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ABSTRACT 
 
Radial drilling technology with high-pressure water jet, which explores low-permeability and 
heavy oil reservoirs and the marginal, depleted oil wells effectively and economically, is applied 
worldwide. Based on hydraulic principles, the pressure loss model of the radial drilling system 
and the pulling force model of flexible hose connecting with the jet nozzle have been developed. 
The method to calculate the well extended limit is obtained. A sensitivity study is carried out to 
identify the parameters controlling the well extended limit. The sensitivity study includes the 
effect of flow rate, pump pressure, ratio between the flow rate of the forward and backward 
orifices of the jet nozzle (flow rate ratio for short), well roughness, mother-well depth, and well 
diameter. The result indicates that the method is reliable to calculate the well extended limit by 
comparison with result of on-ground test. There exists an optimum flow rate of the forward and 
backward orifices of the jet nozzle, which is 1.0 in value. The well extended limit is most 
sensitive to pump pressure, flow rate, well roughness and flow rate ratio. The radial drilling 
technique is feasible to apply in deep wells. This study can provide theoretical guidance for the 
multi-orifices nozzle and radial drilling design in field operation. 
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1. INTRODUCTION 

The radial drilling technique is to drill several micro horizontal wells with diameter of 25-50mm 
into reservoir at an exact depth perpendicular to the mother-well conveyed by coiled tubing (CT) 
(Dickinson et al., 1985). It is effective to explore low-permeability or heavy oil reservoirs, and 
provides a new way to stimulate both live and dead wells with much low cost. The technology 
has been tested or applied in many countries, such as the USA, Canada, China, Russia, Egypt 
and some Latin countries (Dickinson et al., 1989; Li Y. H et al., 2000; Stanislav Ursegov et al., 
2008; Adel et al., 2011). 
 
The bottom hole assembly (BHA) of radial drilling 
consists two main parts: a casing milling assembly 
and a flexible hose connecting with a jet nozzle 
(Figure 1). The operation procedure is simple, that 
is, after the BHA is anchored at the exact depth in 
the mother-well, mill a hole on the casing, run in the 
flexible hose connected with the jet nozzle ahead, 
and then pumping to drill a drainhole with 
high-pressure water jet. The jet nozzle is to generate 
high pressure water jet to break rock and provide 
the required force to pull the flexible hose forward. 
One of the main criteria of radial drilling 
technology is to drill 4-10 laterals radial from the 
mother-well, each 1-2in diameter and up to 50m in length (Buset et al., 2001). To create the well 
as large and long as possible is of great importance, relying on the performance of the jet nozzle. 
This paper focuses on the method to calculate the well extended limit and how it is been 
influenced by other parameters.  
 
Buset et al. (2001) studied the penetration mechanism of the jet nozzle and did a preliminary 
experiment on the pull force which consisted of jetting force, ejector force and under-pressure 
force. But they didn’t carry on studying deeply and their results are not enough to be applied for 
operation. Guo R. C. et al. (2009) established a model to calculate the pull force of 
multiple-orifices jet nozzle. But they considered the inlet fluid pressure of the jet nozzle as a 
positive part for pull force, which is not correct. 
 
The extended limit of the well created by radial drilling hasn’t been ever studied theoretically 
and experimentally. In this paper, the pulling force model is established to calculate the extended 
limit of the well, and the pressure loss model of the whole radial drilling system to calculate the 
inlet fluid pressure and the ambient fluid pressure of the jet nozzle. We also carried on a test on 
ground to validate our method. 

 
Figure 1. Schematic of radial 

drilling downhole system 



2. PULLING FORCE MODEL 

By experiment, we find the multiple-orifices jet nozzle is of better performance than other ones 
in rock-breaking efficiency (Chi H. P. et al. 2013). The major structural parameters are shown in 
Figure 2, including the inner diameter -- din and outer diameter -- dout of jet nozzle, forward and 
backward orifice diameters -- df  and db respectively, angle between the orifice axis and jet 
nozzle axis -- θf and θb, the inlet angle of orifice -- α, the number of forward and backward 
orifices – m and n. 

