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Abstract 

This paper deals with the determination and analysis of the design and performance parameters of spring loaded 

poppet valves when used as foot valves in low frequency sonic pumps. Three typical sizes of poppet valves namely 

1.5″, 2″, and 3″ were investigated. The mass of the valve, valve spring constant, and valve spring preload were 

determined by using specially designed setup. The valves spring constant and spring preload were obtained from the 

trend line equations of the graphs “spring force vs. spring deflection”. The valve and valve body geometrical 

dimensions were also measured and the valve inlet area, maximum stroke limited area, and valve body limited area 

were calculated. The analysis of the areas of the 1.5″ valves revealed that the most critical area in terms of head 

losses is the maximum stroke limited area. It was also found that for the 2″ and 3″ poppet valves the valve body 

limited area is the critical one, provided that the valves are fully opened. It was established by experiments that an 

increase in the valve stroke caused a non-linear increase of the pump flow rate, while an increase in valve diameter 

contributed linearly to the increase in the flow rate. For better prediction of the theoretical flow rates when valves 

are partially opened it was recommended to investigate the dependence of valve displacement upon the resonance 

acceleration of the pipe oscillating system.  
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I�TRODUCTIO� 

Sonic pumps, also known as resonance pumps, were 

mainly used in the oil industry for pumping crude oil 

from very deep wells. According to Usakovskii, 1973 

sonic pumps are capable of pumping crude oil from as 

deep as 2000 m. A consistent effort was made by the 

author of this paper in employing sonic pumps for 

pumping ground water from deep boreholes in 

Botswana. Since the major pumping element in the 

sonic pump is the foot valve this necessitated to 

investigate the foot valve parameters in order to 

improve the pump performance. In the early 

experimental studies conducted by Loukanov, 2006 

spring loaded poppet valves were employed. It was 

observed that some of the valve parameters such as 

valve diameter and valve stroke have considerable 

influence on the pump flow rate. In this regard it was 

decided to determine the parameters of spring loaded 

poppet valves and investigate the effects of these 

parameters on the pump performance.  

 

MATERIALS A�D METHOD 

In this study the experimental setup developed by 

Loukanov, 2006 was used to determine the valve mass, 

valve spring constant, and the valve spring preload. 

Fig. 1 is an AutoCAD assembly drawing of the 

experimental setup indicating the components involved 

 

 
Fig. 1 Schematics of the experimental setup 

 

In order to achieve an interaction between the valve 

springs and the sensor plate of the scale, all the valves 

being investigated were furnished with extension bars 

as shown in Fig. 2, connected to the valve stems. 

Depending upon the size each valve was also furnished 

with an appropriate adaptor to fit the 1.5″ nipple as 

shown in Figs. 1 and 2 (Loukanov, 2006). 
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Fig. 2 Foot valves furnished with extension bars  

 

Figure 3 shows a 3″ spring loaded poppet valve 

installed on the experimental setup where an electronic 

scale Model LV-6B of capacity 6000 × 1g, made by 

Snowrex International Co. LTD was used. By rotating 

the valve along with the adaptor relative to the fixed 

1.5″ nipple the valve body moved in downward 

direction, and therefore increased the valve spring 

deflection. Then the spring force was detected by the 

scale as a mass, which in turn was multiplied by the 

gravitational acceleration to obtain the spring force. 

Half a revolution of the valve body caused 1.15 mm 

spring deflection. Each measurement started with 

setting the extension bar to just touch the scale sensor 

plate and the scale reading was set to zero. After that 

any further spring deflection generated spring force 

which was found to be proportional to the spring 

deflection through the spring constant. 

