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Abstract

This paper presents the effect of pump speed on the pressure heads of a single-acting reciprocating pump with a
transparent cylinder assembly for use in the Mechanical Engineering laboratory of the Akwa Ibom State
University (AKSU), Akwa Ibom State. The analysis demonstrates the variation of pump speed with pressure
heads during suction and delivery strokes. A transparent piston-cylinder assembly is incorporated into this
apparatus to aid in the visual understanding of the working principle of the positive displacement pump during
the suction and delivery stroke per each cycle of the pumping mechanism. The design parameters are a piston
diameter of 0.100 m, a stroke length of 0.305 m, an operating designed speed of 20 r.p.m, a suction head of
0.762 m, and a delivery head of 1.585 m. The length of the suction pipe is 1.219 m and the length of the delivery
pipe is 1.829 m. The reciprocating pump principles were applied for the pressure heads analysis during the
suction and delivery strokes, resulting in a discharge of 0.0008m3/sec. Further parametric studies for four
different pump speeds were carried out to ascertain the effect of speeds on the pressure heads during the suction
and delivery strokes. Validation of the pressure heads during delivery stroke was carried out against Rajput's
analyses to ascertain the accuracy of the design and the results were in good agreement.
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INTRODUCTION

The reciprocating pump is a positive displacement
pump that accomplishes the reciprocating motion in a
close-fitted piston, hence, sucking and raising the
liquid from one point to another due to differences in
pressure heads during the suction stroke and delivery
stroke respectively. It consists of the suction section
and the delivery section fitted with values to
determine suction and discharge flow, hence, the
required quantity of liquid during each complete
process. During each complete process, the pump
intermittently adds energy to movable mechanical
parts to help a definite quantity of fluid be supplied to

displacement pump accomplishes the reciprocating
motion in a close-fitted transparent cylinder piston,
hence, sucking and raising the liquid from one point
to another due to differences in pressure heads during
the suction stroke and delivery stroke respectively.
As the force is applied to the movable boundaries of
an enclosed fluid volume, there is a corresponding
increase in the pressure heads, hence, the movement
of fluid through suction valves, into the cylinder and
with a returning stroke through delivery valves into
the discharge line for delivery. As long as there are
pressure differences between the suction and
discharge lines, the supply of liquid will continue

the desired point as required in the system. In this unhindered  with  the  reciprocating  pump
study, the reciprocating pump which is a positive configuration shown in Figure 1.
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Figure 1: The component parts of a reciprocating pump [1]
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In this study, the pressure heads of acceleration at the
beginning, at the middle, and at the end of the suction
and delivery strokes are examined using a motor-
powered reciprocating pump with a transparent
cylinder for learning and instructional purposes. The
aim of this work is to confirm the effectiveness of
applying fluid flow and reciprocating pump
principles in the performance of the reciprocating
pump and the innovative way of using transparent
piston cylinder for learning and instructional
purposes.

LITERATURE REVIEW

This section presents a review of the previous work
relating to a reciprocating pump which has been
extensively discussed by several scholars. The
application of reciprocating pumps in research,
laboratories, and industries for fluid flow analysis and
simulation of real-life fluid flow scenarios had been
performed by different authors. This has given rise to
the effective movement of fluid from one point to
another, evidenced in the effective fluid flow
measurement, control, and analysis in the health
sector, aviation, marine services, petroleum pipelines,
irrigation facilities, automotive industries, wastewater
collection systems and treatment plants.

