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1. Introduction

Hydraulic Ram pump is a device which works without any external energy, and uses to pump water to a
considerable height by using renewable energy of water hammer. Mechanism of ram pump cycle produces
the water hammer phenomenon and managements of its energy for pumping water. Simple and inexpensive
system, use of renewable energy and environmental sustainability, extended the hydraulic ram pump system
in third world countries especially. The ram pump system has different component. The supply source of
water including springs, rivers and natural streams, drive pipe with definite length and diameter and it has
the task of transferring water from the supply source to the ram pump device, set of the ram pump consists
two movable valves (impulse valve and delivery valve) and an air chamber. The delivery pipe has the task of
transferring the pumping water to the tank storage. The ram pump performance is such that after doing the
alternative cycle, a portion of input discharge is pumped to the delivery head.

The ram pump cycle was divided into seven to two phases by different researchers. In this study, the cycle
of ram pump was divided into the three phases of acceleration, pumping, and recoil. Acceleration of water in
the drive pipe occurs when the impulse valve is open and the delivery valve is closed. The impulse valve is
open due to spring load or dead weight of valve. At a certain critical velocity, the impulse valve is closed due
to flow force overcoming the force of spring load or dead weight. Water hammer occurs when the impulse
valve is closed. Pumping now takes place as shock waves induced by water hammer passing up and down the
drive pipe at the speed of pressure wave; the delivery valve is opened in response to each pressure pulse.
Recoil, the reversal of flow in the drive pipe, occurs at the end of the pumping stage after becoming closed the
delivery valve. The suction resulting from the recoil causes the impulse valve to open and the cycle is ready to
begin again. In a ram pump, a part of input discharge is wasted from impulse valve in the acceleration phase,
and another part of it is delivered in the pumping phase. The waste water of the impulse valve due to the
installation of the ram pump in the vicinity of the springs is returned to its original path as the downstream
discharge. In this study, an analytical model was presented to predict the ram pump performance after
divided ram cycle into the three parts, and the governing equations on the pumping phase were modified.
There are empirical factors in the proposed model such as drag coefficient and friction coefficient of impulse
valve that are measured experimentally. After presenting analytical model, the experimental observations
and statistical analysis were used to compare the results of the proposed analytical model with other
analytical models.

2. Methodology

In this study, after dividing ram pump cycle into the three phases including accelerations, pumping and
recoil, the governing equations on each phase were presented based on method of characteristics. Then, by
developing an experimental model and conducting the experiments on the 51mm ram pump, the quantities of
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pumping and wasting discharge and frequency of impulse valve (number of opening and closing the disc of
impulse valve per minute) were recorded. In the tests, the supply head was 2.81 m, length and diameter of
drive pipe were 16.67 m and 0.051 m, respectively, the critical velocity of closure the impulse valve was 1.37
m/s, and the delivery head was adjusted to be various by control valve. The delivery head was recorded by
pressure gauge that was installed on top of the air chamber.

In order to compare predict results of analytical model and experimental observations, the dimensionless
parameters were used. In general, all dependent parameters include relative pumping discharge (q/Qr),
relative wasting discharge (Q/Qr), impulse valve parameter (nD/uc) and pump efficiency (1), and effective
independent parameters of length to diameter ratio (L/D) and pressure head ratio (h/hm) were used in order
to compare the results.

The error functions used in the present study to evaluate the results of the proposed model include the
average percentage error, root mean square error, correlation coefficient, standard error estimates and
modeling efficiency. The gradient of regression line (m) between results and experimental observations was
calculated for evaluating the performance of the equations in a way that the intercept elevations of them
become zero. It is worth noting if the value m is close to one, the predicted results are close to the
experimental observations.

