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The minimum wall pressure coefficient of orifice plate and its wall pressure distribution relating to tunnel’s and dissipater’s 
safety are important indices for this energy dissipater design. In the present paper, the minimum wall pressure coefficient of 
sharp-edged orifice plate was analyzed; meanwhile, the characteristics of sharp-edged orifice plate wall pressure distribution 
were also analyzed. The research result has shown that the minimum wall pressure coefficient was mainly dominated by the 
contraction ratio of the orifice plate. The less is the contraction ratio of the orifice plate, the larger is the minimum wall 
pressure coefficient. The effect of orifice plate’ thickness on the minimum wall pressure coefficient was not obvious and 
could be neglected. When Reynolds number is more than 105, it has little impact on the minimum wall pressure coefficient. 
Wall pressure begins to drop down dramatically before 0.5D orifice plate, reaches minimum at the end of orifice plate, and 
then recovers normally when flows arrival at 3D away after orifice plate. An empirical expression was presented to calculate 
the minimum wall pressure coefficient. Experimental data illuminate that calculation results by using empirical expression 
coincided with experiment results. 

[Keywords: Orifice plate; Wall pressure, Minimum wall pressure coefficient; Contraction ratio; Reynolds number] 

Introduction 
With the development of hydropower projects, the 

heights of some dams exceed the level of 300 m, for 
example 305 m and 315 m for the Jinping first-
cascade hydropower project and the Shuangjiangkou 
hydropower project in Sichuan province, China, 
respectively. Over 30 hydropower projects with the 
height of over 100 m have been completed or are 
under construction since 2000, in China. For any high 
dam project, the energy dissipation for flood 
discharges is an important problem that affects the 
safety of the project directly1. The orifice plate as well 
as the plug, as a kind of energy dissipaters with 
sudden reduction and sudden enlargement forms, has 
been used in the hydropower projects due to its simple 
structure, convenient construction and high energy 
dissipation ratio. As early as 1960s in the last century, 
a plug dissipater, similar to orifice plate in energy 
dissipation mechanism, with the energy dissipation 
ratio of over 50%, was used in the flood discharge 
tunnel of the Mica dam in Canada2 In 2000, a three-
stage orifice plate was applied in the Xiaolangdi 
projects in china, gets the energy dissipation ratio of 
about 44% and effectively controlled the flow 
velocity through the gate less than 35 m/s under the 

condition of the head of 145 m3. 
Many studies have been conducted on the orifice 

plate, in which the energy dissipation and the 
cavitation are the two main items. Orifice plate’s 
energy dissipation characteristics and its cavitation 
characteristics are mainly dominated by its 
contraction ratio, which is defined as the ratio of the 
orifice diameter (d) of the energy dissipater and the 
diameter (D) of flood discharge tunnel. Jianhua4 
deemed that orifice plate’s energy loss coefficient, 
embodying orifice plate’s energy dissipation capacity, 
decreases with the increase of contraction ratio. 
Cavitation performance has been another important 
item of the orifice plate and could be characterized by 
its incipient cavitation number. Bullen5 and Shanjun6 
regarded that the incipient cavitation number of the 
orifice plate decreased with the increase of the 
contraction ratio. As stated above, the researches 
conducted in the past focused mainly on energy loss 
coefficient and incipient cavitation number7,9. As a 
matter of fact, many other coefficients, such as orifice 
plate’s minimum wall pressure coefficient also have 
important effects on orifice plate design. Because the 
position of cavitations first happening often locates at 
the point where the minimum pressure occurs in the 
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vicinity of orifice plate, the minimum wall pressure 
coefficient of the orifice plate can more directly 
reflect the tunnel wall’s capacity of resisting 
cavitation damage10. Unfortunately, there is less 
research on orifice plate minimum wall pressure 
coefficient. The purpose of the present work was to 
investigate the effects of the geometric parameters, 
i.e., contraction ratio and hydraulic parameters on the 
minimum wall pressure coefficient when orifice 
plate’s top angle φ is 600 and also to present empirical 
expression of the minimum wall pressure coefficient, 
by means of numerical simulations (Fig. 1). 
 