Reciprocating pump is employed in many ways to the
benefit of society such as in domestic, research,
aviation, health sector, and industrial purposes.
Reciprocating pump design and analysis fluid
mechanics and hydraulic machines studies can be
found in [2] while the dynamic analysis on the crank-
slider mechanism of the reciprocating pump is
discussed in [3]. The performance study on the linear
motor reciprocating pump is presented in [4], [5]
undertook the effect of operating parameters on the
wear behaviour of disc poppet valves in reciprocating
slurry pumps. The failure analysis of a repairable
system: the case study of a cam-driven reciprocating
pump was explored by [6], while the solar-based
reciprocating pump study was undertaken by [7]. The
cavitation in reciprocating pumps was presented in
the study by [8], analysis of the pulsation in aircraft
deicing system [9], induced flow reciprocating pumps
carried out by [10], pressure pulsations in the piping
of reciprocating pumps was performed according to
[11], [12] performed the numerical modelling of
reciprocating pumps with self-acting valves, other
reciprocating motion of fluid were undertaken by
[13] and [14] in a gas turbine engine, while the
optimum design parameters for reciprocating pumps
used in natural gas wells was studied by [15]. The
applications of a novel reciprocating positive
displacement pump in the simulation of pulsatile
arterial blood flow was carried out by [16], [17]
undertook the development of a prototype pump
using a vibrating pipe with a valve, performance
analysis of a single-acting reciprocating machine
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using thermodynamic concepts was studied by [18].
Other fluid flow apparatus analyses include the effect
of the design parameters on mass flow measurement
and control in an orifice plate flow rig in [19] and the
parametric effect on the discharge of Venturimeter
flow rig study by [20].

In the review, it can be confirmed that renowned
scholars have developed several reciprocating pumps
for various uses. The present work is concerned with
the effect of pump speed on pressure heads using a
transparent cylinder piston casing assembly of the
pump for a better visual understanding of the fluid
movement inside the piston during the suction and
delivery stroke respectively in fluid mechanics, fluid
machinery laboratories, and during industrial usage.
The concepts can be applied to design a reciprocating
pump for industrial purposes, research, the health
sector, agriculture, flood control, aviation, petroleum
industries, community water supply, and marine
services.

MATERIALS AND METHODS

The concept employed in this study includes the
application of creativity techniques such as lateral
thinking and brainstorming in the conceptual stage
for selecting materials such as the white poly ethyl
for the piston cylinder casing assembly based on
quality, availability, and cost; it is therefore essential
to apply creativity techniques in problem-solving as
presented in [21] and [22]. The principles of a
positive displacement pump were also used to
analyse the movement of liquid from an area of low
pressure to an area of high pressure. The analysis
involves the suction and delivery sections of the
system.

According to [2], the following expressions were
adopted for the design parameters analyses of a
single-acting reciprocating pump, where symbols
retained their usual nomenclatures.

ba | b=

Crank radius (r) =

m'i_sz
4

ZnKN

- in(rad/s) 3

Area of suction, a, inm- 2

Angular velocity, w =

N L4
Pressure head due to acceleration fn suction pipe,h, == X=w"r cos 84
g g

At the beginning of suction stroke,

Pressure head = Ham - (hs +has) 5
At the middle of suction stroke,
Pressure head = Ham - (s +has) 6
At the middle of suction stroke,
Pressure head = Ham - (hs +has) 7
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. . . g A 2
Pressure head due to acceleration in delivery pipe h_;, =+ X —w"rcos8
g ag

At the beginning of delivery stroke,

Pressure head = Ham - (hg +haq) 9
At the middle of delivery stroke,

Pressure head = Hatm - (g +Nag) 10
At the middle of delivery stroke,

Pressure head = Ham - (ha +haq) 1

RESULTS AND DISCUSSION
This section presents the results and discussion. The
results were obtained based on the evaluations of the
designed parameter. In this design analysis, it is
assumed that the atmospheric head is 10.326 m with
the designed crank speed of 20 r.p.m. The input and
output data are tabulated for clarity and graphs were
used where necessary to show the relationship of
parameters. In this study, the flowing parameters
were evaluated:
e  The pressure head due to acceleration in the
suction pipe
Pressure head at the beginning of suction
Pressure head in the middle of the suction
Pressure head at the end of the suction
The pressure head due to acceleration in the
delivery pipe
e Pressure head at the beginning of the
delivery stroke
e Pressure head in the middle of delivery
stroke
e  Pressure head at the end of delivery stroke
e  Pump discharge

DESIGN ANALYSIS

The design parameters and their dimensions used in
this study are the transparent cylinder pump piston
with a diameter of 0.100 m, a stroke length of 0.305
m, an operating designed speed of 20 r.p.m, a suction
head of 0.762 m, a delivery head of 1.585 m, the
length of the suction pipe is 1.219 m and length of
delivery pipe of 1.829 m. Suction head of 0.762 m,
the delivery head of 1.585 m, the diameter of the
suction and delivery pipes of 0.038 m respectively,
and atmospheric pressure of 10.3 m.