 

 
 

Fig. 3 The spring measuring experimental setup  

 

The experiments for each valve were conducted by 

loading and unloading the valve spring three times, 

and therefore conducting six runs. After completion of 

the runs the mean values of the spring forces against 

spring deflections were calculated. The rest of the 

design parameters such as valve outer diameter, valve-

body internal diameter, and valve maximum stroke 

were measured by using different types of vernier 

calipers. Other valve parameters namely the valve inlet 

area, maximum stroke limited area, and the valve body 

limited area were calculated based on the measured 

parameters. In addition to the spring constant and 

spring preloads, the masses of the valves were also 

measured by using the same setup. The measurement 

of the valve mass was achieved by detaching the 

helical spring from the valve and leaving the mass of 

the valve and the mass of the attached extension bar to 

hang on the sensor plate of the electronic scale. After 

measuring the combined mass, the mass of the 

extension bar was subtracted to get the net mass mv of 

the valve itself. The valve maximum spring force was 

obtained when the spring is subjected to a maximum 

deflection. The equation governing the variation of the 

valve spring force is  

plspring FxkF += . , [*] 

where x is the spring deflection and Fpl is the valve 

spring preload. When the spring deflection is x = Smax 

the maximum spring force is obtained and its 

magnitude is given by 

plFSkF += maxmax . . [*] 

The next valve parameter is the percentage increase in 

spring force which is given by 
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The natural frequency of the “valve mass-valve spring 

system” is determined from 
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Since the sonic pumps operate in resonance it is a 

strong requirement that the pump resonance frequency 

is at least twice as large as that of the natural frequency 

of the “valve mass – valve spring system”. This helps 

avoiding operation when the resonance frequencies 

were too close resulting in poor valve closure due to 

possible resonance interference and hence affecting the 

pump discharge. 

 

The valve body inlet area Ain is an important valve 

parameter and is given by  

2

4

 
inin dA ⋅=

π . [mm
2
] 

The above area was involved in calculating the 

theoretical flow rate Q when valves of different inlet 

diameters were tested, and the following equation was 

proposed by Loukanov, 2006, and 2007 
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Where din is the valve inlet diameter [m], Xrel is the 

maximum relative distance between the bottom end of 

the water column and valve seat during the suction 

stroke [m], 6.33=Σ= ikK  is the combined head 

loss coefficient in the pipe system, and n is the shaker 

speed in rev/min. 

The next valve parameter is the maximum stroke 

limited area, Amax, s, which is a cylindrical area of 

diameter din and a height Smax, and is given by  

maxmax,   SdA ins π= , [mm
2
]   (7) 

When accelerations are high then valves become fully 

opened and then Eq. (8) should be used to calculate the 

theoretical flow rate of the pump. Then Eq. (7) was 

substituted in Eq. (6) to give 

nXSd
K

Q relinth   
1000

max⋅=
π . [L/min]   (8) 

If valves are partially opened at relatively low 

accelerations then the actual valve displacement x 

should be used instead to calculate the valve stroke 

limited area. 

The valve body limited area, Av, b is the area confined 

between the valve outer diameter and the valve body 

internal diameter, and is defined as 

)(
4

22

int, vbv dDA −⋅=
π

. [mm
2
]            (9) 

When the valve body limited area is the critical in 

terms of head losses then Eq. (6) is modified 

accordingly to account for the new area used to get the 

following expression 

nXdD
K

Q relvth  )(
250 22

int −⋅=
π

. [L/min]  (10) 

The valve performance parameters such as the 

experimental flow rates were determined by 

conducting experiments with a model low frequency 

sonic pump, (Loukanov, 2007). The resonance 

frequencies and the corresponding maximum 

accelerations of the model pump were found to be: for 

1.5″ valves, n = 324 rpm (5.4 Hz), and amax= 3.25g; 

for 2″ valves, n = 322 rpm (5.37 Hz), and amax= 3.10g; 

and for the 3″ valves, n = 297 rpm (4.95 Hz), and ama 

x= 2.74g, where g = 9.81 m/s
2
 is the gravitational 

acceleration. 

 

RESULTS A�D DISCUSSIO� 

Table 1 illustrates the process of recording the 

experimental data for the 1.5″ valve No. 1, the 

conversion of the measured masses into spring forces 

and the associated spring deflections.  

Table 1 Experimental data for 1.5″valve No. 1, stroke 

7.2 mm; each division = 1.15 mm. 

