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Abstract: The current research on confined submerged waterjets mainly focuses on the flow field of
the impinging jet and wall jet. The double-sided wall vertically confined waterjet, which is widely
used in many fields such as mining, cleaning and surface strengthening, has rarely been studied
so far. In order to explore the influence of a double-sided wall confined width on the velocity field
of submerged waterjet, an experiment was conducted with the application of 2D particle image
velocimetry (PIV) technology. The distribution of mean velocity and turbulent velocity in both
horizontal and vertical planes was used to characterize the flow field under various confined widths.
The results show that the vertical confinement has an obvious effect on the decay rate of the mean
centerline velocity. When the confined width changes from 15 to 5, the velocity is reduced by 20%.
In addition, with the decrease of the confined width, the jet has a tendency to spread horizontally.
The vertically confined region induces a space hysteresis effect which changes the location of the
transition region moving downstream. There are local negative pressure zones separating the fluid
and the wall. This study of a double-walled confined jet provides some valuable information with
respect to its mechanism and industrial application.
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1. Introduction

Waterjet technology has achieved obvious progress in recent decades due to its incomparable
destructive power, cold working and pollution-free processing characteristics [1,2]. These unique
advantages of waterjet technology led to the wide applications in machining, cleaning, mining, and
food processing fields [3–6]. For instance, LI, et al. [7,8] most recently studied the influence of the nozzle
inner surface roughness and the nozzle inlet area discontinuity on the performance of free waterjets.
In addition, Guha et al. [9] have experimentally, numerically and theoretically investigated the waterjet
cleaning process. Hu, et al. [10] applied waterjet technology to rubber cutting and concluded that the
pump pressure had a more significant effect on cutting depth compared with nozzle transverse and
stand-off distance.

According to the different exit boundary conditions, waterjets are divided into free and confined
jets [11–13]. For confined jets, the external flow field is confined by solid walls. Thus, the solid walls
can restrict the flow development of the jet and change the working methods. More specifically,
based on the location of the solid wall, the confined jets can be divided into impinging jets, wall jets
and double-walled jets [14,15]. The impinging jet is a free waterjet that impacts solid walls or liquid
surfaces directly [16] as a classical wall-bounded shear flow; the wall jet is obtained by injecting fluid
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from a long slot parallel to a wall [17]. A double-walled confined jet refers to a jet form in which
two solid walls are placed in the nozzle exit space so that the jet beam cannot sufficiently diffuse [18].
In order to understand the working mechanism and flow field of the confined jet, researchers have
done a number of studies.

The impinging jet is gaining more attention by researchers recently because of the common
characteristics of the free waterjet and wall jet [19]. In a typical flow, the jet impinges directly
onto a target surface and the flow field is basically categorized by three broad regions: the free
jet region, the stagnation or impingement region and the wall jet region according to the research of
Tani, et al. [20]. Kyosung, et al. [21] studied the influence of the nozzle diameter on the hydraulic jump
of liquid jet impingement. They found that the dimensionless hydraulic jump radius depends on jet
Reynolds and Froude numbers rather than on just one of them. Moreover, Icardi, et al. [22] provided
a method of observing micro flow field in a three-dimensional confined impinging jet reactor by
means of micro particle image velocimetry (PIV) and direct numerical simulations (DNS). In addition,
Rothenfluh, et al. [23] conducted experimental research on impinging, turbulent, near-critical waterjets
which indicated that the surface temperature had a significant effect on heat transfer coefficients.

Experiments and theory analysis paved the way for the study of wall jets. In more specific
terms, the vortex formation and entrainmental characteristics of a round transverse jet in shallow
water were experimentally investigated by Fang, et al. [24] based on a combination of laser-induced
fluorescence (LIF) flow visualization and PIV measurement. Also, Adane, et al. [25] analyzed the
structure of three-dimensional laminar wall jet flows of various Reynold numbers by means of
numerical simulation and the application of three-dimensional PIV. The distributions of the velocities,
jet spread rates, and vorticity were used to provide insight into the characteristics of three-dimensional
laminar wall jet flows. Craft, et al. [26] simulated a 3D turbulent wall jet flow field by means of a
turbulent closure model and found the reason for the high lateral diffusion rate during the experiment.
Shinneed, et al. [27–29] investigated the characteristics of round jet flow when the confined wall and the
liquid surface were at different levels. In addition, Matteo, et al. [30,31] investigated the properties of
materials using scanning electron microscope (SEM) and X-ray diffraction (XRD), which are instructive
in the study of internal nozzle wear by severe waterjets. Their efforts laid the foundation for the wide
application of impinging jets and wall jets in industrial production.