Applying equations (1) and (2) to obtain the crank
radius and the area of the suction pipe;

L 0305
Crank radius (r) = T3 7 0.153m

@D} wx(0.038)°

a, =a; = = 0.001m?
4 4
Then, area of piston is given as;
wD? mx (0.001)7 ,
Apiston = = = 0.008m

4 4
Equations (3), (4), (5) and (6), respectively, were
employed to obtain the angular velocity, the volume
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8

a
of water delivered revolution, the number of
revolutions per second and the discharge of pump per
second. In the resulting analysis using a crank speed
of 20 r.p.m, we have the angular velocity as;
At the crank speed, N = 20 r.p.m

2w X 20

Ww=—
60

Volume of water sucked in during suction stroke = 4 X L = 0008 X 0305 = 0002 m’

= 2.095 rad/sec

2 -0333 rev/sec

. N
Number of revolutions per second = =" o

ALN 0,008 %0.305 %20
=——— =0.0008 m® sec

Discharge of pump per second, ( = "
PRESSURE HEADS ON THE PISTON

Pressure head due to acceleration in suction pipe
during suction stroke

Applying Equations (7) the pressure head due to
acceleration in suction pipe during suction stroke is

R
givenby h. g—fx—w‘rcnsil.

Oz
Where h_. is the pressure head due acceleration

suction pipe, therefore:
e At the beginning of suction stroke, angle [

= 00
hee = Sy d awtrcosh = 22 2% 05 0= 0575794 m of water
Prs 581~ 0.001
e At the middle of suction stroke. Angle 1 =
90°
h,. = YL xwireosf = 22 222 xc0s 90 = 0m of water
g g 5.81 © 0.001
e At the end of suction stroke. Angle [ = 180°
L, 4 0.305 0.008
hy =—x—2xwrcosf = PR 180=-0.5757%4 m of water

0.001

Pressure heads of in metres of water during
suction stroke:
e At the beginning, pressure head is given as:

g a 9.

Pressure head = h, + h_, = 0.762 +0.576 = 1.338 m vacuum

Hence, Pressure head = H ., — (h. + h,,) =103 - 1.338 = 8.962 m absolute

e Atthe middle, pressure head is given as:
Pressure head =h, + h = 0762+ 0 = 0.762 m vacuum

(h,+h,,) =103 - 0762 = 9.538 m absolute

e Atthe end, Pressure head is given as:
Pressure head = h, — h_ = 0.762 - 0.576 = 0.186 m vacuum

Hence, Pressure head = H ,,,— (h,—h,,) =103 - 0186 = 10.11 m absolute

atm

Hence, Pressure head = H,,,—



Journal of Emerging Trends in Engineering and Applied Sciences (JETEAS) 14(3):103-110 (ISSN: 2141-7016)

Pressure Heads on Piston during Delivery Stroke
The pressure head due to acceleration in delivery pipe
during the delivery stroke is given by

g, A 2
h,g =—=X—w-"rcos@.
g ag

Where h_ is the acceleration head during delivery

stroke, therefore:
e At the beginning of delivery stroke, angle [

=Q°
Ij A 1829 0008
hyg == x—xwrcostl = —x——xcos 0= 0.864 m of water
1 g 581 0001
e At the middle of delivery stroke. Angle [ =
90°
I A4 1829 0008
hy = Sx—xwrcosd = —x—=xco590= 0 mof water
g g 581 0001

e At the end of delivery stroke. Angle [ =

180°
L, 4, 1829 0.003
hy, =—x—xwrcos = ——x——xcos 180 =-0.864 mof water
g o 881 0001

Pressure heads of in metres of water during
delivery stroke:

e At the beginning, pressure head is given as:
Pressure head = h, +h_; = 1.585 + 0864 = 2.449 m gauge

Hence, Pressure head = H ., +(h; + h,;) = 10.3 + 2449 = 12.75 mabsolute

e At the middle, pressure head is given as:
Pressure head = h; + h_, =1.585+ 0 = 1.585 m gauge

o (1 Thy) = 1031 1585 = 1189 mabsolute

e Atthe end, Pressure head is given as:
Pressure head = h, —h_, = 1.585~-0.864 = 0.721 m gauge

