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Prevention of wheel clogging in creep feed grinding by efficient tool cleaning 
C. Heinzel (2), G. Antsupov
University of Bremen, Department of Manufacturing Processes, Badgasteiner Str. 1, 28359 Bremen, Germany 

This paper is dealing with the identification of efficient cleaning nozzle configuration to prevent the wheel from loading in creep feed grinding. The 
properties of different cleaning nozzles types were analyzed in terms of jet velocity and jet impact on the wheel surface using high speed imaging and pressure 
sensitive sheets. In grinding experiments the cleaning efficiency of each nozzle configuration was evaluated by optical measurement of wheel clogging inside the 
machine tool. With this newly developed procedure of tool cleaning optimization a significant reduction of grinding forces (up to 30%) and of the tool wear (up 
to 20%) was achieved. 

1 Introduction and state of the art 
1.1 Clogging of grinding tools 

Creep feed grinding is characterized by a high achievable 
process performance and a high achievable workpiece quality. 
Due to the high depth of cut (up to 50 mm) a wide contact length 
between the workpiece and the grinding wheel is obtained. This is 
disadvantageous for the coolant supply to the workpiece as well 
as for the chip transport from grinding zone and leads often to 
clogging of the grinding wheel. In creep feed grinding of ductile 
materials, chip nests in the tools’ pore space and so-called welded 
clogging on the grinding grains usually arise. This impairs the 
cutting ability of the grinding tool, leading to increased grinding 
forces and high temperatures in the contact zone. Therefore, the 
risk of workpiece damage is drastically increased [1, 2, 3]. Wheel clogging can be reduced by optimizing the process 
parameters, the coolant supply, the tool design and the tool 
conditioning [1, 4]. High-pressure coolant supply can achieve not 
only highly effective cooling and lubrication but may also be used 
to prevent wheel clogging [5]. Optimizing of the coolant supply 
(nozzle design, nozzle position) can result in effective cooling 
lubrication in grinding operations, even at low pressure or low 
flow rate [6, 7]. However, the cleaning effect of the low-pressure 
coolant jet is not always strong enough to remove wheel clogging. 
In this case, it is up to now necessary to perform in-process or 
post-process wheel conditioning with dressing tools and/or 
sharpening blocks [4]. The Laser beam and the abrasive waterjet 
can also be used for this purpose [8, 9]. 

In industrial high-performance grinding processes, additional 
nozzles are often used for in-process tool-cleaning and thus for 
prevention of wheel clogging. It was shown that wheel cleaning 
with coolant jet leads to significant improvements in the grinding 
process with regard to the grinding forces, tool life time and 
workpiece quality [2, 5]. It should be noted that often a high pump 
pressure up to 100 bar and/or a high flow rate up to 400 l/min are 
required to effectively prevent wheel clogging [2, 5, 10]. 
However, for industrial application low pressures and flow rates 
would be favourable. But the selection of appropriate parameters 
for efficient grinding wheel cleaning by means of additional 
cleaning nozzles is still a difficult task which is due to a lack of 
understanding of the cleaning effect itself and its monitoring. 

The flow properties of the cleaning jet and its interaction with 
the wheel surface determine the achievable cleaning performance 

and thus the tool condition. Therefore in the following, the basic 
characteristics of jet flow and liquid-solid impact are described, 
which are of crucial importance for design and development of 
high-efficient cleaning processes for grinding tools. 

1.2 Basic characteristics of liquid-solid impact 

Fig. 1 shows the structure of a high-speed (vj > 50 m/s) waterjet 
which is divided into three zones. In the jet core zone, laminar 
flow with constant jet velocity occurs. The collision of the laminar 
waterjet with a solid generates the stagnation pressure ps on the 
target surface which can be calculated according to a simplified 
Bernoulli equation (Eq. 1) [11], 
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where ρf  and vj are the fluid density and the jet velocity. 