Numerical Simulations 
 
Numerical simulations model 

The RNG k～ model was used to calculate the 
hydraulic parameters of the flow through the orifice 
plate, due to its suitability for simulating the flow 
inside large change boundary forms as well as its high 
precision and calculation stability11. For the steady 
and incompressible flows, the governing equations of 
this model can be written as12,13: 
Continuity equation: 
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ε–equation: 
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where xi (= x, y) are the coordinates in longitudinal 
and transverse directions, respectively; ui (= ux, uy) are 
the velocity components in x and y directions, 
respectively; ρ is the density of water; p is the 
pressure; ν is the kinematics viscosity; νt is the eddy 
viscosity and can be given by νt = Cμ(k

2/ε), in which k 
is the turbulence kinetic energy, ε is the dissipation 
rate of k and Cμ = 0.085. The other parameters are14: 
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C2 =1.68 and αk = αε = 1.39. The calculation boundary 
conditions are treated as follows: in the inflow 
boundary the turbulent kinetic energy kin and the 
turbulent dissipation rate εin can be defined as 
respectively14: 

 
20.0144in ink u ,  1.5 / 0.25in ink D    … (5) 

 

where uin is the average velocity in the inflow 
boundary. In the outflow boundary, the flow is 
considered as developed fully. The wall boundary is 
controlled by the wall functions15. And the symmetric 
boundary condition is adopted, that is, the radial 
velocity on symmetry axis is zero. 
 
Numerical simulations methodology 

Because the orifice plate tunnel has axial symmetry 
characteristics, three-dimensional(3-D) numerical 
simulations of orifice plate tunnel flows can be 
simplified as two-dimensional(2-D) numerical simulations 
of orifice plate tunnel flows. The 3-D coordinate  
axis of orifice plate tunnel is shown in Figure 2.  
In this paper, flows’ characteristics of plane XZ  
are researched; the characteristics of flows in plane 
XZ can represent the whole orifice plate tunnel flows 
characteristics.  
 

The minimum wall pressure coefficient is defined as: 
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where p0 is the average pressure at undisturbed 

section before orifice plate, the undisturbed section 

 
 

Fig. 1 — Flow through sharp-edged orifice plate 
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can be regarded at or before 3D orifice plate location; 
cp is the minimum wall pressure coefficient; pmin is the 
lowest wall pressure; ρ is water’s density; and u is the 
average flow velocity in tunnel. Because cavitations 
in the vicinity of wall first happen at the lowest 
pressure place, the less is the pmin, the larger is the 
chance of happening cavitation. The minimum wall 
pressure coefficient of orifice plate can demonstrate 
orifice plate’s cavitations characteristics, the less is 
the minimum wall pressure coefficient, the better is 
the ability of orifice plate resisting cavitations damage. 

There are many parameters which affect the 
minimum wall pressure coefficient of orifice plate. 
The relevant parameters of dimensional analysis  
may include: Density of water ρ (kg/m3); dynamic 
viscosity of water μ (N.s/m2); tunnel diameter D (m); 
orifice plate diameter d; orifice plate thickness T (m); 
average flow velocity in tunnel u (m/s), and difference 
between p0 and pmin (p0 - pmin) (Pa). Because each of 
the above parameters is a function of the initial 
independent parameters, the expression about the 
above parameters can be obtained: 

 

 uTdDfpp ,,,,,min0    … (7) 
 

This relationship could be rewritten in terms of 
dimensionless parameters: 
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That is: 
 

cp =f (d/D, T/D, Re)   … (9) 
 

where Re is Reynolds number, Re=uDρ/μ. Eq. (9) 
indicates that the minimum wall pressure coefficient 
of orifice plate cp is the function of d/D, T/D, Re. 

According to Eq. (9), two kinds of calculation 
phases were simulated: Phase No. 1 calculates the 
minimum wall pressure coefficient of orifice plate cp 

at the range of Reynolds number Re= 9.00×104 – 
2.76×106 when d/D = 0.50 and T/D = 0.10, to analyze 
the effects of Re on cp and Phase No. 2 that calculates 
cp at the different d/D and T/D when Re = 1.80×105, 
to discuss the variations of cp with d/D and T/D. The 
calculation operation pressure in the inflow boundary 
is a standard atmospheric pressure. The inflow boundary 
is located before 3D orifice plate, the outflow 
boundary is located after 6D orifice plate. 
 
Results and Discussion 

The simulation results of Phase No.1 are shown in 
Table 1, where, the pressures are neglect values; this 
is because the calculation operation pressure in the 
inflow boundary is designed as a standard atmospheric 
pressure. It can be concluded from Table 1 that when 
Reynolds number Re is less than 105, cp increases 
slightly with the increase of Reynolds number Re,  
but when Reynolds number Re is more than 105, 
Reynolds number Re has no impact on Re and its 
effects can be neglected.  