Hence, Pressure head = H,,, + (hy—h ;) = 103 - 0721 = 1102 m absolute

Hence, Pressure head = H

RELATIONSHIP BETWEEN PUMP SPEED
AND PRESSURE HEADS

Relationship between pump speed and pressure
heads at the beginning of suction and delivery
strokes

The pressure heads in the suction and delivery pipes
are 0.5758 and 0.8640 metres of water during the
suction and delivery stroke respectively. Analysis
was performed by increasing the speed in 10th for
four consecutive times; the data were obtained as
shown in Table 1. Table 1 shows the variation of
pump speed with pressure heads at suction and
delivery pipes during suction and delivery strokes
respectively. The variation of the pump speed with
the different pressure heads is presented graphically
in Figure 1. The analyses indicate that, the pressure
head due to acceleration in the suction pipe (has), m of
water increases during the suction stroke while the
pressure head due to acceleration in the delivery pipe
(hag), m of water also increases during the delivery
stroke.
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Table 1: Variation of Pump Speed with Pressure
heads at suction and delivery pipes

Pump Pressure head due | Pressure head due to
Speed, N | to acceleration in acceleration in the
(r.p.m) the suction pipe delivery pipe (had),
(has), in m of water in m of water
20 0.5758 0.8640
30 1.2955 1.9438
40 2.3032 3.4557
50 3.5987 5.4000
60 5.1822 7.7754

Variation of Pump Speed with Pressure heads
at suction and delivery pipes

__10
£ 8 =

E 6 @ Pressure head
2 He due to

§: 4 [ 12 acceleration in
',': 2 ,’ the suction

2 0 - pipe, in metres
g of water

5 0 50 100

g Pump Speed, N (r.p.m)

Figure 1: Variation of Pump Speed with Pressure
heads at the suction and delivery pipes

The pressure heads at the middle of the suction and
delivery strokes are 9.538 and 11.885 metres of water
respectively with the designed pump speed of 20
r.p.m. A further analysis was performed by increasing
the speed in 10™ for four consecutive times; the data
were obtained as shown in Table 2. Table 2 shows
the correlation of pump speed with pressure heads in
the middle of the suction and delivery strokes. The
results are presented graphically in Figure 2. The
analyses indicate that pressure heads at the middle of
both the suction and delivery strokes in metres of
water absolute did not change regardless of the pump
speed.

Table 2: Correlation of Pump Speed with Pressure
heads at the middle of the suction and delivery
strokes

Pump Pressure head at the Pressure head at
Speed, N middle during the middle during
(r.p.m) suction stroke in delivery stroke in
metres of water metres of water
(absolute) stroke (absolute)
20 9.538 11.885
30 9.538 11.885
40 9.538 11.885
50 9.538 11.885
60 9.538 11.885
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Correlation of Pump Speed with Ppressure
heads at the middle of the suction and delivery
stroke
-

% 15

3 T
S 10 —eeeee

o ® Pressure head at
£ the middle,

s 5 during suction
-g stroke in metres
2 0 of water

g 0 50 100 (absolute)

(7]

§ Pump Speed, N (r.p.m)

o

Figure 2: Correlation of Pump Speed with Pressure
heads at the middle of suction and delivery strokes

The pressure heads at the end of the suction and
delivery strokes are 10.1138 and 11.0211 metres of
water respectively with the designed pump speed of
20 r.p.m. A further analysis was performed by
increasing the speed in 10" for four consecutive
times; the data were obtained as shown in Table 3.
Table 3 shows the correlation of pump speed with
pressure heads at the end of the suction and delivery
strokes. The results are presented graphically in
Figure 3. The analyses indicate that pressure heads at
the end of the suction stroke in metres of water
absolute, increase during the suction stroke while the
pressure head during the delivery stroke in metres of
water absolute, decreases during the delivery stroke.

