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ABSTRACT 

 
As the “core” of radial jet drilling (RJD) technology, the multi-orifices nozzle must forcefully 
pulling the nozzle forward and effectively break the rock to form a radial hole. But nozzle 
discharge coefficient of the multi-orifices nozzle is always smaller than 0.6 in most cases that 
means only less than 36 percent hydraulic energy transfers to the fluid. It is extremely 
important to study the influence coefficients of the nozzle discharge coefficient. In this 
research, exact expression of the nozzle discharge coefficient was derived and effects of 
numbers of orifices and flow rate were studied by experiment. Results show that the nozzle 
discharge coefficient of multi-orifices nozzle depends on the discharge coefficient and weight 
ratio of each single orifice; the discharge coefficient of each orifice lies on its surface degree 
of finish, diameter, length, Reynolds number, and the complexity of the flow field; most of 
the energy loss of each orifice was caused by local resistance loss; the local resistance 
coefficient would slightly decrease with flow rate while greatly increase with the orifices due 
to the complicated flow. When a multi-orifices nozzle is designed, larger diameter and fewer 
number orifices are strongly recommended and optimal combination should be tested by 
experiment. 
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1 INTRODUCTION  
 

Radial jet drilling (RJD) technology is typically used to provide an extended wellbore 
radius along multiple radial directions in a vertical wellbore (Dickinson et al. 1985, 1989). 
This technology has been applied or tested in the USA, Canada, China, Bolivia, Argentina, 
Egypt, and Russia, among other countries. The nozzle is the most critical component of RJD 
and it must pull the hose moving forward and break the rock in front of it to form a radial 
hole. For the limitation of flow rate and pressure in field, the exiting nozzle hardly meets the 
application requirements. It is great significant to present a highly effective nozzle.  

The multi-orifice nozzle which consists of several forward orifices and backward 
orifices is a type of highly efficient nozzle applied in RJD applications (see Figure 1). 
Forward orifices form the forward jet to drill a big horizontal hole, while the backward 
orifices form the backward jet to generate self-propelled force to pull the nozzle into strata. 
Numerous researchers have studied these issues: P. Buset (2001) analyzed the mechanism of 
rock breaking and the self-propelled ability of multi-orifice nozzles; Guo Ruichang (2010) 
studied the internal and external flow field distribution and local flow characteristics of a jet 
bit by numerical simulations; Liao Hualin (2011) examined the effect of the number of 
forward orifices and hydraulic parameters on the rock-breaking properties; Ma Dongjun 
(2014) researched the mechanism of self-propelled force and the influence coefficients by 
experiments. However, the nozzle discharge coefficient of the multi-orifices nozzle is always 
smaller than 0.6 in most cases that means only less than 36 percent hydraulic energy transfers 
to the fluid. It is extremely important to study the influence coefficient of the nozzle 
discharge coefficient. In this research, exact expression of the nozzle discharge coefficient 
was derived and effects of numbers of orifices and flow rate were studied by experiment. 

 
 

2 ENERGY CONVERSION EFFICIENCY OF THE MULTI-ORIFICES NOZZLE  
 
According to Chen Tinggen’s study, the pressure drop of the nozzle equation can be 

expressed as 
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Where, ᇞ p is the pressure drop of the nozzle, MPa; ȡ is density, kg/m3; Q is flow rate, m3/s; 
A is the outlet area, m2; C is the nozzle discharge coefficient, dimensionless.  

According to the equation of continuity, average velocity can be calculated by: 
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Where, v  is the average velocity of the nozzle, m/s. 



By substituting Eq. 2 into Eq.1, the relationship of nozzle discharge coefficient and 
energy conversion efficiency is found to be  
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Eq.3 relates that only the square of the nozzle discharge coefficient times hydraulic 

pressure transfer to the kinetic energy. The nozzle discharge coefficient determines the energy 
conversion efficiency and is one of the most important performance indexes of the 
multi-orifices nozzle. It is really necessary to research the nozzle discharge coefficient to 
improve the utilization of hydraulic energy.  