With respect to double-walled confined jets, most investigations focus on air jets. For example,
Wang et al. [32] investigated the heat transfer and flow characteristics of a rectangular channel with a
small scale slit-vent circular cylinder by Large Eddy Simulation (LES). In addition, Vinze, et al. [33]
studied the influence of impinging under expanded jets on local heat transfer with a nozzle pressure
ratio ranging from 2.4 to 5.1. The flow structure distributions captured with the shadowgraph technique
were compared with the local Nusselt number. Proposed correlations for the local heat transfer showed
a good agreement with the experimental results for larger nozzle to plate distances.

However, as a typical kind of confined jet, a double-walled waterjet is rarely studied in the
literature. This type of waterjet is widely used in coal seam cutting, deep cutting and other field
applications [34,35]. Compared with free waterjets, double-walled confined jets produce impact and
shear effects [36,37] and have a tensile effect which is closely related to the flow field. Therefore, a
study of the double-walled jet flow can both clarify its internal velocity distribution and provide a
theoretical guidance for its engineering applications.

In the present work, the mean velocity and turbulent intensity of double-walled confined waterjet
are measured by means of particle image velocimetry (PIV). Considering the extremely complex
velocity features of the flow field, PIV represents an excellent tool, given its capacity to fully reconstruct
volumetric data of the target flow field. In order to measure the velocity of double-walled confined
waterjets, experimental research is carried out. The distribution of mean velocity and turbulent intensity
on both horizontal and vertical planes is used to characterize the flow field. Moreover, the present
paper has analyzed the influence of a confined width on the submerged waterjet velocity distribution.



Appl. Sci. 2017, 7, 1281 3 of 14

2. Experimental Setup and Procedures

2.1. Facilities and Setup

In order to measure the velocity of the flow field under the condition of double-walled
confinement, an experiment was conducted and the results could clearly show the development
and transformation of liquid flow. As is shown in Figure 1, a diagram was used to illustrate the
experimental setups, which included three parts: water circulation system, PIV system and pressure
test system.
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Figure 1. Schematic diagram of the experimental setup.

In the water circulation system, the pressurized tap water was supplied from a centrifugal pump
that has a pump head of 250 m and pump capacity of 46 m3/h. In the experiment, the operating
pressure of the centrifugal pump could be continuously regulated through the control table by changing
the working frequency of the motor powering the pump. The flow rate of the pump could be directly
read out from the pipeline flowmeter. Considering the limitation of the pump head, the strength of the
plexiglass tank and the accuracy of the PIV, the operating pressure was 0.34 MPa in this experiment.

The water tank had a volume of 3 m3. Taking a small amount of water consumption and pipe or
connections leakage in the course of the experiment into consideration, the volume of the water tank
was sufficient to meet the qualification of the operation. In addition, another feeding pipe was used.

As illustrated in Figure 1, the facilities of the measuring pressure and flow rate were applied in the
water line. To be more specific, the pressure was monitored by a dynamic pressure transducer DMP
333 (BD Sensors, Thierstein, Germany) that had been calibrated by the manufacturer with an accuracy
of±0.5% FS in advance. Further, the flow rate was measured by an electromagnetic flowmeter Optiflux
4100 C (Krohne, Krohne, Germany) that had an accuracy of ±0.3%, velocity error of ±1 mm/s and
repeatability error less than 0.1%.

The PIV system, Ultra-II (TSI, Knoxville, USA), was employed to measure the velocity field of
the double-walled confined waterjet. The basic premise of PIV is to measure the velocity of makers or
seed particles in the flow within a plane. PIV provides an Eulerian description of the velocity, since the
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velocity vector is obtained by calculating correlations for interrogation areas. Specifically, the velocity
is determined by using the basic definition.

