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Abstract: Water pumps, which usually require fuels or power, are for
carrying water from water sources to a facility, generally a household or a
farm in the countryside. The present study consists of conducting an
experimental validation of a mathematical model that was developed in a
previous work for simulating the functioning of a new form of the hydraulic
ram pump, also known as the hydram pump. This new configuration differs
from the conventional ones in that a springs system is incorporated. As this
type of pump uses only water energy to operate, thanks to an overpressure
called the «water hammer» phenomenon, the experiment could be carried
out on a small scale in Antananarivo, Madagascar. Hence, this paper opens
new research perspectives on the hydram pump. The recalibration of the
model according to its experimental validation allows the dimensioning of
any system, in any field, using this type of water pump.
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Introduction

The hydraulic ram pump can carry up water over a
certain height between the watercourse and end-users
(Sengupta and Narula, 2013). But unlike other water
pumps, the hydram pump uses only water energy to
operate. This is possible due to an overpressure called «
water hammer » phenomenon. It results from the sudden
stop of moving water having taken a certain velocity
through a supply pipe. Although it could be harmful to
pipelines, the overpressure pushes up water through a
delivery pipe. Joseph Michel Montgolfier invented the
hydram pump for the first time by the end of the 18th
century (Maratos, 2003). Numerous studies were carried
out to understand and simulate the functioning of a
hydram pump (Sheikh et al., 2013; Inthachot et al.,
2015; Deo et al, 2016; Hussin et al, 2017).
Nevertheless, the pump studied in the present work is
different from the others as a springs system equips both
the waste valve and the delivery valve. Moreover, 4
springs connected to a valve replace the air chamber
generally seen in conventional hydram pumps. At our
state of knowledge, a scientific experimental study of
this pump named the RASETA pump (Rasetarivelo,
2004) has never been done anteriorly.

This paper presents the experimental validation of a
mathematical model that was developed in a previous
study (Rajaonison and Rakotondramiarana, 2019) for
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simulating the operation of a hydram pump equipped
with a springs system. More precisely, the model
underwent a global sensitivity analysis based on a derived
method Fourier Amplitude Sensitivity Test (FAST) for
ranking in downward order the main effects and the
second interaction effects of the various model parameters
(Rakotondramiarana and Andriamamonjy, 2013). As a
result, the most sensitive parameter of the studied model
is the pump waste valve stroke (Rajaonison and
Rakotondramiarana, 2019). Consequently, this paper
focuses on the change of the pumped water flow while
experimentally varying the pump waste valve stroke and
keeping constant the other parameters involved in the
operation of the pump as listed in (Rajaonison and
Rakotondramiarana, 2019). Finally, the model is
recalibrated according to the experimental data.

Materials and Methods
Materials

The experimental pump (Fig. 1) is made of plumbing
components that can be locally found in specialized
stores in Antananarivo, Madagascar. The dimension of
each plumbing component is 3/4".

Those components are one stop-valve, one modified
brass foot-valve with a stainless steel filter as the waste
valve, one brass spring-loaded check valve as the
delivery valve, two brass T-screw connections, one brass
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elbow screw connection, one steel balloon with only one
spring instead of four, eight brass pipe fitting nipples to
connect the different components and one brass
reduction connection at the pump outlet.

A thread seal tape is used to avoid water leakage due
to connections.

The operation of the studied pump follows a cycle of 6
periods (Lansford and Dugan, 1941): The first period is
the beginning until the complete closing of the waste
valve by moving up. In the second period, the waste
valve is fully closed and the delivery valve opens. After
that, the delivery valve stays open in the third period.
Follows the fourth period during which the delivery
valve closes and the waste valve begins to open by
moving down. Afterward, the fifth period is the time
between the opening of the waste valve and the water loss
start. Finally, during the sixth period, water losses initiate
and the waste valve begins to close. As soon as this last
period ends, the cycle starts again.

The studied pump (Fig. 1) is placed in an
experimental pumping system as shown in Fig. 2. During
the process of this pumping system, the experimental
pump is fed through a supply pipe in polypropylene by a
water source, which is a 20-liter-reservoir lifted to a
height called supply height (Fig. 2). After the pump
operation, as previously described, the pumped water is
carried up to a height named delivery height through a
delivery pipe in polypropylene, too (Fig. 2).

Experimental Setup

All data were processed with Matlab software
(Matlab R2010a, 2010).

Hydram pump

Before the experiment, the friction constant of the
delivery valve was computed according to Lansford and
Dugan (1941).

Precisely, the values of the delivery valve head loss
were plotted (y-axis) versus water velocity (x-axis) to
multiply by two times the gravity acceleration, the slope
of the straight line that best fits the curve.

