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ABSTRACT: This paper attempts to study the effects of induced vibration on characteristics of fluid flow and
heat transfer. The fluid vortex-induced vibration caused by an orifice has been studied experimentally. The orifice
is used as vortex generator inserted in a simply supported circular pipe that conveying water in turbulent flow
condition. The pipe diameter is 20 mm and its length is 1500 mm. The experiments are conducted for four orifice
aspect ratios; 0.15, 0.3, 0.45 and 0.6. The flow rate is regulated such that Reynolds number (Re) is from 5500 to
11000. The water inlet temperatures are varied from 20o to 60o C. The time history signals of the structure vibration
accelerations are measured by the accelerometer. The experimental results are given by natural frequency
parameters of the free vibration signals of the pipe structure. The results show that using an orifice increases the
pipe frequency parameters such as acceleration, velocity and displacement. In addition, these vibration
fundamental parameters increase with increasing Re as well as water inlet temperatures. The frequency is the
highest value at the case of low aspect ratio of orifice. Furthermore, the Nusselt number increases with increasing
the Re and with decreasing the orifice aspect ratios for all conditions.
KEYWORDS: Flow in pipe, Orifice, Induced Vibration, Heat Transfer, Nusselt number.
INTRODUCTION
The orifice plates are commonly used in many industrial fluid systems to meter flow as an orifice meter or to
restrict flow or pressure as a restriction plate [1]. The usage of orifice meter is mostly advantageous because it
needs a little maintenance, its plainness, and low cost. The orifice plate sometimes produces vibration which is
troublesome in measurement processes. Many studies were performed to investigate the fluid induced vibration
in pipes which involved orifice. Researchers used several methods to study the FSI (fluid structure interaction)
problem experimentally, analytically, or numerically [2]. A group researcher modelled an empirical discharge
coefficient of fluid flow through a variety of orifices [3]. Matthew, investigated flow–induced vibration that
increased by turbulent flow in the pipes [4]. A numerical model of (FSI) showed a firm relation of flow increasing
with vibration of the pipe. Mao presented the wall pressure fluctuations caused by orifice in a pipeline by studying
natural frequencies of the framework and regions of the fluctuating pressure [5]. The results showed that the
maximum fluctuating pressure value noticed at an axial distance of about 1.7 diameters from the orifice.
S. Torii and W. Yang investigated thermal and velocity fields for fluid flowing in an axially rotating pipe involved
two concentric similar orifices [6]. The heat transfer rate in the region between the two orifices was sharply
increased due to pipe rotation. Masashi tested the orifice spacing and the velocity of vortices to study their effects
on the sound frequency produced by flow in a pipe involved two orifice plates with closely spaced [7]. The results
showed that the frequency transition was clear process while the frequency of vortex sound was approaching to
the mode of acoustic resonance. Bing compared experimentally the pipe vibrations under wall-free conditions
with those near a soil and near a rigid boundary [8]. The results demonstrated that the amplitudes of vibration,
resulted of the pipe under wall-free conditions, were close to those near a sand bed. The effect of the oscillations
of a pipe on the air flow rate and wall pressure field through a metallic pipe was investigated experimentally by
Bagchi [9]. When the pipe was oscillated, the mean pressure was dropped and the flow rate was undergone a
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periodic change about 7% variation. Arun numerically observed an increasing of the discharge coefficient of nonNewtonian flow for wide range of Re with increasing aspect ratio at same diameter [10].
Klop and Ivantysynova demonstrated that pipeline length had a strong influence on pressure fluctuation, but a
weak influence on the level of sound [11]. The prediction of transmission noise sources was useful to design the
transmission pipe. Chowdhury predicted pressure drops resulted in turbulent and laminar flow of Newtonian or
non-Newtonian fluids through square edged orifice using an empirical correlation which shows a good validation
for a wide range of flow situations [12]. Song conducted experiments of uniform flow through a laboratory model
of a long flexible vertical pipe to study vortex-induced vibration of the pipe [13]. The results assured that the pipe
vibrated multimodally during a uniform flow profile. Jalil et. al. investigated experimentally vortex flow through
poppet valve using particle image velocimetry [14]. It was found that the poppet might vibrated by vortex whom
radius and intensity increased with decreasing of metering area and increasing of flow rate. Su et. al. developed a
numerical model of air flow through orifices [15]. The results demonstrated that the steady flow showed a venacontracta from the short orifice but a turbulent behaviour from long orifice.
Siba investigated experimentally and numerically the orifice-induced pressure and subsequent vibration of flow
in the pipe for different aspect ratio and Reynolds numbers [16]. The results show the displacement due to the
vibration decreases with increasing of aspect ratio. Siba et. al. reviewed the previous studies about the vibration
in pipes due to flow of different fluids such as gas, oil and water focusing on orifice-induced vibration [17]. The
study showed that more experimental studies were needed to explore the behaviour of this type of flow. Mikota
et. al. studied hydraulic pipeline resonance by using method of fluid–structure interaction [18]. The model was
able to provide a good estimation of structural vibrations. Boonloi and Withada modelled the flow in a square
channel of heat exchanger to study the influence V-orifice configurations on heat transfer characteristics [19].
The results showed that maximum thermal enhancement factor was around 3.2 for the suggested configuration of
the V-orifice. Quan et al. modelled a hydraulic pipeline of airplane by using MATLAB to analyse axial vibration
characteristics of the pipe [20]. The results showed that the considering of the friction coupling improves model
accuracy.
In the present study, a turbulent flow of water through simply supported straight pipe with orifice plate is
examined. The present study aims to investigate the effects of presence an orifice installed in the pipe with
heating the working fluid (water) on flow induced vibration and heat transfer under different conditions and
temperatures. The measurements are taken at a given orifice aspect ratios (0.15, 0.3, 0.45, 0.6) while Reynolds
number increases from 5000 to 11000. The water inlet temperatures vary by 20 to 60 oC. Moreover, the effect of
these parameters on the temperature distribution of wall pipe, discharge coefficients and Nusselt number are
presented with details.
EXPERIMENTAL SETUP AND PROCEDURE
An orifice plate flow meter is simply a plate with a hole in it, forming a partial obstruction to the flow. The fluid
changes velocity as it passes through the orifice, losing energy and undergoing a permanent pressure loss which
properly measured within the pressure taps. A photograph and schematic diagram shown in figure (1) and figure
(2) illustrates all the experimental parts. The experimental test rig includes the tank, pump, control valves, orifice
plate, test section, pressure gages, thermocouples, and vibration analyser. The pipe of test riq involves: three
meters of hose plastic pipe that can hold up to 10 bar pressure and the test section which is one and a half meters
of adv. aluminum pipe including an orifice. Two digital pressure gauges are connected to the two sides adjacent
of the orifice in order to measure the differential pressure. Ionized water is used (density =996 kg/m3, kinematic
viscosity=0.802*10-6 m2/s) for experimental standard.
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Figure 1. Photograph of the Experimental apparatus which includes: 1) Water Tank, 2) Water pump, 3) Flow
control valve, 4) Flow meter, 5) Pressure gage, 6) Hose, 7) Orifice 8) Thermocouple of pipe, 9) Vibration
analyzer, 10) Data Acquisition, 11) Heater, and 12) PC computer.