 

 

Divisions 

Run 1 

(kg) 

Run 2  

(kg) 

Run 3  

(kg) 

Run 4  

(kg) 

Run 5  

(kg) 

Run 6  

(kg) 

Mean 

values 

(kg) 

Force = 

mass×9.81 

(N) 

1 0.173 0.174 0.173 0.174 0.173 0.174 0.1735 1.7020 

2 0.184 0.185 0.185 0.185 0.186 0.186 0.1852 1.8165 

3 0.195 0.197 0.195 0.197 0.197 0.198 0.1965 1.9277 

4 0.207 0.210 0.207 0.209 0.210 0.211 0.2090 2.0503 

5 0.223 0.224 0.221 0.224 0.222 0.225 0.2231 2.1893 

6 0.236 0.236 0.236 0.236 0.236 0.236 0.2360 2.3152 

 

The data obtained for each size of valve were used to 

plot the graphs “spring force vs. spring deflection” in 

Excel spreadsheet. Figures 4, 5 and 6 show the plots of 

the above relationships of 1.5″, 2″, and 3″ valves 

respectively. In addition to these the plots provide the 

valve maximum strokes, trend line equations, and the 

factors R
2
, the lather indicating how well the trend line 

equations were fitted to the experimental data. The 

best fit corresponds to R
2
=1. For all the graphs the 

values of this factor were found to be larger than 

R
2
>0.99, which is a confirmation of excellent fit and 

therefore reliable results obtained. 

 

 
Figure 4: Force-deflection graphs of 1.5″ valves 

 

 
Figure 5: Force-deflection graphs of 2″ valves 
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Figure 6: Force-deflection graphs of 3″ valves 

 

From the trend line equations indicated in Figs. 4, 5, 

and 6 it is observed that the graphs exhibit linear 

trends with small non-linearity due to some 

experimental inaccuracies, pertaining to 3″ valve No. 

1. The slope coefficient of each graph stands for the 

spring constant and the vertical intercept with the 

ordinate gives the spring preload. Table 2 summarizes 

the trend line equations obtained from the spring force-

deflection graphs of the valves being investigated.  

 

Table 2: Trend line equations of the force-deflection 

graphs and spring parameters. 

 

 

By comparing the elements of the straight-line 

equation (1) with the corresponding elements of the 

trend, line equations listed in Table 2 the successive 

spring constants and spring preloads were obtained. As 

it was mentioned above some of the valve parameters 

were measured, others were calculated based on the 

data obtained, and some were obtained by 

experiments.  

Table 3 lists the major valve parameters along with the 

cross-sectional areas of the valves through which water 

flows, the natural frequencies of the “valves mass-

valve spring systems”, and valve performance 

parameters such as theoretical and experimental flow 

rates.  

 

It should be noted that the data listed in Table 3 for the 

theoretical flow rates were calculated from Eq. (6) 

when the corresponding valves were subjected to 

maximum accelerations of ga 25.35.1

max =
′′

, 

ga 10.32

max =
′′

, and ga 74.23

max =
′′

, m/s
2
, where g = 

9.81 m/s
2
.  

Consider now the results obtained for the maximum 

spring force (Table 3) when spring deflection varied 

from zero to Smax. It is seen that among the 9 valves the 

maximum spring force fluctuated from 36.2% to 64.8 

% as compared to the values of the corresponding 

spring preload depending upon the spring parameters. 

Obviously the largest increase in the spring force is 

associated with the 3″ valve and constitutes about 65% 

from the spring preload. The latter being of great 

importance for the pump self-priming when initially 

installed in the well and also for timely opening and 

closing the valve during the suction stroke of the 

pump. It was found by Usakovskii, 1973 that the 

smaller the value of this parameter the more time is 

available for the water flow to enter the pipe system. It 

was also observed that 1.5″ valves, having smaller 

values of the maximum spring force as compared to 

the 3″ valves, performed better in terms of flow rate 

although they have 3.5 times smaller inlet areas. There 

should be a compromise between the preload and the 

maximum spring force to avoid the situation whereby 

the valves opened easily and closed slowly. This 

would provide conditions for an undesirable backflow 

of water and therefore reduced flow rate. 