Table 3: Correlation of Pump Speed with Pressure
heads at the end of the suction and delivery strokes

The pressure head at the beginning of the delivery
strokes is 12.7500 metres of water respectively with
the designed pump speed of 20 r.p.m. A further
analysis was performed by increasing the speed in
10t for four consecutive times; the data were
obtained as shown in Table 4. Table 4 shows the
variation of pump speed with pressure heads at the
beginning of the suction and delivery strokes. The
results are presented graphically in Figure 4. The
analysis indicates that, pressure heads at the
beginning of the delivery stroke increase in metres of
water absolute.

Table 4: Variation of Pump Speed with Pressure head
at the beginning of the delivery strokes

Pump Pressure head at Pressure head at the
Speed, N | the end in metres | end in metres of water
(r.p.m) of water (absolute)
(absolute)

20 10.1138 11.0211

30 10.8335 9.9412

40 11.8412 8.4293

50 13.1367 6.4855

60 14.7202 4.1097

Correlation of Pump Speed with pressure
heads at the end of suction and delivery

= strokes

£

E 20 @ Pressure head at
° & the end in metres
E 10 ad of water

':- (absolute)

3 o -—

_;u“ M Pressure head at
@ 0 50 100 the end in metres
=1

a Pump Speed, N (r.p.m of water

g p>p (r-p.m) (absolute)

Figure 3: Correlation of Pump Speed with Pressure
heads at the end of the suction and delivery strokes
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Pump Speed, | Pressure head at the beginning, during
N (r.p.m) delivery stroke in metres of water
(absolute) during delivery stroke

20 12.7500

30 13.8288

40 15.3407

50 17.2846

60 19.6604

Variation of Pump speed with Pressure
head during delivery stroke

k] 30
£
-~ 20 ———o— @ Pressure head at
'c_ — Q‘ the beginning,
T 5 10 “— during delivery
2w stroke in metres
o 3 0 of water
4 0 50 100 (absolute) during
] delivery stroke
a Pump Speed, N (r.p.m)

Figure 4: Variation of Pump Speed with pressure
heads at the beginning of delivery strokes

RAJPUT
ANALYSIS
This section presents a standard computed result from
Rajput analysis for the power required to drive the
pump by increasing the pump speed in 10™. The
results were employed to validate the result of this
study. The designed data of the Rajput reciprocating
pump are as follows: The diameter of the piston is
0.150m, the stroke length is 0.350 m, and the Centre
of the pump above the water surface in the sump is 3.5
m and 22 m below the delivery water level. Both
suction and delivery pipes have the same diameter of
100 mm, but the suction length is 5 m, the delivery
length is 30 m, and the pump speed is 30 r.p.m.

(2008) RECIPROCATING PUMP

By increasing the speed in 10" for four consecutive
times, the following data were computed for the
pressure heads as presented in Table 5. The resultant
computation is shown graphically in Figure 5. In the
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analysis, an increase in the pump speed increases the
pressure heads during the delivery stroke of the pump.

Table 5: Variation of Pump Speed with Pressure head at the beginning of the delivery stroke

Pump Speed, N Pressure head at the beginning, during delivery stroke in metres of water (absolute)

(r.p.m) during delivery stroke

30 44.18735

40 53.43307

50 65.32043

60 79.84941

70 97.02004

RAJPUT: Variation of Pump Speed with Pressure head during delivery stroke

120
_ 100 ®
]
® 80 *
3
S 60 ¢
£ L 4 @ Pressure head at the beginning, during
Z 40 * delivery stroke in metres of water
- (absolute) during delivery stroke
©
£ 20
e
a o
(7]
g 0 20 40 60 80
Q.

Pump Speed, N (r.p.m)

Figure 5: Variation of pump speed with pressure heads at the beginning of delivery strokes

Validation of the variation of pump speed with the
pressure heads of the EGI Single-acting
Reciprocating Pump against the Standard Rajput
variation of pump speed with the pressure heads of
the Single-acting Reciprocating Pump during the
delivery stroke

Let EGI data represent the results of this study while
RAJPUT represents the results of the Rajput (2008)
performance test. The analysis of the EGI
reciprocating pump was validated against the standard

Rajput (2008) analysis, and they were in good
agreement since the trends and profiles were the same.
The parameters for the validation involve pump speed
and power. In each analysis, an increase in the pump
speed increases the power required to drive the pump
as shown in Table 6 with the data for validation. The
validation is presented graphically as the EGI pressure
heads profiles against Rajput's (2008) pressure heads
profiles, shown in Figure 6.