Figure 1.    Structure of high-speed waterjet, drop impact, stagnation pressure 
and mass removal by waterjet depending on stand-off distance (after [12, 13]) 

The interaction of the water jet with air and the resulting 
turbulences lead to formation of large drops and drop collectives 
in the jet transition zone. The large drops give the jet a high 
dynamics, which, at a certain nozzle distance from the target 
surface (stand-off distance SOD in Fig. 1) can lead to an increased 
cleaning effect of the waterjet. During the drop collision with a 
solid surface, a shockwave within the drop can arise, due to the 
water compressibility. This shockwave propagates at the speed of 
sound (cf ≈ 1,500 m/s for water) and leads to the so-called 
water-hammer pressure pwh on the target surface. The load exerted 
on the surface by the shockwave lasts for a few milliseconds and 
can be estimated using the Cook equation (Eq. 2) [13, 14].  
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The initial shock in the drop-solid contact zone causes a 
tangential flow with microjets across the target surface (Fig. 1). 
The microjets have a velocity up to ten times higher than that of 
the initial drop and can exert a strong shear stress on the surface, 
which can lead to surface damages by erosion [13, 14]. However, 
the impact of liquid-jet on the solid surface is difficult to 
investigate due to the extremely short duration time of the shock 
propagation. The origin of resulting surface damage remains 
therefore not fully understood [15]. In most cases, the cleaning 
effect of the waterjet can only be determined experimentally. 

2 Research approach 
As part of this research work, correlations between the flow 

properties of cleaning nozzles and their cleaning performance in 
grinding experiments were investigated. The properties of 
different cleaning nozzle types were analyzed regarding jet 
velocity and jet impact on the wheel surface. In grinding 
experiments, the cleaning performance of each nozzle type was 
evaluated by measurement of wheel clogging and grinding forces.  

3 Investigation of nozzle flow properties 
3.1 Nozzle characteristics 

Three types of cleaning nozzles with comparable orifice areas 
were investigated. The nozzle specifications are listed in Tab. 1. 
The mean jet velocity at a stand-off distance SOD of 30 to 100 
mm was measured by high-speed photography (Fig. 2). The static 
pressure in the nozzle pn.s was varied in range from 10 to 40 bar.   
Table 1.   Specifications of the investigated cleaning nozzles  

Nozzle type Flat fan Needle Rotor 
Nozzle designation F71 F42 N71 R42 
Orifice area, mm2 7.1 4.2 7.1 4.2 
Jet opening angle, ° 20 20 - 20 
Number of jet 
revolutions, s-1 

- - - 100 
(on 20 bar) 

Figure 2.    High-speed photographs of the investigated cleaning jets  

Despite the comparable nozzle orifice areas, differences were 
detected in both, the jet velocity vj and in the volumetric flow rate 
Qf (Fig. 3). These differences are effects of the internal nozzle 
design and flow conditions within the respective nozzle. The jet 
velocities of the flat fan nozzles F71 and F42 are around 80% and 
25% higher than those of the needle nozzle N71 and the rotor 
nozzle R42. Reducing the nozzle orifice area from 7.1 mm2 to 4.2 
mm2 in flat fan nozzles leads to a decrease in jet velocity by 
around 25% and in flow rate by around 48%. 

Figure 3.    Jet velocity and flow rate in depending on nozzle design and 
internal nozzle pressure 

3.2 Jet impact pressure 

For measurement of the jet impact pressure, PRESCALE® 
pressure sensitive sheets (PSS) were used (Fig. 4). These sheets 
are coated with microcapsules of different wall thicknesses and 
sizes. When pressure is applied, the microcapsules burst and 
release the reagent liquid, which causes a discoloration of the 
sheet. Increasing the pressure leads to intensified discoloration of 
the PSS. The sheet is then scanned and the color intensity 
distribution of the scanned sheet is converted into a pressure 
distribution using software from the PSS manufacturer. 

The microcapsules of PSS are very small - a few micrometers in 
diameter. It is therefore conceivable that the jet impact pressure 
can be measured on the micro level by this means. The measured 
result can be interpreted as the superimposed effect of the jet 
stagnation pressure, the water-hammer pressure and the shear 
stress by tangential flow. 

Figure 4.    Measurement of jet impact pressure 

PSS were applied to a mock-up wheel (Fig. 4). Static 
measurements of the jet impact pressure were carried out on a 
fixed wheel, while dynamic pressure measurements were 
conducted on a rotating wheel (vs = 30 - 80 m/s). Fig. 5 shows the 
distribution of the jet impact pressure, which was recorded in 
static pressure measurements with nozzles F71, N71 and R42. At 
a nozzle distance of SOD = 50 mm and a static pressure of 
pn.s = 20 bar, the maximum jet impact pressure pi.max is around 
50 MPa for the flat fan nozzle, and around 10 MPa for the needle 
and rotor nozzles. The dependence of the maximum impact 
pressure pi.max on the stand-off distance SOD is shown in Fig. 6. In 
static measurements at SOD = 30 - 100 mm, the nozzles F42 and 
F71 have an up to 80% higher jet impact pressure pi.max compared 
to the nozzles R42 and N71 (Fig. 6, left). In agreement with the 
theory (Eq. 1 and 2), these results show that the measured impact 
pressure pi is mainly determined by the jet velocity vj and thus by 
the nozzle design. 

