system changed irregularly (in a quasi-sinusoidal manner),
in rhythm with the water hammer. These changes resulted
from fluctuations in delivery head and interactions with the
air cushion in the delivery system.
The water ram was not autonomously activated until
point 8. The second water hammer occurred (point 10)
when the closing element of the valve was pressed (point

25
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Table 4. Pressure in the pressure zone at point 8 of the 6 [mm] delivery pipe at which the water ram was activated.
Point

Amplitude [V/div]

Pressure [Pa]

Pressure [mH2O]

Delivery head from ground level [m]

8

0.368

36842.11

3.76

4.2

Figure 8. Changes in pressure during the start-up of a water ram with a 19 [mm] delivery pipe.

9). This phenomenon was repeated several times. The
second water hammer was caused by backflow in the
delivery pipe, and this process was described in the Introduction section. This phenomenon is essential for the
autonomous start-up of a water ram. Water flowing in the
direction of the supply source (segments E–F in figure 2)
produced negative pressure (after the closure of the pressure valve) (segments F–G in figure 2) in the working zone,
leading to the impulse valve. As a result, the closing element of the impulse valve was sucked in, and it moved
downwards to initiate the next working cycle. When pressure increased in the delivery system (accompanied by a
further increase in delivery head), a manually initiated
water hammer caused two, and then three secondary shock
waves (section between points 12 and 13). The first
autonomous start-up attempt is represented by point 13.
One manually initiated water hammer caused several secondary pressure waves. These waves were irregular, and
they quickly abated. A second manual start-up was required
(point 14 in table 5) to activate the water ram. The pump
began to operate in continuous mode with an amplitude of
around 3.5 pulses per second. Pressure continued to
increase in the delivery system until the water column
reached the height of the water tank (hc ). Past that point,
pressure in zone B was stabilized.
A comparison of hp values in the analysed scenarios
indicates that delivery head, the parameter that initiates the

autonomous start-up of a water ram, is clearly smaller for
the delivery pipe with a diameter of 19 [mm]. This can be
attributed to greater flow resistance in a pipe with a smaller
diameter (on the assumption that flow rates are similar).
This observation indicates that a water ram is activated
when effective head in the delivery pipe exceeds effective
head in the drive pipe by the value of the loss resulting from
backflow in the delivery pipe, the ram pump and the drive
pipe. The number of times that the closing element of the
impulse valve has to be pressed to activate the water ram
increases with an increase in the diameter of the delivery
pipe.

3.5 Start-up test of a water ram
In the preceding subsections, the procedure of starting up a
water ram was described with an empty delivery pipe. In
this section, the start-up test conducted with the delivery
pipe completely filled with water is described. In figure 9,
supply head hs and delivery head hc are determined at 3.9
and 13.3 [m], respectively. The start-up test was conducted
with the use of the GW Instek GDS -1052-U oscilloscope
with a time base of 250 [ms] and sensitivity of 0.1 [V/div].
The change in pressure resulting from a manually initiated pause in water supply is presented in figure 9. The
point at which the main valve (3, figure 3) is closed is
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Table 5. Pressure in the pressure zone at point 14 of the 19 [mm] delivery pipe at which the water ram was activated.
Point

Amplitude [V]

Pressure [Pa]

Pressure [mH2O]

Delivery head relative to ground level [m]

14

0.333

33333.33

3.40

3.84

Figure 9. Changes in pressure in a paused and restarted water ram with a delivery pipe with a diameter of (a) 6 [mm] and (b) 19 [mm].

marked by number 2 (figure 9). The water ram was operating normally before point 2. When water supply was
turned off, the water ram completed the current working
cycle, but a new cycle was not initiated. When valve (3)
was opened, water entered the system at point 4, and the
pump resumed its operation without the need for additional
action. These results indicate that regardless of the diameter
of the delivery pipe, a water ram will always resume its
operation, provided that the delivery pipe is filled with
water. Identical results were obtained for other tested
configurations of hs and hc , which are not described in the
paper.

4. Conclusions
The conducted measurements and the analysis of the
obtained results support the formulation of the following
conclusions:
• When a water ram is filled with water, its supply and
delivery systems form a system of communicating
vessels.
• The diameter of the delivery pipe is an important
parameter during start-up. Water rams with a thinner
delivery pipe require shorter start-up (fewer attempts
are needed to initiate a working cycle).

• A paused water ram can be restarted under any
conditions, provided that the delivery pipe is filled
with water to the required height.
• For a water ram to be autonomously activated, the
difference between effective head in the delivery pipe
and the drive pipe should exceed the losses that are
sustained during the filling of the installation.
• The arrangement of the delivery pipe significantly
affects pressure inside the water ram during filling.
• The results of this study indicate that water rams
can operate autonomously under variable conditions (when water appears periodically in the
supply source). This is a useful observation for
designing non-standard systems where the amount
of supplied water is determined by, for example,
precipitation levels. Such systems are not described
in the article, but they have many potential
applications, including for draining water from
rainwater pipes.
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