 
 

3 EQUATION OF THE NOZZLE DISCHARGE COEFFICIENT  
 

3.1 Structure of the Multi-orifices Nozzle  

 

A simplified physical model of a multi-orifice nozzle (Guo et al. 2009) is shown in Fig. 
1. The nozzle consists of one center orifice, n2 forward orifices, and n3 backward orifices. The 
corresponding diameters, velocities and flow rates of the orifices are d1, d2, and d3; v1, v2, and 
v3; and Q1, Q2, and Q3, respectively. The angles between the center axis of the forward and 
backward orifices and the nozzle are ș2 and ș3, respectively. The diameter of the nozzle is d0. 
The velocity, flow rate, and pressure of the incoming flow are v0, Q0, and P0, respectively. In 
addition, pout is the outlet pressure of the orifices. Due to the high velocity which can break 
rock, the flow in the orifices is turbulent flow, and the velocity equals to the average velocity 
approximately. We identify different nozzles by the number of backward orifices added to the 
number of forward orifices and the number of center orifices, such as the n3 + n2 +1 nozzle. 
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Figure 1. Structural Diagram of the Multi-orifices Nozzle 
 

3.2 Energy Loss of the Multi-orifices Nozzle  
 
In the study of the nozzle discharge of the conical nozzle, it was taken as a reducing pipe. 

Its main energy loss results from the frictional resistance loss and the contraction pressure 
loss (Liu et al. 2000; Fei et al. 1995, Yang et al. 2013).  

Analogously, the multi-orifices nozzle is taken as the assembly of several sudden 



contraction tubes. Due to each orifice is cylindrical shape, there is no secondary shrinkage. 
The energy loss of the multi-orifices nozzle mainly results from the frictional resistance loss 
and local pressure loss. 

 
a. Frictional resistance loss  
 
All the flow in the orifices can be taken as the circular pipe flow. The frictional 

resistance loss can be calculated by the follow equation 
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Where, hf is the frictional resistance loss, MPa; Ȝ is the frictional resistant coefficient 

calculated by using the turbulent model in Yuan’s study (1986); L is the length of the circular 
pipe, m; d is the diameter of the pipe, m; v is the average velocity, m/s; g is the gravitational 
acceleration, m/s2. 

 
b. Local Pressure Loss 
 
Because there is no diversion section, rapid change in flow section and the flow 

direction leads to the local pressure loss. The multi-orifices nozzle is taken as the assembly of 
several sudden contraction tubes. The local resistance loss of each orifice can be obtained by 
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Where, hj is the local loss, MPa; ȗ is the local resistance coefficient, dimensionless; v is 

the average velocity, m/s; g is the gravitational acceleration, m/s2. 
Due to the complex flow process of the sudden gravitational acceleration, there is only 

empirical formula for the calculation of the local resistance coefficient. The commonly used 
formula is as follow (Wu, 2007) 
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Where, A1 is the cross-sectional area of the large tube; A2 is the cross-sectional area of 

the small tube;  
There are three types’ orifices for the multi-orifices nozzle. Relevantly, there are three 

types’ local resistance coefficients. They only can be obtained by experiment.   
  
3.3 Derivation  



 
As is shown in Fig.1, Bernoulli equation is set up respectively between 0-0 section and 

1-1 section, 2-2 section, 3-3 section. 
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Where, P0 is the inlet pressure, MPa; v0, vi is the velocity of inlet or orifices, m/s; Į0, Įi is the 
kinetic energy correction coefficient, if it is turbulent flow, then Į0=Įi≈1; Ȗ is the product of 
density of water and the gravitational acceleration, N/m3; Pout is the outlet pressure, if the 
atmosphere pressure is adopt, then Pout=0; hf is the frictional resistance loss, MPa; hj is the 
local resistance loss, MPa.  