In dynamic measurements with nozzle F71, a decrease from 
10% up to 70% in the jet impact pressure was observed when 
increasing wheel speed vs from 30 m/s to 80 m/s (Fig. 6, right). It 
is assumed that the reason for this observation is the shortening of 
jet exposure time as well as the increasing of the influence of the 
so-called air barrier on the wheel surface at higher wheel speed. 
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The maxima of impact pressure were observed at a stand-off 
distance of 35 mm for nozzle F42 and of 50 mm for nozzle F71. 
With the nozzles R42 and N71, an increase in the jet impact 
pressure was observed at stand-off distances from 35 up to 
85 mm. It should be noted that the ‘optimal’ stand-off distance 
with the maximum pressure remains constant when wheel speed 
vs (30 - 80 m/s) and/or static pressure in the nozzle pn.s (20 – 40 
bar) is varied. The effect of stand-off distance can be explained by 
analyzing of the jet structure. High-speed photographs (Fig. 2) 
show turbulence in the jet, beginning from SOD = 10 – 15 mm for 
the needle nozzle and SOD = 30 – 40 mm for the rotor nozzle. 
Formation of numerous drop collectives was observed at SOD = 
25 and 40 mm for the flat fan nozzles F42 and F71. These 
structural disturbances in the jet can lead to a high-frequently drop 
impact and thus to higher shear stress on the target surface. 
Further increasing the stand-off distance, especially with flat fan 
nozzles, leads to distribution of the jet energy and the flowing 
liquid mass across a larger area. The increasing turbulences cause 
a decrease in jet velocity and support the formation of smaller 
drops in the jet. This all leads ultimately to a decrease in jet 
impact pressure. 

Figure 5.    Distribution of the jet impact pressure in static measurements 

Figure 6.    Maximum jet impact pressure in static (left) and dynamic 
measurements (right) 

4 Grinding experiments 
The efficiency of cleaning nozzles was investigated in face 

grinding of superalloy Inconel 718 in the ‘up grinding mode’ 
utilizing a vitrified bonded wheel A60H16 (bs = 20 mm). A 5% 
emulsion was used as cooling lubricant and cleaning medium. The 
grinding experiments were carried out with a cutting speed of vs = 
40 m/s and a depth of cut of ae = 1.2 mm. The specific material 
removal rate Qw’ was varied via the workpiece feed speed. The 
length of the workpiece was 100 mm. The grinding forces were 
measured using a Kistler dynamometer typ 9255b. 

In grinding experiments with tool cleaning, the grinding wheel 
was in-process cleaned by using an additional cleaning nozzle. 
The cleaning nozzle was positioned in the upper area of the 
grinding wheel, perpendicular to the circumferential wheel 
surface. The cleaning jet causes no damages of the wheel bond, 
since the strength of alumina (compressive strength 
app. 2,500 MPa, flexural strength app. 350 MPa) is higher than 
the mechanical stress induced by jet impact (see Fig. 6). 

4.1 Measurement of wheel clogging

An optical measurement system ‘GrindingVision’ was 
developed to quantify wheel clogging and thus to evaluate the 
cleaning effect of nozzles in grinding processes (Fig. 7). The 

measurement system comprises a high-resolution CCD camera 
with a macro lens and an adaptive illumination system with high-
power LEDs. The macro images of the tool surface are analyzed 
by specially developed software. This software recognizes welded 
clogging and chip nests by their light reflection and calculates the 
clogged tool surface area in percent. Following each grinding 
experiment, clogging at 10 points on the circumferential surface 
of the grinding wheel was measured and an average of the wheel 
clogging degree Ls was calculated. For verification, an analysis of 
the clogging was carried out using a portable light microscope.   

Figure 7.    Measurement of wheel clogging 

4.2 Investigation of tool cleaning 

In grinding experiments without tool cleaning, a continuous 
increase of wheel clogging Ls from 2.5% up to 4.0% was detected 
with increased specific material removal rate Qw’ (Fig. 8). The 
grinding wheel was mainly loaded by welded clogging with a size 
up to 2 mm. Some small chip nests were observed in tool pores. 