Table 6: Shows the EGI reciprocating pump data against the Rajput (2008) data for the reciprocating pump

pressure heads

SN | EGI: Pump EGI: Pressure head at the Rajput: Pump| Rajput: Pressure head at the

Speed (r.p.m) | beginning, during delivery stroke | Speed (r.p.m) beginning, during delivery

in metres of water (absolute) stroke in metres of water

during delivery stroke (absolute) during delivery

stroke

1 20 12.7500 30 44.18735
2 30 13.8288 40 53.43307
3 40 15.3407 50 65.32043
4 50 17.2846 60 79.84941
5 60 19.6604 70 97.02004

108



Journal of Emerging Trends in Engineering and Applied Sciences (JETEAS) 14(3):103-110 (ISSN: 2141-7016)

EGI: Variation of Pump Speed with
Pressure head during delivery stroke
25
5 .
©
> .
B 15 < P head at
ressure head a
_E, Q’ the beginning,
< 10 during delivery
E: stroke in metres
g of water
() 5 (absolute) during
5 delivery stroke
wn
§ 0
o 0 50 100
Pump Speed, N (r.p.m)

RAJPUT: Variation of Pump Speed with
Pressure head during delivery stroke

120
+ 100 &
]
©
3 80 —o—
s * * Pressurfa h?ad at
£ 60 the beginning,
~ L during delivery
'c. 40 & 00 stroke in metres
'3 of water
2 20 (absolute) during
v delivery stroke
S
a 0
< 0 50 100
a

Pump Speed, N (r.p.m)

(@) EGI Pump Speed against Pressure heads profi

le

(b) Rajput (2008) Pump Speed against Pressure
heads profile

Figure 6: Validation of EGI Reciprocating pump Pressure heads profile against Rajput (2008) Reciprocating

pump Pressure heads profile

DISCUSSION OF THE VALIDATION

The validation of the power required to drive the
pump was carried out between EGI and Rajput's
(2008) analyses to ascertain the accuracy of the
pump. The results of the EGI reciprocating pump
were in good agreement with the results of the
standard Rajput (2008) reciprocating pump analysis.
This is evidenced in the matching trends and profiles
of the pressure heads during delivery stroke profiles
for both analyses. The results of the analyses for both
the EGI reciprocating pump and the Rajput (2008)
reciprocating pump show that, as the pump speed
increases, there is a corresponding increase in the
pressure heads during the delivery stroke of the
pump. This result confirms the effectiveness of
applying fluid flow principles and flow equations in
analysing fluid movement in reciprocating pumps.

CONCLUSION

The effect of pump speed on the pressure heads of
single-acting reciprocating pump a transparent
cylinder assembly was performed and the aim was
achieved. The reciprocating pump used in this
analysis is a portable device for a visual
demonstration of the piston movement in the cylinder
and a practical demonstration of fluid movement and
control in fluid mechanics studies in mechanical
engineering laboratories. At the pump designed speed
of 20 r.p.m, the variation of pump speed with pressure
heads at suction and delivery pipes due to acceleration
in the suction pipe in metres of water during the
suction stroke and the pressure head due to
acceleration in the delivery pipe in metres of water
during the delivery stroke both increases were 0.5758
and 0.8640 metres of water respectively. It was
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observed that the pressure heads at the beginning of
the suction stroke decrease in metres of water absolute
while the pressure head at the beginning of the
delivery stroke increases in metres of water absolute.
There was no change in the pressure heads at the
middle of both the suction and delivery strokes in
metres of water absolute, regardless of the pump
speed. And the pressure heads at the end of the suction
stroke in metres of water absolute, increase during the
suction stroke while there was a decrease in pressure
heads during the delivery stroke in metres of water
absolute, during the delivery stroke. Validation of the
pressure heads during delivery stroke was carried out
between EGI and Rajput's (2008) analyses to ascertain
the accuracy of the design. The results of the EGI
reciprocating pump were in good agreement with the
results of the standard Rajput (2008) reciprocating
pump analysis. This is evidenced in the matching
trends and the pressure heads profiles for both
analyses.
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