Fig. 1: Experimental pump; 1: supply pipe; 2: stop valve; 3:
waste valve; 4: delivery valve; 5: balloon with spring;
6: delivery pipe
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Fig. 2: Experimental pumping system
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Fig. 3: Head loss at the delivery valve according to the water velocity

Table 1: Parameters of the experimental pump

Parameters Value Unit
Thickness of the disk of the waste valve 0.001 m
Modulus of elasticity or Young's modulus of the supply pipe 5E+08 N.m-2
Delivery height 4.89 m
Supply height 2.36 m
Spring stiffness constant of the waste valve 192.4 N.m
Spring stiffness constant of the delivery valve 387.1 N.m
Stiffness of each spring in the spring balloon 434.14 N.m
Modulus of elasticity of water 2.15E+09 N.m-2
Head loss coefficient of the delivery valve 7.4 -
Length of the supply pipe from the supply tank to the center of the waste valve 5.11 m
Length of the supply pipe from the source to the center of the delivery valve 5.17 m
Length of the delivery pipe 6.72 m
Friction constant of the delivery valve 7.77 m.s™t
Weight of the moving part of the waste valve 0.0388 kg
Weight of the disc in the balloon 0.280 kg
Radius of the supply pipe 0.011 m
Radius of the delivery pipe 0.0065 m
Radius of the shrunk pipe 0.01 m
Radius of the disc in the balloon 0.024 m
Radius of the disc of the delivery valve 0.01 m
Radius of the disk of the waste valve 0.015 m
Length of the delivery valve stroke 0.006 m
Length of the balloon membrane stroke 0.085 m
Inclination angle of the pump from the horizontal 0 °
Thickness of the supply pipe 0.001 m
Water density 1000 kg.m-3
Roughness of the supply pipe 0.000006 m
Roughness of the delivery pipe 0.000006 m
The angle at the enlargement 0 °
Poisson’s ratio of the supply pipe material 0.46 -

The solid angle in the shrinkage 0 °
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The determination of the friction constant was done
numerically. Therefore, obtained from Equation (1), the
head losses of the delivery valve were plotted, as shown in
Fig. 3, as a function of water velocity chosen randomly:

V2

H, =K, 2 (@)
Where:
Hyv = The singular head loss due to the delivery valve (m)
Ks = The singular head loss coefficient of the delivery

valve given by the manufacturer (dimensionless)
V = The water velocity (m.s™)
g = The acceleration of gravity (9.81 m.s™?)

Hence, the friction constant of the delivery valve is
7.77ms™,

The other parameters of the model (Rajaonison and
Rakotondramiarana, 2019) that characterize the
experimental hydram pump are listed in Table 1.

The pumped water flow was measured for each change
of the waste valve stroke, in steps of 0.0005 m, ranging
from 0.002 to 0.008 m. This last value is the maximum
that the experimental pump can reach. First, an amount of
pumped water was collected during a certain time
measured with an electronic chronometer. After that, the
collected water was weighed with an electronic scale.
Besides, each value of the pumped water flow was
obtained by dividing the amount of water collected with
the duration assigned to it. Each measurement of the
amount of water was done in approximately the same
duration. Furthermore, the reservoir was not entirely
emptied but completely refilled after each measurement.

Results and Discussion

The results of the experiment by varying the waste
valve stroke are given in Table 2.

Table 2: Experimental and theoretical results of the experiment

It can be seen that the experimental pumped water
flow (Table 2 third column) does not correspond to the
one given by the model (Table 2 fourth column) for the
same value of the input parameter (Table 2 first column).
However, the model output (Table 2 fifth column) can
match the experimental output if the waste valve stroke
is adjusted (Table 2 second column). Thus, a
recalibration of the considered model seems necessary.
That implies the experimental (Table 2 first column) and
the adjusted (Table 2 second column) values of the waste
valve stroke. The objective of such recalibration is to
have the pumped water flow values given by the model
best approach those obtained experimentally.

Model Recalibration

First, the singular values of the experimental data
(Table 2 first column) are determined by a Gaussian
Process framework for the analysis of Experimental Data
(GPExp) (Rasmussen and Williams, 2017). More
precisely, it is a free access Matlab coded tool that can
analyze the experimental data by using Gaussian
processes’ regression (GP regression) to find data
outliers. This could be done owing to the variation of the
GP regression function variance with the data density
and with the noise (e.g., the uncertainties in the
measurements and/or the influence of external
perturbations) added to the simulated data (Quoilin and
Schrouff, 2016). Therefore, this tool helps determine the
quality of outputs (waste valve stroke adjusted values,
Table 2 second column) regarding the inputs (waste valve
stroke experimental values, Table 2 first column) and can
detect which input data points are likely to be outliers
(Quoilin and Schrouff, 2016).

