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1. Introduction

Waterjet is a general term for the equipment that
uses a high pressure water flow for cutting and
cleaning purposes. One of the most important
advantages of cutting with waterjet is that this
process is inherently cold cutting and does not
generate heat. Having this feature, the waterjet
can easily perforate all kinds of materials include
human body’s bones, while in other cutting
methods there is a possibility of burning, melting
or cracking of the material. During the cutting
with a waterjet, it is possible to adjust the forward
speed on the material.

A review of the previous studies shows that
most of the studies have focused on bone
perforation by a drill or drilling a metal with a
water jet. Therefore, numerical simulation of
impinging jet flow on a bone as well as the
perforation process cannot be found in the
literature. In this study, in addition to the
numerical simulation of turbulent flow of an
impinging jet on a bone surface using finite
volume method, finite element approach along
with stress criteria are also applied to model the
perforation process. Moreover, the effect of
different parameters such as nozzle distance from
the surface, nozzle diameter, and the flow velocity
are investigated.

2. Physical Model and Assumptions

Figure 1 shows a schematic of the problem
geometry and impinging jet flow on the surface.
Three-dimensional geometry of a hemisphere
with a diameter of D is considered as a simple
model for the human skull. The waterjet strikes
the surface radially at a constant velocity V from
a circular cross-section nozzle with diameter d,
located at a distance L from the highest point of
the hemisphere, and then flows circumferentially
on the surface. The surface temperature is
assumed to be constant. Moreover, the flow of the
jet is considered steady and incompressible.

Based on the free jet velocity and nozzle diameter,
the Reynolds number will be in the range of
turbulent flow regime. The ambient air is static
and in standard condition. The effects of gravity
can be neglected due to high velocity and
dominant force-convection flow of the jet.

Moreover, the surface perforation process is
assumed to be steady. This means that chipping
process is neglected and only the effect of waterjet
force on the surface in breaking the solid elements
will be considered.

Nozzle

Impinging jet flow

Skull surface
(hemisphere)

Figure 1. Schematic of impinging water jet on cranial
bone surface

3. Mathematical Modeling and Numerical
Procedure

In this research, numerical solution of the
governing continuity, momentum and energy
equations for the jet flow are performed using
Ansys software. Also, the governing Johnson-
cook equations for surface drilling process are
solved by Abaqus software. The governing
equations and boundary conditions of the fluid
flow are solved based on finite volume method,
and SIMPLE algorithm is applied for the velocity-
pressure field coupling. Moreover, PRESTO
interpolation is used to discretize the pressure
gradient term. This method is recommended for
the flow fields with high streamline curvature.
Also, the convection terms in momentum and
energy equations are discretized using QUICK
scheme, which provides a good accuracy for
complex flows on unstructured grid. The
preferred turbulence model for this problem is
Reynolds Stress Model (RSM). Based on previous
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studies, this model gives a more accurate
estimation of fluctuating components in non-
isotropic turbulent flows with high-curvature
computational domain.

4. Results and Discussion

4.1. Impinging jet flow

Figure 2 shows the variation of Nusselt number
along the hemisphere surface at different nozzle
distance from the surface. This figure clarifies that
local heat transfer coefficient has the same trend
of variation with the friction coefficient. This
means that it reaches its maximum value on the
hemisphere surface at a small radial distance from
the stagnation point. Then, this coefficient
decreases with a steep slope along the surface.
The effect of changing in nozzle distance from the
surface on heat transfer coefficient also indicates
that by reducing the distance, due to increase in jet
velocity impinging the surface, the heat transfer
coefficient increases and therefore, heat exchange
between the jet and the surface is improved. This
shows the obvious advantage of waterjet drilling
compared to other methods, where by reducing
the distance between the nozzle and the surface to
gain more pressure in drilling process, the heat
transfer is also improved and prevents the bone
temperature enhancement and resulting damage.

—=— L=0.5mm
—~z— L=1.0mm
+ L=1.5mm

150

Nu

100 -

1 05 0
r/D
Figure 2. Radial change of heat transfer coefficient at
different nozzle distance from the surface, for jet speed of
290 m/s and nozzle diameter of 1mm

The variation of local Nusselt number on the
hemisphere surface at different nozzle diameters
is also plotted in Figure 3. It can be seen that by
increasing the nozzle diameter, the heat transfer
rate is increased. However, considering the
location of maximum Nusselt number in the
vicinity of stagnation point, we can see that
among the three studied nozzle diameters, the
highest Nusselt number belongs to the middle one,
that is, 0.8mm. This proves that increasing the
nozzle diameter does not always increase the

maximum heat transfer from the surface. Hence,
there is an optimal value for the nozzle diameter
for maximum heat transfer rate, which here is
0.8mm diameter nozzle.

4.2. Perforation process

During the simulation, in order to reduce the
computational costs, only a part of the hemisphere
adjacent to drilling region, which affected by the
jet flow is considered as the computing domain in
Abaqus. The physical properties of the cranial
bone to be inserted in the software are presented
in Table 1.

| —&— d=0.6mm
| ——— d=0.8mm
—z— d=1mm

150 -

Nu

100

/D

Fig. 3. Radial change of heat transfer coefficient at
different nozzle diameters, for a jet speed of 290 m/s and
a nozzle distance of 0.5mm

Table 1. Plastic phase coefficients in Johnson Cook's
criterion for the bone model

A (MPa) B (MPa) n M
50 101 0.08 0

The most important part in simulating drilling
process is to find the appropriate failure indices
for the bone, so that according to the selected
stress criteria, the failure of surface elements
occurs due to the force applied by the waterjet.
This is possible during an iterative numerical
procedure. Table 2 summarizes the failure
coefficients obtained finally in this process based
on Johnson-Cook’s criterion.

Table 2. Selected failure coefficients in Johnson Cook's
equations for the bone model

di d; ds ds ds
0.77 1.45 0.77 0 0

Figure 4 shows the contours of stress obtained
from the simulation of waterjet drilling process
based on Mises criterion. The results show that
maximum applied stresses of Mises and Tresca
criteria for the bone are 135 and 155 MPa,
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respectively. Actually, since the Tresca criterion
is more conservative, the stress value of this
criterion is higher than Mises criterion, while the
obtained value for Mises criterion is more
accurate. The stress contours presented in Figure
4 gives a good understanding of higher-stress
regions as well as the stress distribution in drilling
area on the bone surface.

Based on the properties defined for the bone, the
maximum stresses created by the waterjet on the
surface are much higher than the yield stress of the
bone. Thus, the failure of surface elements will
occur as a result of drilling process.

S, Mises
(Avg: 75%)
+1.350e+08
+1.238e+08
+1.125e+08
1.013e+08

v
+9.010e+07
+7.888e+07
- +6.766e407
+5.643e+07
+4.521e+07
+3.398e407

398
+2.276e+07
+1.154e+07
+3.134e+08

L.X

Figure 4. Stress contour during bone surface drilling
process according to Mises criterion

5. Conclusion

The most important results obtained in this study
can be summarized as follows:

1. The local Nusselt number decreases in radial
direction from its maximum value in the vicinity
of stagnation point. By increasing the nozzle
distance from the surface, its maximum value
decreases at the stagnation point;

2. As the waterjet velocity increases, the heat
transfer coefficient is also increased by the same
ratio;

3. The selected coefficients for the failure of
surface elements in Johnson-Cook’s criterion can
properly simulate the drilling process. Due to the
fact that the maximum stress applied to the surface
by the waterjet is higher than the bone’s yield
stress, drilling process is performed uniformly
according to the stress distribution.
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