Figure 2: Schematic diagram of the experimental apparatus
The pump is Multistage centrifugal with maximum flow rate of 0.0011 m3/s and it is used to circulate the hot
water in the test riq. Two valves are equipped in the discharge section to control water flow rate and run tests for
different Reynolds numbers. The main line, going out from test rig, is then back to the water tank by a hose plastic
pipe to round the closed piping circuit. The heater is fixed inside the water tank to heating the working fluid
(water). Thermocouples are used to measure temperatures of different points along tested pipe. Moreover, two
measuring instrumentations across the orifice are used: the pressure difference across the tabbing of orifice is
measured by Digital pressure gage. The vibration analyzer is located at the orifice plate and the displacement due
to the vibration in the orifice plate is measured by the vibration analyser. By integration output of the vibration
analyser, the velocity and displacement can be achieved.
The measuring devices (flow meter, digital pressure gages, thermocouples, and the vibration analyser) are
calibrated. The flow meter is calibrated by recording the volume discharged through the meter during a certain
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time then the results are compared with meter reading. The digital pressure gage is calibrated by comparing its
reading with that of reference gauge. The comparisons are repeated under different loads. The thermocouple is
calibrated by comparison to a temperature standard. The vibration analyzer, is equipped with a calibration card.
A signal from a commercial oscillator (TEKTRONIX, TBS1152, Oscilloscope 2CH, 150 MHz, 1GSPS) is used
to calibrate the vibration analyzer using the calibration device available with the analyzer kit [16]. This signal is
sent from the oscilloscope to the analyzer with direct frequency. The signal accuracy is 10 digits.The uncertainties
of each measurement device are obtained and the total uncertainty of Cd is calculated as a root mean-square
average of all effects [21]. Accordingly, the percentage error is calculated to be 4.7%.
SPECIFICATION OF TESTING PIPE
In the present work, table 1 represents the cases of aspect ratios that is tested (𝛽 = 𝑑 ⁄𝐷 = 0.15, 0.3, 0.45, 0.6) and
the orifice diameter for each 𝛽. The inner diameter of the pipe is 20 mm and the pipe material is made up of adv.
Aluminum. The density and modulus of elasticity of the testing pipe are 2906.4 (kg/m3), 82.7E+9 (N/m2)
respectively.
Table 1. Geometrical Specification.
Aspect
Ratio
(𝛽 = 𝑑 ⁄𝐷 )
orifice Diameter
of (mm)