 

When compare the maximum stroke limited areas for 

the 1.5″ valves they appeared to be the smallest among 

the other three cross sectional areas listed in Table 3 

and therefore the maximum stroke limited areas would 

generate the largest head losses. The percentage 

difference as compared to the valve inlet areas for 

vales No. 1, 2 and 3 are 33%, 28.4% and 38.6% 

respectively. As compared to the valve body limited 

areas the differences are 7.8%, 1.4%, and 15.4%, but 

still in favour of this area. Although the second batch 

of results is marginal and negligible for valve No. 2 

one can still assume that the calculations of the 

theoretical flow rate may be done by employing Eq. 

(8).  

 

Bosini Spring Loaded Poppet Valves 

Valve 
Size. 

 

Valve 
Number 

Max. 
Stroke, 

Smax 

Graph trend  
line equation 

Spring 
constant 

k 

Spring 
preload 

Fpl 

Inch No. mm F = k x + Fpl      

[N] 

N/m N 

 

1.5 

No. 1 7.2 F = 0.1230 x + 

1.5695 

0.1230 1.5695 

No. 2 7.7 F = 0.1230 x + 

1.3384 

0.1230 1.3384 

No. 3 6.6 F = 0.1387 x + 

1.3225 

0.1387 1.3225 

 

2 

No. 1 13.0 F = 0.1643 x + 

1.2896 

0.1643 1.2896 

No. 2 13.7 F = 0.1463.x + 

1.3863 

0.1463 1.3863 

No. 3 14.4 F = 0.1346 x + 

1.4829 

0.1346 1.4829 

 

3 

No. 1 17.8 F = 0.3886 x + 

4.1714 

0.3886 4.1714 

No. 2 18.2 F = 0.3285 x + 

3.5596 

0.3285 3.5596 

No. 3 19.2 F = 0.3863 x + 

4.2542 

0.3863 4.2542 
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          Table 3 Design and performance parameters of spring loaded poppet valve

  

No.                        Size of valves →  43 mm (1.5″) 55 mm (2.0″) 80 mm (3″) 

Parameters:  Valve No.→  No.1 No.2 No.3 No.1 No.2 No.3 No.1 No.2 No.3 

1 Valve body inlet dia.,      din, mm 43 55 80 

2 Valve outer diameter,      dv, mm 47.5 58.0 86.5 

3 Valve body internal dia. Dint, mm 60.0 78.5 110.0 

4 Maximum stroke,          Smax, mm 7.2 7.7 6.6 13.0 13.7 14.4 17.8 18.2 19.2 

5 Valve mass,                   mv, gram 20 20 20 30 31 30 113 113 113 

6 Spring constant,              kv, 

*/mm 

123 123 128 164 146 135 384 329 402 

7 Spring preload,                   Fpl, * 1.57 1.34 1.45 1.29 1.39 1.48 4.17 3.56 4.20 

8 Max. spring force,            Fmax,  * 2.46 2.29 2.28 3.43 3.39 3.42 11.0 9.54 11.9 

9 % increase in spring force 36.2 41.5 36.2 62.3 59.1 56.7 62.1 62.7 64.8 

10 Valve natural frequency,      [Hz] 12.5 12.5 12.7 11.8 10.9 10.6 9.33 8.57 9.48 

11 Valve body inlet area,    Ain, mm
2
 1452 2376 5026 

12 Max.-stroke-limited area, Amax,s 973 1040 892 2246 2367 2488 4474 4574 4825 

13 Valve body-limited area,Av,b,mm
2
 1055 2198 3627 

14 Theoretical flow rate,   Qth, l/min 4.28  5.50 8.36 

15 Experimental flow rate Qexp, 

l/min 

5.25 5.31 5.18 5.51 6.12 6.87 7.78 8.13 8.42 

16 Av. exp. flow rate      Qexp,av., 

l/min 

5.25 6.17 8.1 

 

As shown in Table 3, the valve body limited areas 

pertaining to the 2″ and 3″ valves are 27.8% smaller 

than the valve inlet area of the same sizes and smaller 

by18.9% than the smallest valve maximum stroke 

limited area. Therefore the valve body limited area is 

the smallest one as compared to the other two and 

hence providing the largest head losses. It is for this 

reason one may recommend using Eq. (10) in 

calculating the theoretical flow rate for any of the 

above valves being installed in the pump.  