3. Results and discussion

In the proposed analytical model in this study, the governing equations on the pumping phase were
modified and the loss of velocity due to changing pressure pulses in this phase of cycle was considered
nonlinear according the theory of nonlinear closing of impulse valve at end of acceleration phase of cycle. On
the other hand, Lansford and Dugan (1941) considered the loss of velocity in the pumping phase to be linear
according the theory of linear closing of impulse valve. The loss of velocity in pumping phase considered
rapidly according theory of rapidly closing of impulse valve in the Tacke (1988) study. Details of pumping
phase of ram pump cycle in the present study and other researchers are showed in figure 1.
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Fig 1. Detalil of velocity-time diagram of flow in drive pipe

The results of this study were presented in this section. The results of prediction values by modified
model were compared by experimental observation for depending parameters and the error functions were
determined and summarized in Table 1.

Statistical analysis of error functions due to the prediction of experimental values by produced model
showed that the proposed model predicted the relative pumping values by root mean square error of 0.0038.
Also, the evaluation of the gradient of regression line between the calculated results and experimental
observations showed that this model predicted relative pumping discharge 7.84 percent more than the
experimental observation. On the other hand, the proposed model had root mean square error of 0.0038 and
0.0034 to estimate the relative wasting discharge and impulse valve parameters, respectively. The evaluation
of the gradient of regression line between calculated results and experimental observations showed that the
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proposed model predicted the relative wasting discharge 0.49 percent less than the experimental
observations. Similarly, the analytical model predicted the impulse valve parameter 4.31 percent more than
the experimental observations. The other error functions in table 1 showed that the proposed model, called
modified model of hydraulic ram pump performance, can be used to design the ram pump in height accuracy.
In order to validate the proposed analytical model in versus analytical models of Lansford and Dugan (1941)
and Tacke (1988), parameters of efficiency were selected. Therefore, whit predicting these parameters by
various analytical model that are used in this study and by comparing it by experimental observation, the
error functions were determined. The error functions were used to judge the selection best model in the
predicting the ram pump efficiency. The error functions based on prediction parameter of n by various
models were summarized in table 2.

Tablel. The brief results of error functions based on the proposed model

Parameter MPE RMSE ME EF R? m
q/Qr -4.539 0.0038 0.0052 0.9527 0.9931 1.0784
Q/Qr -0.0855 0.0034 0.0043 -13.74 -0.2156 1.0431
nD/uo 4.72 0.0038 0.0148 0.9527 0.9413 0.9951

Table2. The brief results of error functions based on prediction parameter of q/Qr

Researchers MPE RMSE ME EF m
Lansford and Dugan (1941) 1.32 8.07 11.04 0.1412 0.9556
Tacke (1988) 18.67 10.20 3.69 0.1173 1.1554
Present study (2016) -4.55 6.92 2.32 0.9124 0.9841

According results of table 2, the model of Lansford and Dugan (1941) can propose the relative pumping
discharge better than the Tacke (1988) theory. In general, the result of proposed model has height accuracy
in comparing the other analytical model. Therefore, the proposed model in this study is suggested to predict
and to design the hydraulic ram pump system.

4., Conclusions

In this study, an analytical model of the hydraulic ram pump performance was presented. For this
purpose, by dividing ram pump cycle into the three phases of acceleration, pumping, and recoil, the governing
equations of each phase of the cycle were presented using method of characteristics. Then, by making
experimental model and executing experiments on the 51 mm ram pump, the suggested analytical model was
evaluated using statistical analysis. In governing analytical model on this study, the effect of disc elasticity of
impulse valve and changing volume of ram pump body were considered. In addition, by using the theory of
nonlinear closing of impulse valve, the loss of velocity in the pumping phase was considered to be nonlinear.
On the other hand, in order to validate the proposed model, the analytical model of Lansford and Dugan
(1941) that were used linear closing theory of impulse valve, and the analytical model of Tacke (1988) that
was used rapidly closing theory of impulse vale were applied in this study. Statistical analysis and
comparison of the results showed that the nonlinear loss of velocity in the pumping phase was caused to
increase the accuracy of model in predicted of relative pumping discharge in compare with theory of linear
and rapidly closing of impulse valve.
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