0.15

0.3

0.45

0.6

3

6

9

12

Figure (3) shows the testing pipe used in the vibration experimental tests. This pipe is supported by using two
end-supports. Each support consists of two parts which can slide together. Nine thermocouples are applied to
measure surface temperatures of the pipe, while another nine thermocouples are applied to measure temperatures
of water flowing near the inner surface of the pipe. Pairs of thermocouples (the one measuring surface temperature
and the one measuring water temperature) are distributed axially along the tested pipe with increment of 0.16 m
between them as detailed in figure (3).

Figure 3. Orifice plate within the pipe
DATA REDUCTION
The heat transfer rate into the water flow in the copper pipe across the plate orifice is defined as [22]:
Q = 𝑚̇𝑓 𝐶𝑝𝑓 (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡 )𝑓

(1)

The experimental local coefficient of heat transfer and local Nu of the water are computed from the next equations.
First, the convection water heat flux can be represented by [22]:
𝑞𝑓 =

𝑄𝑓

(2)

𝐴𝑖
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Where: Ai is the heat transfer area inside the pipe given by:
Ai = π di L
Thus, the local values of heat transfer coefficient and Nusselt number of water can be obtained as [22]:
ℎ̅𝑓 =

𝑞𝑓

(3)

(𝑇𝑓 −𝑇𝑤 𝑥 )
𝑥

̅

̅𝑢𝑓 = ℎ𝑓𝐷ℎ
𝑁

(4)

𝑘𝑓

Where, hydraulic diameter of pipe calculates as:
𝐷ℎ = 𝑑𝑖

(5)

Moreover, the experimental average coefficient of heat transfer and average Nu of the water are computed from
the equations:
ℎ𝑓 =

𝑞𝑓

(6)

(𝑇𝑓 −𝑇𝑤 )

𝑁𝑢𝑓 =

ℎ𝑓 𝐷ℎ

(7)

𝑘𝑓

Reynolds number can be defined as [21]:
𝑅𝑒 =

𝜌𝑈𝑎𝑣 𝐷ℎ

(8)

𝜇

Finally, the discharge coefficient of the plate orifice used in this study is given [23]:
C𝑑 =

𝑚̇

(9)

𝐴𝑡 [2𝜌∆𝑝/(1−𝛽 4 )]0.5

The coefficient of head loss (ξ) represents the pressure drop for the region adjacent the orifice plate in term of the
velocity head. By neglecting of fluid friction and considering the factor of kinetic energy correction as 1.0 for the
water flow in orifice plate, the coefficient of the head loss ξ is based on the continuity and energy equations. This
coefficient is given [24]:
ξ=

∆𝑝

(10)