Usually, the velocity in the orifices is far greater than that in the nozzle, which means 
vi >10v0. Therefore, the inlet velocity (v0) can be neglect. In addition, the experiment is 
conducted in the air, which means Pout =0. By substituting the relationships and Eq. 5 and 
Eq.6 in Eq.7, there results  
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According to the relationship of flow rate and velocity, Eq.8 can be expressed as 
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The across-section area can be expressed by  
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Where, Ane is the equivalent across-section area, m2; dne is the equivalent diameter, m. 
According to Eq. 9 and Eq. 10, the flow rate of each orifice can be written as  
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According to the continuity, the relationship of the flow rate can be obtained  
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By substitute Eq.11 in Eq.12, the total flow rate is found to be  
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But if it is the ideal fluid, the total flow can be expressed as  
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According to its definition, the nozzle discharge is the ratio of the flow rate which 

flows through the nozzle with the ideal fluid and the real fluid under the same pressure. The 
nozzle discharge coefficient of the multi-orifices nozzle can be got  
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In most cases, orifices of the multi-orifices nozzle have the same diameter. Eq.15 can be 

reduced to  
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Eq.16 relates that the nozzle discharge coefficient of the multi-orifices nozzle depends on 

that of each orifice and the weight of each type orifice. When the number of orifices is set, 
the more the orifice with large nozzle discharge coefficient, the larger nozzle discharge 
coefficient can be got. The nozzle discharge coefficient of each orifice depends on the 
frictional resistance coefficient and the local resistance coefficient. The friction resistance 
coefficient of each orifice lies on its surface degree, diameter, length, Reynolds number, and 
so on. But the length of orifice is generally short. It can be inferred that the friction resistance 
coefficient would be small. So the study should pay great attention to the local resistance 
coefficient which results from rapid change in flow section and the flow direction. Eq.16 only 
can be used to analyze the effect of the structure parameters on the nozzle discharge 
coefficient qualitatively for the uncertainty of local resistance coefficient which only can be 
measured by experiment.       

 
   

4 EXPERIMENTS 
 

4.1 Facilities  



A high-pressure plunger pump is used as a power source at a rated pressure of 60 MPa 
and a certified capacity of 100 L/min. A hydraulic sensor with a measuring range of 30 MPa, 
an output current of 4~20 mA, and an accuracy of 0.1 % F*S is used to measure the jetting 
pressure. The multi-orifice nozzle named as the 6+3+1 nozzle has one center orifice with d1 = 
0.7 mm, three forward orifices with d2 = 0.7 mm, and six backward orifices with d3 = 1.0 mm. 
The diameter of the inlet is d0 = 10 mm, and the angles are ș2 = 12 °and ș3 = 40 °. 

 

Figure 2. Picture of the Multi-orifices Nozzle 
 

4.2 Experiment Scheme  
 
According to the reliability definition, the nozzle discharge coefficient can be expressed 

as 
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Where, ȡ is the density of water, kg/m3; Q is the flow rate, m3/s; p is the jetting pressure, MPa; 
A is the equivalent outlet area, m2.  

For a particular nozzle, the jetting pressure data and relevant flow rate data are needed to 
calculate the nozzle discharge coefficient. The 6+2+1, 6+1+1, 6+0+1, 6+0+0 nozzles are 
created by blocking the forward and center orifices of the 6+3+1 nozzle. To ensure the 
accuracy of the experiment, the nozzle discharge coefficient with different flow rates are 
measured.  

 
 

5 RESULTS AND DISCUSSION 
 

5.1 Flow Rate-Jet Pressure Relationship  
 
The flow rate-jet pressure curves of different nozzles are given in Figure 3. As is shown, 

there is an approximate power relationship between the flow rate and jetting pressure. But it 
is not exactly in accordance with the pressure drop equation of the nozzle. It can be inferred 
that the nozzle discharge coefficient is not a constant for a multi-orifices nozzle which makes 
it different from the conical nozzle obviously and is needed to be researched; meanwhile, it 
can tell that the jet pressure increases slowly with the flow rate when there are more orifices 



which means bigger equivalent diameter, while it increases rapidly with the flow rate with 
fewer orifices. Therefore, six tests are conducted for the nozzle with more orifices, while 
four/five tests for the nozzle with fewer orifices. In other words, little equivalent diameter 
allows very limit flow rate which is very hard to meet the requirement of rock breaking 
energy for the safety pressure of the RJD system.   