By using the cleaning nozzle F71 (SOD = 50 mm, pn.s = 20 bar), 
a significant reduction of wheel clogging was achieved in 
grinding experiments with in-process tool cleaning (Fig. 8). Even 
with high removal rates Qw’ up to 60 mm3/(mm·s), the wheel 
clogging degree Ls remained below 1%. Due to the tool cleaning, 
a high cutting ability the grinding wheel was ensured. In 
comparison to the grinding without tool cleaning, this led to a 
decrease in grinding forces from 20% up to 30% and to a 
reduction in radial wheel wear from 10% up to 20%. 

Figure 8. Wheel clogging degree and grinding forces in grinding 
experiments with/without tool cleaning 

The cleaning effect of nozzles F42, F71, N71 and R42 was 
compared in grinding experiments with a specific material 
removal rate Qw’ = 50 mm3/(mm·s), a stand-off distance 
SOD = 50 mm and a static pressure in the nozzle pn.s = 20 bar. In 
comparison to the flat fan nozzle F71, the rotor nozzle R42 and 
the needle nozzle N71 achieve a lower cleaning performance. The 
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clogging degree increased by 33% (Ls = 1.2%) for nozzle R42 and 
by 56% (Ls = 1.8%) for nozzle N71 (Fig. 9). The lower cleaning 
effect of the needle and rotor nozzle leads to around 18% higher 
grinding forces compared to the grinding with nozzle F71. A 
reduction of the orifice area from 7.1 to 4.2 mm2 in flat fan 
nozzles (F71 and F42) causes a slight increase of wheel clogging 
(Ls = 0.9%) and grinding forces by around 8%. 

In grinding experiments with the nozzle F71 (pn.s = 20 bar), the 
highest cleaning effect was found at a stand-off distance of 
SOD = 35 – 50 mm (Fig. 10). A reduction as well as an increase 
of the stand-off distance leads to increased wheel clogging and 
therefore to around 15% higher grinding forces. 

Figure 9.  Wheel clogging degree and grinding forces by using different 
nozzles for tool cleaning 

Figure 10.    Wheel clogging degree and grinding forces in depending from 
the nozzle distance (stand-off distance) for nozzle F71 

The investigations of the in-process tool cleaning in grinding 
experiments show the influences of the nozzle design and the 
nozzle distance on the achievable cleaning effect and the resulting 
grinding forces. In addition, a correlation between the cleaning 
effect and the jet impact pressure was found: the achievable 
cleaning effect is depending on the nozzle design as well as the 
nozzle position and can be predicted by measurements of the jet 
impact pressure using pressure sensitive sheets. 

5 Conclusions and outlook 
In this research work, the in-process tool cleaning by high-speed 

coolant jet was investigated as a means to prevent wheel clogging 
in creep feed grinding of Inconel 718. Efficient cleaning 
parameters were identified by investigating the relationships 
between the nozzle design, the resulting jet flow properties and 
the achievable cleaning effect in grinding tests. It was shown that 
the efficiency of coolant nozzles can be determined by measuring 
jet velocity and jet impact pressure. 

The presented results show the influences of the jet flow 
properties and the nozzle position on the achievable cleaning 
effect and the resulting grinding forces. The highest cleaning 
effect was achieved by using flat fan nozzles. These nozzles are 
characterized by a higher jet velocity and a higher jet impact 
pressure compared to the rotor nozzle and the needle nozzles. In 
alignment with the observed jet impact pressure, the highest 
cleaning effect and thus the lowest wheel clogging was achieved 
at a certain nozzle distance from the wheel surface. The effect of 
stand-off distance is caused by jet turbulences which lead to a 
high dynamics within the cleaning jet and thus to an increase of 
its cleaning performance. 

An almost clogging-free condition of the grinding wheel can be 
achieved even at a relatively low pump pressure by optimizing of 

the cleaning parameters (nozzle configuration, nozzle position). 
By preventing loading of the grinding wheel, the grinding forces 
and the tool wear are significantly reduced. This results in higher 
achievable process performance and workpiece quality. 

Based on the findings presented here, a new nozzle concept for 
low pressure coolant supply with simultaneous tool cleaning is 
currently being developed for different grinding processes e.g. 
profile grinding of superalloys, gear grinding, grinding of steel 
and hard materials with conventional and superabrasive wheels 
using both, oil and emulsion. This new nozzle concept aims at the 
increase of the achievable performance and stability of grinding 
processes as well as at energy savings by adaptively controlled 
coolant supply for roughing and finishing. 
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