V(X, t) =
∆S(X, t)

∆t
, ∆t→ 0 (1)

where V(X, t) is the particle velocity vector at position X and time t, and ∆S is the displacement vector
of the seeding particle during the elapsed time ∆t.

In order to create a plane through the flow field, a pulsed laser generation device, YAG (TSI,
Knoxville, TN, USA), was applied and the detailed information is shown in Table 1. The speed
information of the measurement area is mainly from pictures taken by the charge-coupled device
camera and the detailed information is shown in Table 2. The velocity range of the PIV was about
1–100 m/s. In this experiment, the region of 90 × 130 mm was large enough for our measurement.
To make the results more reliable, each testing section comprised 160 series of instantaneous data to
analyze the characteristics of mean velocity and turbulence intensity.

Table 1. The detailed information of the pulsed laser.

Item Power Impulse Frequency Scanning Speed Wavelength Width

Value 120 mJ/Pulse 30 HZ 3.75/s 532 nm 1 mm

Table 2. The detailed information of the charge-coupled device camera.

Item Resolution Image Acquisition Frequency Region of View

Value 1600 × 1200 pixels 32 fps 600 × 600 mm

2.2. Nozzles and Flow Conditions

The experiment was aimed at analyzing the influence of a double-walled confined width on the
waterjet flow field through measuring the mean velocity and turbulent intensity.

As the velocity and turbulent intensity of waterjet had a close relation with the structure of nozzle,
the nozzle was designed based on previous literature [38]. The nozzle that had been used in the
experiment is illustrated in the Figure 2. The contraction angle is α = 14◦ which could reduce the
pipeline pressure loss as much as possible. The exit diameter is 4 mm. The jet velocity is 26 m/s,
corresponding the operating pressure of 0.34 MPa.
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Figure 2. Profile and photo of nozzle.

Figure 3 shows the generation method of the double-walled confined waterjet in a plexiglass tank
as well as the measuring region. The pipe and nozzle were connected by a metallic flange through the
baffle at the water tank inlet, and it was sealed by a rubber blanket to prevent water leakage. In order
to minimize the influence of the right wall and left wall, the water tank was designed as a 1 × 1 m
horizontal square. The measuring regions of the flow field are marked in the Figure 3a. Four plexiglass
water tanks were used in the experiment with the distance between the upside wall and the downside
wall (called the confined width) being: 20, 40, 52 and 60 mm. The dimensionless width was defined as
the ratio of the actual width to the diameter of the nozzle exit. Therefore, the dimensionless widths
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were 5, 10, 13 and 15, respectively, as shown in Table 3. Figure 3a,b show the profile section of the
horizontal and vertical planes in the three-dimensional coordinate.
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Table 3. The doubled-walled confined width.

The Actual Width 20 mm 40 mm 52 mm 60 mm

The dimensionless width 5 10 13 15

At the beginning of the experiment, the plexiglass tank was filled with water to eliminate air
bubbles that attached to the upside wall since the air bubbles dramatically affect the accuracy of the
PIV. Then, the mean velocity and the turbulent intensity of the horizontal plane X-Y and the vertical
plane X-Z was measured in the direction of axis X and radius Y or Z. Each test of each section of 160
sets of instantaneous data was acquired and averaged in order to minimize the adverse effect of single
measurements and poor data points.

2.3. Analysis of the Experimental Uncertainty

Error quantification is generally a function of the experimental conditions and the particle
displacement detection algorithms. Three forms of errors are present in the PIV data. They are
outliers, systematic errors and random errors. The measurement uncertainty is an assessment of the
degree to which a measurement is representative of the true value and is usually expressed at the 95%
confidence level. A complete uncertainty analysis of the PIV technique would involve identifying and
quantifying both the system and random uncertainties. The uncertainty Etotal may be written as

Etotal =

√
B2 + (t95σ)2 (2)

where B is the bias limit, t95 is the value of the t distribution at the 95% level of confidence, and σ is the
standard deviation.