 

As shown in Figure 3, during drilling forward by force generated by water jet from orifices on 
jet nozzle, there are 4 kinds of force on jet nozzle and flexible hose – static ambient fluid 
pressure on the forward surface of jet nozzle -Fp-out, friction force of wellbore and the deflector to 
flexible hose- Fdf and Ff respectively, and ejecting force generated by fluid jetting from orifices- 
Fj. The friction force due to contact between the flexible hose and the deflector is neglected in 
this study. The pulling force of the flexible hose connected with a jet nozzle ahead is: 

 pull j p out fF F F F−= − −  (1) 

where 
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Fpull is the resultant force along x-axis direction. When Fpull > 0, the well is extended forward, the 
friction - Ff increases at the same time. The Fpull will decrease to zero at a certain well length, 
which is the extended limit of the well and can be calculated by the equation below. 
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In this equation, to calculate the extended limit- lEL, the ejecting force and ambient fluid pressure 
should be known first. 
 
Take the fluid within jet nozzle to study (Figure 4), and the theorem of momentum is satisfied: 
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Figure 2. Structure diagram of jet nozzle   Figure 3. Force analysis of drilling system 



 
Figure 4. Fluid flowing state within jet nozzle 

 
The forces of the left side in the equation above are generated by the ambient fluid pressure and 
water jet from orifices. Based on the interaction between the jet nozzle and fluid within which, 
the following equation can be derived: 
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And the pout is the ambient fluid pressure around the jet nozzle. The fluid pressure equals to zero 
after circulating from the annulus back to the ground, so the pout equals to the pressure loss in the 
annulus- pa-loss. 
 
The fluid velocity of each orifice can be calculated by the Bernoulli Equation: 
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where ξ  is the local resistance coefficient of the orifice (Jamal M. S. 2004). 
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The ratio between the flow rate of the forward and backward orifices of jet nozzle is expressed 
as: 
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3. PRESSURE LOSS MODEL OF CIRCULATION SYSTEM 

To study the inlet fluid pressure and the ambient fluid pressure of the jet nozzle in the model 
above, the circulation pressure loss should be calculated. The pressure loss of fluid flowing in 
pipe and annulus can be calculated by equations as follows: 

Pipe flow: 
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3.1 Pressure Loss of Fluid Flowing in Pipes 

The pressure loss of fluid flowing in pipes consists of 3 parts – pressure loss in the spiral section 
of CT, pressure loss in straight section of CT and pressure loss in the flexible hose. 
 
(1) Pressure loss in the spiral section of CT 
Srinivasan P. S. et, al. (1970) derived the friction coefficient of Newtonian fluid flowing in spiral 
pipe by experiment, as follows: 
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From equation (10), (12) and (13), the analytical equation to calculate the pressure loss in spiral 
section of CT can be obtained: 
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To accurately calculate the pressure loss, a field test was carried out. We connected a pressure 
gage on the inlet of CT and exposed the end of CT to the atmosphere, thus the value of the 
pressure gage would be the pressure loss of CT. The parameters of tested CT are: outer 
diameter-0.0254m, inner diameter-0.02m, drum diameter-1.375m, length-4000m. The tested 
pressure loss is 22MPa. By comparing the experimental result with the value- 24.53MPa 
calculated by equation (14), the modified equation for equation (14) is: 
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(2) Pressure loss in the straight section of CT 
During radial drilling, the fluid flow in CT or flexible hose is turbulent to guarantee a high 
impact pressure on formation rock. The friction coefficient during fluid flowing in smooth pipe 
can be expressed as (F. Gallego et al., 2009):  
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The radial drilling fluid is water generally, the flow behavior index-N of which is 1.0, and the 
friction coefficient can be obtained: 
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Combined equation (18) and (10), we can calculate pressure loss in the straight section of CT by: 
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(3) Pressure loss in flexible hose 
The flexible hose can be studied as straight pipe, and we can use the form of equation (19) to 
calculate its pressure loss. However, the flexible hose is made of rubber material and CT is a 
kind of mental tubing. The pressure loss in the flexible hose can not be calculated by equation 
(19) directly. Thus, we conducted a field test the same as the method to modify equation (14). 
The results are listed in Table 1. The fluid flowing pressure loss per meter can be expressed as: 
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Table 1. Field test results of pressure loss in flexible hose 