 

Figure 3. Flow Rate-Jet Pressure Curves of Different Nozzles 
     
5.2 Effect of Flow Rate on Nozzle Discharge Coefficient  

 
Because there is no diversion section in the multi-orifices nozzle, it is taken as the 

assembly of several sudden contraction tubes, and the rapid change in the flow cross-section 
leads to a lot of energy loss. According to Yuan Enxi’s study (1986), the local resistance 
coefficient will increase with flow rate. The effect of flow rate on the nozzle discharge 
coefficient is studied in this research. According to the data in Figure 3, the nozzle discharges 
coefficient with different flow rates are obtained by Eq. 17. As is shown in Figure 4, all 
nozzle discharges coefficients are less than 0.6 which means only less than 36 percent 
hydraulic energy transfers to kinetic energy. It is really necessary to improve the hydraulic 
performance of the multi-orifices nozzle.  Meanwhile, except for the 6+0+0 nozzle, the 
nozzle discharge coefficient of the nozzle increases with the flow rate slightly; and the nozzle 
with more orifices are much greater affected, for example, the increase of the nozzle 
discharge coefficient of the 6+3+1 nozzle up to 3.3 percent with the flow rate increase from 
0.522 L/s to 0.772 L/s. It can be inferred that lager flow rate can decrease the local resistance 
coefficient and improve the hydraulic performance of the nozzle. But because the 
improvement is small, the hydraulic performance of multi-orifices nozzle must be improved 
by changing the structure of the nozzle.       
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Figure 4. Nozzle Discharge Coefficient-Flow Rate Curves of Different Nozzles 
     
5.3 Effect of the Number of Orifices on Nozzle Discharge Coefficient  

 
It is easy to understand that the nozzle discharge coefficient of the forward orifice is 

bigger than that of the backward orifice. The nozzle discharge coefficient of the multi-orifices 
nozzle should increase with the number of forward orifices linearly, but it turns out complex 
in experiment. According to the above analysis, the average of the nozzle discharge 
coefficient is used in this part. The changing law of the nozzle discharge coefficient with 
forward orifices is given in Figure 5. As is shown, the nozzle discharge coefficient increases 
first and then decreases with forward orifices. According to Eq. 16, with bigger nozzle 
discharge coefficient the forward orifice improves the hydraulic performance of the nozzle; 
but with the increase of the forward orifice the flow in the nozzle becomes more complex 
which leads to the increase of the local energy loss. For example, the nozzle discharge 
coefficient of the 6+3+1 nozzle is even lower than that of the 6+0+0 nozzle. The same law 
should be found in the backward orifices.  
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Figure 5. Nozzle Discharge Coefficient-Number of Orifices Curve 
     
5.4 Effect of the Number of Orifices on the Local Resistance coefficient  

 
To deep understand the changing law of the nozzle discharge coefficient, the effect of 

orifices on the local resistance coefficient is analyzed. The wall thickness of the nozzle is 
3mm. The lengths of orifices can be obtained by multiplying the wall thickness with the 
reciprocal of the cosine the angles, which turns out L1=3mm, L2=3.5mm, L3=4.5mm. The 
orifice is similar with the clean seamless steel tube. The absolute roughness can be set as ᇞ=0.01mm. According to Yuan’s (1986) study, the frictional resistant coefficient of the center 
orifice can be got, Ȝ=0.038. The local resistance coefficient can be calculated by Eq. 6, ȗ1 
=0.415. Due to different orifices only have different angles, the local resistance coefficients 
of different orifices are correlative, which depends on the angle. The relationship can be 
expressed as   

 
ȗ2=ȕ2ȗ1ˈȗ3=ȕ3ȗ1ˈȕ3>ȕ2>1                           (18) 

 
Where, ȕ2 andȕ3 are dimensionless constants which depend on the angle.  