In order to predict closely the theoretical flow rate 

when the valves are partially opened the actual stroke 

limited area should always be used in calculating the 

pump flow rate. In this case the major problem is how 

to determine the actual valve displacement? In the 

attempt to do that it may require the use of special 

experimental setup furnished with a high speed camera 

and other sophisticated equipment.  

 

The analysis of valve parameters listed in Table 3 

reveals the following important facts: 

a)  The valve maximum stroke represents the 

maximum vertical displacement of the valve as shown 

in Fig. 1. This has a direct effect on the maximum 

stroke limited area, Amax,s. During the experiments 

conducted by Loukanov and Johnson, 2007 it was 

found that the flow rate of the pump is strongly 

dependent upon the valve maximum stroke for pump 

maximum acceleration greater than 2.5g, where g = 

9.81 m/s
2
. Figure 7 shows the dependence of the 

experimental flow rates upon the maximum stroke of 

the valves. The trend line equations of the graphs 

indicated non-linear relations, since the coefficients in 

front of x
2
 are relatively large. The values of the factor 

R
2
 are high enough signifying that the polynomial 

trend line equations fit very well the experimental 

results. 
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Figure 7: The pump flow rate vs. valve max. stroke 

 

b) The valve body inlet area, Ain, had also noticeable 

effect on the pump flow rate. It is found that the flow 

rate is directly proportional to the valve body inlet 

diameters. Figure 8 show the linear dependence of the 

flow rate from the valve body inlet diameters. From 

the trend line equations it is seen that the coefficients 

in front of x
2
 are very small and hence can be 

neglected, giving linear relationships between the flow 

rates and valve diameters 
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Fig. 8 The pump flow rate vs. valve inlet diameter 

 

c) In case valves are partially opened, the stroke 

limited area will govern the pump flow rate. Since it is 

impossible to predict the valve displacement it is 

recommended investigating the dependence of valve 

displacement upon the maximum acceleration of the 

pump oscillating system, and hence to fined out the 

effect on the stroke-limited area. 

d) It was also found that if 2″ and 3″ valves are fully 

opened then the valve body limited area, Av,b, appeared 

to be the smallest among the three valve areas in Table 

3 and hence generating the highest head losses. 

Therefore when these valves are used the valve body 

limited area should be employed in predicting the 

theoretical flow rates by using Eq. (10).   

In this study spring loaded poppet valves were 

investigated and the design parameters were 

determined. The rest of the valve parameters were 

either measured or calculated and summarized in Table 

3. From the above analysis the following conclusions 

and recommendations were drawn: 

• Valve spring forces exhibit linear trends in 

terms of spring deflections. 

• The valve spring preloads are larger than the 

increase in spring forces, contributing 

positively for timely opening and closing the 

valves during operation. 

• It was found that the valve maximum stroke 

enhanced considerably the pump discharge at 

accelerations greater than 2.5g, where g = 

9.81 m/s
2
 (Fig. 7). 

• In was also found that an increase in valve 

inlet diameters contributed linearly towards 

increase in the pump flow rate (Fig. 8).  

• When the 2″ and 3″ valves are fully opened at 

large accelerations, then the theoretical flow 

rates should be calculated based on the valve 

body limited area, while for 1.5″ valve, 

maximum stroke limited area has to be 

employed. 

• The spring preload and spring constant should 

be properly designed to allow easy flow of 

water from the well into the valve body and at 

the same time to be strong enough to prevent 

a backflow to the well.  

• To avoid resonance in the “valve- valve 

spring system” and hence reduced flow rate, 

it is recommended that the resonance 

frequency of the pump oscillating system 

should substantially differ (at least twice) 

from that of the natural frequency of the 

valve.  

• In calculating the theoretical flow rates for 

partially opened valves, the valve stroke 

limited area should be used, instead the valve 

inlet area. Since it is unknown to what extend 

valves were opened at low levels of resonance 

accelerations, it is recommended to 

investigate the dependence of valve 

displacement upon the applied accelerations 

of the pipe oscillating system. Although this 

may require complicated set up and 

sophisticated video equipment the results 

would definitely help to better understand the 

pumping process of the sonic pumps and help 

improved the predictions of theoretical flow 

rates. 
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