According to the research results from Bugg, et al. [39], a more reliable method that compared
synthetic images of the real images was used in this paper. The size of the simulated images was
1600 × 1200 pixels, the same as the real images. Each pixel was represented by 8 bits corresponding
to 256 levels of grey. Also, the outliers were removed during the experiment. By calculating using
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the method mentioned above, the max velocity of the nozzle outlet was 26 m/s, the quantity of
tracer particles was less than 70,000, and the displacement of particles was no more than 10 pixels.
Therefore, the error of the corresponding instantaneous velocity was 3.5%, and the average error was
less than 2.1%.

3. Results and Discussion

As the mean velocity and turbulent intensity were used to characterize the flow field, the velocity
distribution was plotted against its location. In order to make units the same for simplifying discussion,
all the length units and speed units were transformed into dimensionless units. To be more specific,
the horizontal axis unit is defined as the ratio of the location X or Z to the diameter of nozzle D or the
width of the double-walled H. The vertical axis unit is defined as the ratio of the local speed U or V to
the speed of nozzle outlet Uc or Vc.

3.1. The Flow Field Characteristics of the Double-Walled Confined Waterjet

Among enormous quantities of images that the PIV collects, typical vector diagram and cloud
pictures were selected to illustrate the velocity characteristics. Figure 4 is the velocity vector diagram
in the vertical plane that was processed from an actual testing photograph by post-processing software,
Insight 3G. Figure 5 shows the cloud images of average velocity and turbulent intensity in the
vertical plane.
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fluctuation intensity.

As shown in the Figure 4, a couple of facts can be inferred from the vector diagram. First of all,
the maximum concentration of tracer particle appears at the exit of the nozzle. The concentration of the
tracer particles is decreased as the jet moves downwards. Then, from Figure 5, the distribution of the
velocity is concentrated around the exit of the nozzle, and the maximum velocity of the waterjet flow
appears at the same place. In the meantime, the distribution of mean velocity presents decentralization
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and homogenization characteristics in the downstream area. Moreover, the flow generates numbers of
vortexes in the boundary of moving fluids and static fluids due to its high velocity gradient and the
developing and transforming of the vortex with the afflux of the fluid. Last but not least, we identify
characteristics of unsymmetrical distribution of the velocity from Figure 5a,b, which will be explained
in the following section.

A brief summary of the flow field characteristic of the double-walled confined waterjet could be
concluded according to the images above. When fluid entered into the double-walled confined space,
the initial phase of the waterjet was not impacted by the walls. Then, the vertical diffusion of the
waterjet was limited due to the confinement with the downstream development of fluid, as Figure 5a
implies. As a result, the angle of diffusion was minified with respect to the free jet. The diffusion
caused the generation of a velocity gradient, which was the precondition of the vortex. The velocity of
downstream fluid pulsed because of the generation of a vortex. As is shown in Figure 5b, the maximum
turbulent intensity of the fluid appears on the axial side of the jet, and the turbulent intensity decreases
with the position moving on both sides. Therefore, under the condition of double-walled confinement,
the flow field presents numerous features: flattening, instability and fluctuation.

3.2. The Axial Velocity of the Double-Walled Confined Waterjet

Figure 6 shows the variation of the mean centerline velocity in the axial direction for the free and
double-wall confined waterjet cases. In this figure, the vertical axis represents the mean centerline
velocity Uc, which appears in the denominator, normalized by the jet exit velocity Ue. The centerline
velocity Uc was obtained by curve fitting the mean axial velocity profiles measured on the horizontal
plane using the following equation

U(y) = 1.359Uc exp (−(y− yc

r1/2
)

2
) (3)

where U is the mean axial velocity, Uc is the mean centerline velocity, y is the vertical coordinate, yc is
the vertical position of the centerline, and r1/2 is the jet half-width measured at U = Uc/2, yc and r1/2
were calculated using the non-linear, least-squares Levengerg-Marquardt algorithm.
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It is clear that the centerline velocity measurements for all cases matched very well onto a straight
line in the beginning. Then, the centerline velocity for the H/D = 5 started decaying at a lower rate at
x/D = 15, compared to the free jet case. This is clearly affected by the vertical confinement. This may
be explained by the conservation of mass which demands an increase in the jet velocity because the
cross-sectional area of the jet becomes constrained by the boundaries compared to the free jet case.
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However, the H/D = 10, 13, 15 cases seem to follow the free jet and are expected to decay at a slower
rate at farther downstream locations. It can be concluded that the degree of confinement affects the
location at which the centerline velocity deviates from the free jet case.