The experimental input and output data matrix are
implemented in GPEXp, in the form of a .csv file, a .mat
file, or an Excel file. After running the tool, the results
are illustrated in Fig. 4.

Input parameter,
So: waste valve stroke (m)

Output parameter, Pumped water flow (L.s™)

Experimental value Adjusted value

Experimental value

Model output without
adjusted waste valve stroke

Model output with adjusted
waste valve stroke

0.002 0.002354 0.00402
0.0025 0.002513 0.00559
0.003 0.004016 0.01665
0.0035 0.004565 0.02070
0.004 0.004499 0.02024
0.0045 0.004672 0.02163
0.005 0.004459 0.01995
0.0055 0.004741 0.02333
0.006 0.004727 0.02313
0.0065 0.004762 0.02362
0.007 0.004682 0.02251
0.0075 0.005148 0.02914
0.008 0.004673 0.02212

0.00060 0.00402
0.00547 0.00559
0.01001 0.01665
0.01244 0.02070
0.01653 0.02024
0.02025 0.02145
0.02698 0.01995
0.03509 0.02333
0 0.02313
0 0.02362
0 0.02251
0 0.02914
0 0.02238
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Fig. 4: Gaussian analysis of experimental data

Table 3: Experimental and model-computed values of pumped
water flow after recalibration

Input parameter, Output parameter,
So: waste valve stroke (m) Pumped water flow (L.s™)
Experimental value Model-recalibrated value

0.002 0.00637
0.003 0.01566
0.0035 0.02051
0.004 0.02051
0.0045 0.02080
0.005 0.02109
0.0055 0.02138
0.006 0.02284
0.0065 0.02344
0.007 0.02405
0.0075 0.02466
0.008 0.02529

As can be seen from Fig. 4, the data point with the
highest probability to be an outlier is the second
experimental one. In the first column of Table 2, it
corresponds to the value of the waste valve stroke equal
to 0.0025 m. Then, this value was not considered to have
a good adjustment.

Matlab Isgcurvefit function, which can solve
nonlinear data-fitting problems in a least-squares sense
(Matlab R2010a, 2010), was used to recalibrate the
model. It was found that the waste valve stroke has two
fitting curves that best fit the data. The first curve is in
the form of an ax®-equation for a waste valve stroke less
or equal to 0.0035 m and the second one is an
exponential function in the form of aexp® for a waste
valve stroke between 0.0035 and 0.008 m.
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According to Equation (2), the recalibration of the
model by the waste valve stroke is such that, for an input
value, the model will adjust it as follows:

1.2964 S, if S, < 0.0035m

% _{4.2172*10‘3exp(18.2622 S,) if 0.0035< S, <0.008 @)
where, Sq is the waste valve stroke (m).

Table 3 presents the results obtained after resetting
the considered model.

After model recalibration, the values of the pumped
water flow given by the model as shown in Table 3
second column fit well those obtained experimentally as
presented in Table 2 third column.

For fully validating the model, the determination
coefficient R?, which involves the experimental values
(Table 2 third column), the computed ones (Table 3
second column) and the mean of the experimental ones,
was computed. This coefficient contributes to highlighting
the quality of a model based on the analysis of the
variance of two variables, the experimental (the target)
and computed (the predicted) values. R? shows the
correlation between the variables. Indeed, the variance of
one variable is partly explained by the values taken by the
second one. In other words, this coefficient shows that the
variations of one variable depend on the variations of the
second one (Bailly and Carrére, 2015). Therefore, the
determination coefficient of the studied data is equal to
0.8857. As this value is close to one, it can be asserted that
the model is close to reality (Bailly and Carrére, 2015).
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Despite a slight adjustment of the input parameter
waste valve stroke, the value of pumped water flow
simulated by the model is generally near to the
experimental one. Consequently, perspectives for future
uses of the proposed mathematical model of the
operation of the hydraulic ram pump with a springs
system are now possible such as for the simulation of a
full-scale water supply. Nevertheless, only one
parameter out of thirty-one was adjusted.

Conclusion

This paper paves the way for advancements that
could be done on a new type of hydram pump, the
RASETA pump. This hydram pump is different from the
conventional ones as springs are put to the waste valve,
the delivery valve and the balloon usually filled with air.
Following the development of a mathematical model of
this new hydram pump type operation, the experimental
validation of such a model allows future uses of it.
Hence, the sizing of any system using this type of pump
in any field is now possible.

However, it should be noted that the adjustment of
the pump waste valve stroke was only for values less or
equal to 0.008 m. Thus, beyond this range, it will be
necessary to make another adjustment of the parameter.
Besides, only the most sensitive parameter of the model
was adjusted. Consequently, for a better recalibration of
the model, the other parameters should be adjusted
which could be interesting future research on this
hydraulic ram pump with a springs system.
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