Length /m Pressure loss /MPa Time /s Weight of water /kg Flow rate/L· min-1 
15 0.8 15.2 11.74 46.46 
15 8 7.61 11.53 90.32 
15 7 9.18 12.68 82.9 
15 5 10.53 12.33 70.26 
15 4 12.34 13.55 64.12 
22 3.5 15.34 10.98 42.96 
22 11.5 8.72 12.73 87.56 
22 9 10.18 12.64 74.4 
22 5 15.12 13.49 53.96 



The relationship between the coefficient- λ and flow rate- Q is shown in Figure 5. After linear 
regression, we obtain the following equation: 

 43.734 10 0.494Qλ −= − × +  (21) 
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Figure 5. Relationship between flow rate and coefficient-λ 

 
As the flow rate increases, the coefficient- λ changes little. We can take the value- 0.4716 at flow 
rate- 60L/min as the approximate value of the pressure loss coefficient-λ. Thus, we derive the 
following equation to calculate the pressure loss in the flexible hose. 
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3.2 Pressure Loss of Fluid Flowing in Annulus 

The pressure loss of fluid flowing in annulus consists of two parts -- pressure loss in annulus 
between wellbore and the flexible hose and pressure loss in annulus between the oil tubing and 
the vertical wellbore. 
 
Because the open-hole completion is adopted in radial drilling, the roughness of the wellbore 
must be taken into consideration to calculate the pressure loss in annulus more accurately. The 
result of Chen (1979) can be used to calculate the friction coefficient of Newtonian fluid flowing 
in annulus: 
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The pressure loss of water flowing in annulus between wellbore and the flexible hose by 
combining equation (11), (13) and (23) can be derived. 



We use equation by Chen T. G et al. (2006) to calculate pressure loss of water flowing in annulus 
between oil tubing and the vertical wellbore which is much smoother than the horizontal 
wellbore: 

 
( ) ( )

0.8 0.2 1.8

3 1.80.1823 vw
va

vh oo vh oo

L Qp
d d d d

ρ μ
Δ =

− +
 (24) 

 

4. SENSITIVITY STUDY 

Based on the method established above and the parameters of jet nozzle in Table 2, a sensitivity 
study is carried out to identify the parameters controlling the well extended limit. The sensitivity 
study includes the effect of flow rate, pump pressure, ratio between the flow rate of the forward 
and backward orifices of the jet nozzle (flow rate ratio for short), well roughness, mother-well 
depth, and well diameter. 
 

Table 2. Structural parameters of jet nozzle 

Parameter Value Parameter Value 

forward orifice diameter /mm 0.5 backward orifice diameter /mm 0.262 
angle between forward orifice axis 

and jet nozzle axis /rad 0.524 angle between backward orifice 
axis and jet nozzle axis /rad 15 

the number of forward orifices 6 the number of backward orifices 8 

inner diameter /mm 10 outer diameter /mm 18 

inlet angle of the orifice /rad 0.236   

4.1 Effect of the Flow Rate 

The extended limit of the well decreases along with the increase of flow rate (Figure 6). To make 
the well extend longer, a lower flow rate should be selected. But the rock-breaking efficiency is 
low with a lower flow rate. There is an optimum value of flow rate -- 60L/min to balance the 
well extension and rock-breaking efficiency combining with the research of Liao H. L. et al. 
(2012).  
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Figure 6. Relationship between flow rate and extended limit of horizontal well 