0.5𝜌𝑢2

RESULTS AND DISCUSSION
Statistical characteristics of the flow pressure and structure acceleration response of different tests had been
illustrated. The experimental tests had been conducted under different flow conditions and variety of orifice ratios
for temperature range between (20o C - 60o C). In this study, the time history signals of the structure vibration
accelerations, velocity and displacement of the simply supported pipe with plate orifice are measured by using the
accelerometer placed on the pipe at the orifice region. The results are obtained at aspect ratios of 0.15 to 0.6 for
the turbulent flow whose Reynolds number increased from 5500 to 11000. Fast Fourier Transform (FFT) analysis
is applied using MATLAB to obtain frequency of experimental displacement. It can notice the tendency of
frequency by three views: the first was performed by increasing the aspect ratio at a specified Reynolds number,
the second was obtained as increasing Reynolds number at a specified aspect ratio, and finally, increasing
temperature with constant Re and β. Figures (4and 5) show one of the acceleration responses of the test segment
for a sample of frequency of 35 Hz at two water inlet temperatures of 20o and 40o C respectively. Comparing the
results of the effect of water inlet temperatures on the fundamental parameters of vibration, one can see that the
acceleration responses will become more fluctuated at the water temperature of 40 °C. Furthermore, the results
can show that the maximum peak of the pipe wall displacement has increased from 0.140 mm at Tin = 20°C to a
maximum value of 0.211 mm at Tin = 40°C due to increasing the elasticity of the material of the pipe by the heat
rate transferred from the water to the wall of the straight pipe.
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The signal in time and space domain is transferred to frequency domain by using (FFT) with the aid of a MATLAB
algorithm as shown in figures (4 and 5) for typical cases of Re= 5500 and β =0.15 at two water inlet temperatures
of 20o and 40o C, respectively. These vibrational frequencies shown by figures are called flow-induced vibration
because they are generated, in particular, due the turbulent flow in a viscous media. The results show that the
peak vibrational frequencies at Tin = 20° C are: 121, 162, 202, 383, and 606 Hz, as well as the maximum
displacement is 0.0105 mm located at vibrational frequency of 162 Hz. Moreover, the maximum displacement at
Tin = 40°C is 0.0116 mm which bigger that at Tin = 20°C due to elasticity increasing. The effect of increasing
the inlet Reynolds number of the water that entered the simply supported pipe from 5500 to 11000 is presented in
figures (4 and 6), whereas the maximum peak of displacement at Reynolds number of 5500 is 0.140 mm, The
results shows that the maximum peak of displacement increased and become 0.275 mm at Re=11000 because of
sufficient effect of fluid flow. Moreover, the Fast Fourier Transform (FFT) response shows peak vibrational
frequencies becomes 81, 122, 202 and 608 Hz and the maximum displacement becomes 0.0106 mm located at
vibrational frequency of 81 Hz.
The effect of atypical aspect ratio of the orifice employed in present study is studied in figures (6 to 9) with aspect
ratio of 0.15, 0.3, 0.45 and 0.6 respectively at Re=11000 and the water inlet temperature fixed at Tw=20o C. The
results demonstrate that while increasing aspect ratio of the orifice at specified Reynolds number and water inlet
temperatures, the acceleration responses become more and more random and fluctuating. Furthermore, the
maximum acceleration response is found at β=0.3 by about 52 mm2/sec. and the maximum displacement at β=0.3
increases to 0.256 mm, due to decreasing the area of flow across the orifice, and then increasing the vortices in
the upstream of the flow. Four issues of pipe behaviour can be demonstrated from results of displacement as
shown in figures (4 to 9); primarily, a slight displacement of pipe can be noticed at low Reynolds number and the
displacement increased with increasing of Reynolds number. This behaviour could be attribute to the decreasing
of water velocity passed through the orifice at low Reynolds number as a result of either decreasing inflow water
or increasing orifice diameter. The second is that the minimum displacement of middle of the pipe appears by
about 0.00025 mm at the maximum aspect ratio (β=0.6). The third behaviour of pipe vibration is that the maximum
displacement of the pipe is noticed at the orifice location in the middle of the pipe due to the maximum impact of
the flow appears at this location (X/L=0.5). Behind orifice, the static pressure increases and fluid velocity
decreases, and, consequently, no sufficient impact to generate the higher frequencies. As the aspect ratio increases
and getting closer to one, the vibration caused by the flow will diminish as expected. The fourth issue is the
increase of pipe vibration with increasing of water temperature due to increasing the elasticity of the pipe material.
Obviously, the results state that flow-induced frequencies were produced by all the turbulent Reynolds number
values examined in the present study as shown in the figures. Conjugation of friction between the wall of smooth
pipe and the fluid contributes to the generation of vibration signals. Additionally, the vortex generated next the
orifice, in the middle of the pipe, is an additional factor of increasing vibration. The study of effect of instruction
between the vibration and heat transfer is considered in this paper; first, the effect of the inlet water temperatures
is plotted in figure10. The results show that the trend of the temperature distribution with the axial distance breaks
down across the orifice region at (X/L=0.5). Moreover, the local temperature decreases with the increase of the
Reynolds number for the two case of inlet water temperatures Tin=20o and 40o C. These results can be attributed
to decrease of heat transfer as fluid velocity increases. The results show that when increasing the orifice aspect
ratio from 0.15 to 0.6 the temperature becomes straight with the axial distance as presented in figure 11. These
results take the effect aspect ratio for the two cases of inlet water temperatures Tin=20o and 40o C, respectively.
The effect of Reynolds number on heat transferred to the pipe is presented by using local Nusselt number in figure
12. The results demonstrated that the increase in the Reynolds number increased local Nusselt number, also the
maximum value of Nusselt number (Nu) is located in the region next the orifice in the downstream flow of the
pipe. In addition, the Nu increased with increasing the inlet water temperatures, due to the increase of heat transfer
rate from the water flow to the pipe wall at a given Reynolds number. Nevertheless, the effect of orifice aspect
ratio on the Nusselt number is shown in figure 13 which indicates that Nu increased at the maximum values in the
regions between (X/L = 0.45 to 0.7), and the Nusselt number increased with decreasing the orifice aspect ratio at
both temperatures of inlet water. Finally, the relationship between the experimental discharge coefficient of orifice
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and Reynolds number are shown in figure 14. A range of aspect ratios between 0.15 and 0.6 are utilized to
demonstrate this relationship. The results indicated that the discharge coefficient increased in nonlinear shape
with increasing the flow rate that represented by the Reynolds number. This non-linear relationship of the flow
rate and the discharge coefficient is a result of effect of the viscosity on fluid flow.
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Figure 4. Displacement, velocity, acceleration and FFT transform vibrational frequency results for a typical
orifice aspect ratio of β=0.15 and Re=5500 Tin=20 oC.