When x/D = 20, there is a significant difference between the axial velocity in various confined
widths, so we can use x/D = 20 as the reference position for the velocity analysis. In this position, there
is a slight difference between the various speeds. Thus, it can reduce the speed measurement error and
contribute to the analysis of the results in different directions.

3.3. The Mean Velocity of the Double-Walled Confined Waterjet

Profiles of the mean velocity at selected downstream locations x/D = 20 on the vertical (X-Y) and
horizontal (X-Z) planes for four double-walled confined cases are presented in this section.

As is shown in Figure 7, the centerline velocity is greater than at other positions. With the location
moving to both sides, the velocity decreases rapidly in all cases. Taking the features as a whole, the
distribution of axial mean velocity of the X-Y plane is symmetrical about its own centerline. However,
in each case, the plot shows various features according to different widths. The diffusion boundary of
the submerged waterjet becomes narrower as the confined width increases. To be more specific, taking
U/Uc = 0.6, for example, the dimensionless boundary lengths are 5, 4, 3.5, 2 when H/D = 5, 10, 13, 15
respectively. The double-walled confined condition is able to make the jet flow spread to both sides.
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Another distinction shown from Figure 7 is that the maximum mean velocity of the centerline
increases as the confined width H/D increases. When the confined width H/D = 5, the maximum
velocity U/Uc is about 0.9 and when it is 15, the value is about 1.2. It is believed that this kind of
phenomenon can be explained by the following reasons. On the one hand, the submerged waterjet
flow is close to wall at the stream location. The wall is not completely smooth so as to hold back
and disturb the flow field. With the confined width decreasing, the force of friction and disturbance
become larger and energy dissipation increases. On the other hand, because of the existence of the
double-wall, the development of the waterjet flow at the vertical direction is limited, which results in
the flow spreading along the horizontal direction. The axial velocity component decreases and the
radial velocity component increases.

Figure 8 shows the mean velocity in the axial direction at the vertical plane X-Z. It can be seen
that the axial mean velocity distribution of the vertical plane has similarities to the axial mean velocity
distribution of the horizontal plane. In other words, from the central axis to both sides, the speed
is decreased and it is symmetrically distributed with respect to the axis. However, the latter speed
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distribution is more irregular. When H/D = 5, the jet mean velocity distribution is uniform and has a
trend of pulsating. When H/D = 15, the jet mean velocity shows a ridge distribution which is similar to
that of the free jet. That is to say, the double-walled confined waterjet velocity distribution of the axial
direction in the vertical plane is affected significantly by the confined width. As the confined width
becomes smaller, the velocity distribution becomes more gentle. The presence of a limited condition
forces the jet to develop horizontally. With the decrease of confined width, the impacting position of
the wall on the jet will advance. That means that the confined width has a spatial advance effect on the
transition process.Appl. Sci. 2017, 7, 1281 9 of 14 
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We can also observe some other rules from Figure 8. The velocity distributions under different
operating conditions are not completely symmetrical to the axial centerline. For instance, when
H/D = 10, the symmetry axis of axial velocity is Z/H = 0.8, and when H/D = 15, the symmetry axis is
Z/H =−0.1. We believe that this is due to the following reasons. Firstly, the time of image acquisition is
in the development period of the vortex, and the instantaneous flow velocity distribution is asymmetric.
Secondly, the number of images acquired is too small to average the speed for a long enough time.

Figure 9 shows the mean velocity in the radial direction in the vertical plane X-Z. Although the
speed distribution in Figure 8 is more chaotic, there are rules to follow. When H/D = 5, the radial
mean velocity of the vertical plane distributes around V/Vc = 0 indicating that the velocity is affected
significantly by the confined condition. However, other mean velocities are not affected too much.
It should be noted that the dimensionless velocity V/Vc > 0 when the z/H < 0. As the positive speed
is defined as the fluid flowing upwards and the negative speed as downwards, the fluid, of which
z/H < 0, is flowing far away from the wall. Thus, the fluid forms a negative pressure region near the
wall. According to the above rules, we have reasons to believe that negative pressure will lead to
the trend of inward movement of the wall, rather than outward expansion. Simultaneously, we also
conclude that the position at which the wall begins to affect the jet will advance as the width decreases.
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3.4. The Turbulent Intensity of the Double-Walled Confined Waterjet

In this section, the turbulent intensity distributions are plotted and analyzed. Turbulent
intensities are constructed as statistical measures of the local interactions due to unsteady
behavior. Turbulent intensities can provide insight into the physics of turbulent flow from a
Reynolds-averaged point-of-view.