The results of Phase No. 2 are shown in Table 2. It 
can be learnt that relative thickness T/D has little 
effect on cp, i.e. when the contraction ration d/D is 
0.5, relative thickness T/D varies from 0.05 to 0.25 
and cp approximately remains stable at 56. Table 2 
also demonstrates that cp is mainly dominated by 
contraction ratio d/D. If the effects of Reynolds 
number and relative thickness T/D on cp are 
neglected, the relationships between cp and d/D are 
shown in Figure 3, which is drawn by using the data 
in Table 2 when T/D is 0.1. The following formula 
can be obtained by fitting the curve in Figure 3: 

 
1.1519)/(1.6351)/(5.8995)/(3.4273 23  DdDdDdcp

  

 … (10) 
 
This expression is valid for d/D= 0.4 – 0.8, Re > 105, 
and the effects of T/D on cp being neglected. 
 
Model Experiment 
 

Model arrangement 
The physical model experimental set-up consists of 

an intake system, a tank, a flood discharge tunnel with 
 

 

Fig. 2 — 3-D coordinate axis of orifice plate tunnel 

Table 1 — The calculation results of Phase No.1 (d/D = 0.50 and T/D = 0.10) 

Re (×105) 0.90 1.80 9.20 18.40 27.60 
P0(pa) -10.12 -28.01 -581.43 -630.12 -3252.28 

 pmin(pa) -6491.58 -27961.99 -698795.41 -2796877.01 -6291139 

cp 54.38 55.98 55.98 55.98 55.98 
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an orifice plate energy dissipater, and a return system 
with a rectangular weir (Fig. 3). The diameter (D) of 
the tunnel model is 0.21 m and the length of the 
tunnel model is 4.75 m, i.e., 22.6 D from the intake to 
the pressure tunnel outlet at the gate. The orifice plate 
energy dissipater was placed at the positions of 10.0 
D from the tunnel intake and of 12.6 D away from the 
outlet at the gate. The water head about 10.0 D could 
be presented by the intake system and the tank. The 
opening of the gate could be changed conveniently. 
The discharge tunnel model is shown in Figure 4. 
 

Analysis for results 
Table 3 gives comparison results between 

experimented data and calculation results obtained by 

using Eq. (10). The symbols in Table 3 are explained 
as: cp.eq is the minimum wall pressure coefficient by 
calculation using Eq. (10), cp.ex is experiment 
minimum wall pressure coefficient, and Er is the 
comparison result between cp.eq and cp.ex. which can be 
expressed as: 
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The results in Table 3 illuminate that the 
calculation results obtained by using Eq. (10) 
coincided with experiment results and the relative 
errors of Eq. (10) are all less than 13.6%. 
 

Conclusion 
For sharp-edged orifice plate, its minimum wall 

pressure coefficient cp is the function of the 
contraction ratio d/D, relative thickness T/D, and 
Reynolds number Re. The effects of orifice plate’ 
thickness on the minimum wall pressure coefficient 
was not obvious and therefore could be neglected. 
When Reynolds number is more than 105, it little 
impact on the minimum wall pressure coefficient. 

The contraction ratio d/D is the key factor that 
dominates the minimum wall pressure coefficient cp. 

 

Fig. 3 — The relationships between cp and d/Ds 
 

 

Fig. 4 — The discharge tunnel model 
 

Table 2 — The calculation results of Phase No.2 (Re = 1.80×105) 

d/D parameter 
T/D 

0.05 0.10 0.15 0.20 0.25 

0.40 
P0(pa) / -19.01 / / / 

pmin(pa) / -72427.81 / / / 
cp / 144.89 / / / 

0.50 
P0(pa) -28.09 -27.01 -28.98 -27.54 -28.01 

pmin(pa) -28336.91 -28288.73 -28281.02 -28272.46 -27961.99 
cp 56.73 56.63 56.62 56.60 55.98 

0.60 
P0(pa) -33.01 -33.01 -34.12 -34.01 -34.98 

pmin(pa) -13126.99 -13109.45 -13100.88 -13090.99 -13070.02 
cp 26.32 26.29 26.27 26.25 26.21 

0.70 
P0(pa) / -40.00 / / / 

pmin(pa) / -6827.98 / / / 
cp / 13.74 / / / 

0.80 
P0(pa) / -47.01 / / / 

pmin(pa) / -3867.56 / / / 
cp / 7.83 / / / 

 

Table 3 — comparison results between experiment data and 
calculation results 

d/D cp.ex cp.eq Er (%) 

0.690 15.6 15.8 1.3 
0.755 10.8 12.6 13.6 
0.800 7.5 7.4 1.4 
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The minimum wall pressure coefficient cp decreases 
with the increase of contraction ratio. The relationship 
of cp and d/D could be expressed as Eq. (10). 
Comparing the calculation results and the physical 
model experimental results, the relative errors of Eq. 
(10) are all less than 13.6 %. 
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