 
4.2 Effect of the Pump Pressure 

Figure 7 illustrates how the extended limit changes with the change in pump pressure from 
30MPa to 60MPa. Pump pressure can increase the well extended limit significantly because of 
the increasing inlet fluid pressure of the jet nozzle. Then, to increase the pump pressure is 
recommended if the operation equipment and security condition allow in field operation. 
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Figure 7. Effect of pump pressure            Figure 8. Effect of well roughness 



4.3 Effect of the Well Roughness 

The roughness of the well has an important effect on both annulus pressure loss and pressure 
drawdown during production. In Figure 8, the well extended limit decreases with a more and 
more high speed, that is because both the friction force on the flexible hose and the ambient 
pressure around the jet nozzle increase as the roughness increases. Thus, the ejecting force 
decreases, resulting in the decrease of well extended limit. 

4.4 Effect of the Flow Rate Ratio 

The well extended limit can change a lot when the flow rate ratio- k changes by changing the 
ejecting force of the jet nozzle at the same pumping flow rate. The well extended limit of the 
ideal condition (nozzle discharge coefficient = 1.0) and the actual condition (nozzle discharge 
coefficient = 0.7-0.8) for different flow rate ratios are shown in Figure 9. The semi-log plots in 
the figure are like downward parabola. The optimum flow rate ratio is about 1.0. And the 
extended limit of ideal condition is about two times as that of actual condition. Improving the 
nozzle discharge coefficient can help to extend the well length.  

 

4.5 Effect of Mother-Well Depth 

The radial drilling is generally applied in shallow wells, and seldom is the application in deep 
wells reported except in Bolivia reported by Raúl Andrés Cirigliano (2007). The influence of 
mother-well depth on the well extended depth for two kinds of CT are shown in Figure 10. The 
extended limit of 1.75in CT is a bit larger than that of 1.5in CT because of less pressure loss in 
CT. The plots are nearly parallel to the abscissa axis and there is only two meters’ decease from 
mother-well depth 800m to 3800m, indicating that the effect of mother-well depth on the well 
extended limit is negligible. 
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Figure 9. The effect of flow rate ratio     Figure 10. The effect of mother-well depth 



4.6 Effect of the Well Diameter 

The well extended limit increases by increasing the well diameter, but the increasing speed 
decreases as shown in Figure 11. That is because small well diameter will result in large pressure 
loss in well annulus and large resistance from ambient fluid around the jet nozzle. 

 

4.7 Sensitivity Analysis 

By sensitivity analysis method, we quantify the level that how changes in the different 
parameters above impact the extended limit of the well. The relationship of the dimensionless 
changing rate of the four parameters and the well extended limit is shown in Figure 12. The 
pump pressure, flow rate, well roughness and flow rate ratio of jet nozzle are dominant 
parameters that influence the extended limit, which indicates that the pumping capacity and jet 
nozzle performance are of great importance to radial drilling technique. Meanwhile, the extended 
limit is not sensitive to changing of the mother-well depth, revealing that the radial drilling 
technique is feasible in deep wells. 

5. GROUND TEST 

To validate the models developed above, as well as to examine the reliability of the downhole 
tools, a test was carried out on ground. The porous concrete blocks with 0.6 meter long, 0.24 
meter wide and 0.12 meter high of each, were adopted as formation rocks. These blocks were 
tied up and placed parallel to the ground with downhole tools, as showing in Figure 13. The 
major parameters of the other equipment and tools are listed in Table 3.  
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Figure 11. The effect of well diameter           Figure 12. Sensitivity analysis 



Table 3. Major ground test parameters 

Coiled tubing Flexible hose 
Pump pressure 

/ MPa 
Flow rate 
/ L· min-1 Length 

/m 
Inner diameter 

/mm 
Length

/m 
Inner diameter 

/mm 
30 32 22 10 30 70 

 

 
 

Figure 13. Schematic of ground test of hydra-jet radial drilling 
 
86 blocks were drilled out with a total length 20.64 meters and 27mm in hole diameter (Figure 
14). The extended limit calculated by our models is 24.37m based on the test parameters, with a 
relative error – 18% compared with the test result. This is mainly because the friction of deflector 
to flexible hose is larger in test condition than that in theory. However, the relative error is 
acceptable. And we can conclude that the method we have developed can provide reliable 
prediction of well extended limit by high-pressure water jet. 
 