The downstream development of the relative axial turbulence intensity u′/Uc extracted from
the horizontal plane for the H/D = 5, 10, 13, 15 cases is shown in Figure 10. These profiles are
plotted against the non-dimensional coordinate y/D in this figure. At x/D = 20, Figure 10 shows
that the turbulence intensity for different H/D values is slightly affected by the vertical confinement.
The turbulence intensity of the flow field at the centerline is the most intense. As the position gradually
moves, the turbulence intensity decreases gradually.
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However, the peak value of turbulence intensity changes with the change of H/D; the maximum
reaches 0.6 when H/D = 5, and the maximum reaches 0.2 when H/D = 15. The turbulent kinetic energy
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boundary also decreases with increasing confinement width. It also shows that the finite space width
affects the development of the turbulence intensity of the jet. The existence of the finite space makes
the turbulence intensity develop in a transverse direction. As the width decreases, the trend becomes
more pronounced.

Figure 11 shows the radial turbulence intensity of the horizontal plane. It can be seen from
Figure 11 that the turbulence intensity distribution of the confined waterjet is basically the same as the
axial velocity of the horizontal section, it is only different in quantity, and the finite space width also
has a hysteresis effect on the jet.

Figures 12 and 13 are the axial and radial turbulence intensity of the submerged confined jet
in the vertical plane at the position of x/D = 20. As can be seen in Figure 12, there is a significant
relationship between the vertical turbulence intensity and the confined width. On the whole, the
turbulence intensity follows a rule that is violent on the centerline and weak on both sides. However,
the variation of turbulence intensity varies with different confined widths. For instance, the maximum
value of turbulence intensity increases with increasing width. This is because the confined width
brings a larger energy loss, resulting in a lower flow field velocity gradient. On the other hand, the
intensity boundary decreases as the confined width increases. For example, if the dimensionless
turbulence intensity Ums/Uc is equal to 0.1, the dimensionless lengths are 0.8, 0.7, 0.6 and 0.4 when the
dimensionless confined width H/D = 5, 10, 13 and 15 respectively. This shows that with the decrease
of the confined width, the turbulent area gradually expands, so the confined width has the effect of
lateral expansion on the turbulence characteristic.Appl. Sci. 2017, 7, 1281 11 of 14 
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The radial turbulent intensity of the vertical section is basically the same as that of the axial
intensities, but there are several differences. When H/D = 5, the turbulent intensity in the whole area
is basically the same, indicating that the flow quality and energy exchange are distributed evenly in
the vertical section. However, at H/D = 15, this blending has a distinct regionality, since the jet begins
to be different in various directions after the outflow region is fully developed. In the smaller area of
H/D, this non-heterosexuality has begun to affect the flow field, which shows that the confined width
also has a delay effect in the longitudinal direction of the flow field.

4. Conclusions

1. The vertical confinement has an obvious effect on the decay rate of the mean centerline velocity.
When the confined width changes from 15 to 5, the speed is reduced by 20%. The slower
decay rate can be explained by the conservation of mass which demands an increase in the jet
velocity compared to the free jet because the cross-sectional area of the jet becomes constrained
by the boundaries.

2. The vertical confinement has a significant effect on the jet spread. With the decrease of the confined
width, the jet has a tendency to spread horizontally. The confinement has a profound effect on
the axial velocity profiles in the vertical plane. As the flow goes downstream, the jet spreads to
the boundaries and the axial velocity above and below the jet centerline increases rapidly.

3. The vertical confined region induces a space hysteresis effect which changes the location of the
transition region moving downstream. With the enlarging of the confined width, the position
moves back.

4. The fluid could form a negative pressure region near the confined wall, and negative pressure
will lead to the trend of inward movement of the wall, rather than outward expansion.
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