When there is only the backward orifice, the local resistance coefficient can be obtained 
by substituting the nozzle discharge coefficient of the 6+0+0 nozzle into Eq. 16 which turns 
out ȗ3=2.229. According to Eq. 18, the dimensionless constant ȕ3 turns out 5.371. Because it 
is hard to figure out the exact relation of the resistance coefficient, the linear relation is used 
in this study. The dimensionless constant ȕ2 turns out 1.350. According to the average nozzle 
discharge coefficient and Eq. 16, the nozzle discharge coefficients of different nozzles are 
obtained and listed in Table 1. As is shown, for the 6+0+1 nozzle, the local resistance 

coefficient is ȗ1=0.477, while the frictional part is only . It can be inferred that the 

main energy loss is caused by local resistance coefficient.  
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Table 1 Local Resistance Coefficient of Each Orifice of Different Nozzles 

Nozzle type Ȝ C ζ1 ζ2 ζ3 

6+0+0 0.038 0.542 0.415 0.560 2.229 

6+0+1 0.038 0.557 0.477 0.644 2.561 

6+1+1 0.038 0.575 0.55 0.743 2.954 

6+2+1 0.038 0.550 0.645 0.871 3.464 

6+3+1 0.038 0.526 0.822 1.110 4.414 

 
For the linear relationship of different local resistance coefficients, only that of the center 

orifice is analyzed. The curve of the local resistance coefficient and the orifices is shown in 
Figure 6. As is shown, the local resistance coefficient increases quickly with the orifices, 
which is caused the complicated flow. It explains that the more forward orifices may lead to 
lower the nozzle discharge coefficient. Fewer orifices are strongly recommended when a 
multi-orifices nozzle is designed. The best combination of the backward orifices and forward 
orifices should be tested to make sure the rock breaking capacity and self-propelled ability. 

 

 

Figure 6 The Curve of the Nozzle Discharge Coefficient and Orifices  
 
 

6 CONCLUSIONS 
 
The energy conversion efficiency of the multi-orifices nozzle was found only 36 percent 

which seriously limits its hydraulic performance and is needed to be improved urgently. The 
nozzle discharge coefficient calculation equation was derived, and the effects of flow rate, 
number of orifices on it were researched. The following conclusion can be achieved:   

(1) The nozzle discharge coefficient of the multi-orifices depends on that of each orifice 
and the weight of each type orifice. When the number of orifices is set, the more the 
orifice with large nozzle discharge coefficient, the larger nozzle discharge coefficient 
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can be got. 
(2) The main energy loss of the multi-orifices nozzle was caused by the local resistance 

loss which would slightly decrease with flow rate and would great increase with the 
number of orifices.  

(3) When a multi-orifices nozzle was designed, the large diameter and fewer orifices are 
strongly recommended. The best combination of the backward orifices and forward 
orifices should be tested to make sure the rock breaking capacity and self-propelled 
ability. 
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NOMENCLATURE 
 

A1   Cross-sectional area of the large tube, m2  
A2   Cross-sectional area of the small tube, m2 
Ane   Equivalent across-section area, m2 
C    Nozzle discharge coefficient, dimensionless 
dne   Equivalent diameter of the multi-orifices nozzle, mm 
di    Diameter of different orifices (i=1,2,33), mm 
g    Gravitational acceleration, m/s2 
hf   Frictional resistance loss, MPa  
hj   Local resistance loss, MPa 
Li    Length of the orifice (i=1,2,33), mm  
v0   Velocity of the incoming flow, m/s 

v     Average velocity of the nozzle, m/s 
vi    Average velocity of different orifices(i=1,2,33), m/s 
P0   Pressure of the incoming flow, MPa 
Pout  Outlet pressure, if the atmosphere pressure is adopt, then Pout=0, MPa ᇞp   Pressure drop of the nozzle, MPa 
Q0    Flow rate of the incoming flow, L/s 
Qi   Flow rate (i= 0, 1, 2, 3), L/s 
ȡ    Density of water, kg/m3 

Į0, Įi  Kinetic energy correction coefficient, if it is turbulent flow, then Į0=Įi≈1  
ȕ2,ȕ3   Dimensionless constants which depend on the angle, dimensionless 
și   Angles between the center axis of the forward and backward orifices and the nozzle 

(i=2, 3)  
Ȝ   Frictional resistant coefficient, dimensionless   
ȗ   Local resistance coefficient, dimensionless 
Ȗ   Product of density of water and the gravitational acceleration, N/m3 