    

Figure 14. Results of ground test 



6. CONCLUSIONS 

(1) The equation to calculate pressure loss in the spiral section of CT is modified by field test. 
And the pressure loss equation in flexible hose is established. 
(2) The optimum flow rate is 60L/min balancing the well extension and rock-breaking efficiency. 
The well extended limit increases as the pump pressure increases. The larger and smoother the 
well is, the longer the well extends. There is an optimum value of the ratio between the flow rate 
of the forward and backward orifices of the jet nozzle, which is about 1.0 in this study.  
(3) The pump pressure, flow rate, well roughness and flow rate ratio of jet nozzle are dominant 
parameters that influence the well extended limit. The feasibility of application of radial drilling 
technology in deep wells is proved theoretically. 
(4) The extended limit of calculated outcome is 18% larger than that of the ground test. The 
models and method we develop can provide reliable prediction of well extended limit by 
high-pressure water jet. 
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NOMENCLATURE 

db = backward nozzle diameter of the jet bit, m 
dcti = inner diameter of CT, m 
df = forward nozzle diameter of the jet bit, m 
dh = wellbore diameter, m 
dhp = inner diameter of high-pressure hose, m 
din = inner diameter of the jet bit, m 
do = outer diameter of the pipe, m 
doo = outer diameter of oil tubing, m 
dout = nozzle diameter, m 
dvh = diameter of vertical wellbore, m 
D = drum diameter of CT, m 
f = hydraulic friction coefficient, dimensionless 
fd = well friction coefficient, dimensionless 
Fp-out = static ambient fluid pressure on forward surface of the jet bit, N 
Ff = friction force of well to high-pressure hose, N 
Fj = ejecting force generated by fluid jetting from nozzles, N 
Fpull = pulling force of the high-pressure hose and the jet bit, N 
g = gravitational acceleration, 9.8m/s2 

k = ratio between the flow rate of the forward and backward nozzles (flow rate ratio for short), 
dimensionless 
lEL = well extended limit, m 
L = pipe length, m 
Lct1 = length of the spiral section of CT, m 



Lct2 = length of the straight section of CT, m 
Lhp = length of the high-pressure hose, m 
Lvh = length of the vertical wellbore, m 
m = the number of backward nozzles of the jet bit, dimensionless 
n = the number of forward nozzles of the jet bit, dimensionless 
N = flow behavior index, dimensionless 
NRe = Renold number, dimensionless 
pa-loss = pressure loss in the annulus, Pa 
pin = inlet fluid pressure of the jet bit, Pa 
pout = ambient fluid pressure around the jet bit, Pa 
pr = rated pump pressure, MPa 
Pr = rated power of the pump, kW 
Q = flow rate, m3/s 
Qr =rated flow rate of the pump, L/s 
v = fluid velocity with pipe, m/s 
vb = jet velocity from the backward nozzle, m/s 
vf = jet velocity from the forward nozzle, m/s 
vin = inlet fluid velocity of the jet bit, m/s 
vout = jet velocity from the nozzle, m/s 
∆ = roughness of well, m 
∆pi = pressure loss in pipe, Pa 
∆pa = pressure loss in annulus, Pa 
∆pct1 = pressure loss in spiral section of CT, Pa 
∆pct2 = pressure loss in straight section of CT, Pa 
∆php = pressure loss in high-pressure hose, Pa 
∆pva = pressure loss in vertical annulus, Pa 
α = inlet angle of the nozzle, rad 
θf = angle between the forward nozzle axis and the jet bit axis, rad 
θb = angle between the backward nozzle axis and the jet bit axis, rad 
λ = pressure loss coefficient in high-pressure hose, dimensionless 
μ = viscosity of water, Pa·s 
ρ = density of water, kg/m3 
ρhose = weight of high-pressure hose per meter, kg/m 
ξ = local resistance coefficient of the nozzle, dimensionless 