Figure 5. Displacement, velocity, acceleration and FFT transform vibrational frequency results for a typical
orifice aspect ratio of β=0.15 and Re=5500 Tin=40 oC.
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Figure 6. Displacement, velocity, acceleration and FFT transform vibrational frequency for a typical orifice
aspect ratio of β=0.15 and Re=11000 Tin=20 oC.
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Figure 7. Displacement, velocity, acceleration and FFT transform vibrational frequency results for a typical
orifice aspect ratio of β=0.3 and Re=11000 Tin=20 oC.
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Figure 8. Displacement, velocity, acceleration and FFT transform vibrational frequency for a typical orifice
aspect ratio of β=0.45 and Re=11000 Tin=20 oC.
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Figure 9. Displacement, velocity, acceleration and FFT transform vibrational frequency results for a typical
orifice aspect ratio of β=0.6 and Re=11000 Tin=20 oC.
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Figure 10. Variation of pipe wall temperatures with axial distance for different Reynolds number at a typical
orifice aspect ratio of β=0.15.

Figure 11. Variation of pipe wall temperatures with axial distance for different typical orifice aspect ratio at
Re= 5500.

Figure 12. Relation between local Nusselt number and axial distance of the pipe for different Reynolds number
at a typical orifice aspect ratio of β=0.15.

Figure 13. Relation between local Nusselt number and axial distance of the pipe for different typical orifice
aspect ratio at Re= 5500.
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Figure 14. Discharge coefficient vs Reynolds Number at Aspect ratio (0.15- 0.6)
CONCLUSIONS
An experimental investigation of the fluid vortex-induced vibration that caused by using an office plate in the
middle section of a simply supported adv. Aluminum straight pipe conveying a water flow with turbulent flow
condition are considered. The measurements were taken at different inlet temperatures for typical orifice aspect
ratio (0.15, 0.3, 0.45, 0.6) while Re increased from 5000 to 11000 The results showed that the increase of the
Reynolds number increases the acceleration of pipe wall, velocity and displacement values as well as frequency
of the pipe for all configurations of orifice aspect ratio. The results at the time domain show that the higher the
orifice aspect ratio the lower the displacement of the pipe wall as measured by vibration analyzer. This can be
referred to the vortices generated in region just after the orifice. Additionally, the highest frequency of the pipe is
accompanied high-pressure changes measured at regions neighbour the orifice. Furthermore, the results of heat
transfer inside the pipe concluded that the insertion an orifice in pipe result in increasing Nusselt number and the
pressure drop. Also, the local Nusselt number upstream the orifice increased more rapidly in the case of β =0.15
comparing with the case of β=0.6. This behaviour can be referred to the generated vortices.
NOMENCLATURES
At
D
Dh
d
g
𝑘
L
X
Nu
p
∆P
q''
Re
T
u

area of the orifice, m2
pipe inner diameter, m
hydraulic diameter of the square pipe by (Dh=4P/A)
orifice diameter, m
gravitational acceleration, ms−2
fluid thermal conductivity, W/m.K
length of the test pipe, m
local length of the test pipe, m
Nusselt number, 𝑁𝑢 = ℎ𝑑/𝑘.
pressure, Nm−2
Drop of pressure across the orifice, pa
heat flux of pipe wall, W/m2.
Reynolds number, 𝑅𝑒 = 𝑢𝑖 𝐷ℎ/𝑣.
Temperatures, K.
average velocity, m/sec

GREEK LETTERS
β
𝜈
𝜇
𝜌
𝜉

orifice plat aspect ratio, d/D
fluid kinematic viscosity, m2/sec
fluid dynamic viscosity, Pa.sec
density of the air, kg/m3
head loss coefficient, -
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in
out
f

wall
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average
inlet
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fluid(water)
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