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Abstract 

The application of cutting fluids in grinding processes is of great importance to maintain a high productivity. Therefore, it is required to supply 
an appropriate quantity of cutting fluid to the grinding gap. For this reason the pumping performance is critical, but also the nozzle design has a 
significant impact. As pumps are considered as main energy consumers it is important to focus on the correlation with the nozzles. Therefore, 
this research approach uses 3D-printing to develop and produce individualized nozzles. Based on experimental studies the performance of these 
nozzles is investigated and their impact on energy efficiency is discussed. 
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Peer-review under responsibility of the scientific committee of the 24th CIRP Conference on Life Cycle Engineering. 

Keywords: Cutting Fluid; Energy Efficiency; Nozzle Design; Cutting Fluid Supply 

1. Introduction 

In grinding processes cutting fluids are primarily used to 
cool and to lubricate the contact zone between grinding wheel 
and workpiece. As a result the workpiece quality and 
productivity of the process are improved and tool wear is 
reduced. However, the cooling and lubricating capabilities of 
cutting fluids are highly dependent on the amount of cutting 
fluid that can be supplied through the contact zone. For this 
reason high-pressure pumps are widely used in practice to 
generate a high cutting fluid flow rate, although the operation 
of the pumps is responsible for a major share of total electrical 
energy demand. Previous studies indicate that the overall 
cutting fluid induced energy demand sums up to about 50 % 
of the total energy demand of a machining process chain [1] 
whereof the pumps are with about 25 % the main energy 
consumers [2]. 

However, the cutting fluid supply is not only influenced by 
the pumps but also by the nozzle type and design, as it affects 
the cutting fluid speed and positioning significantly. By using 
the appropriate nozzle for a specific grinding process a 
required cutting fluid flow rate through the contact zone can 
be achieved with lower pump performance and thus lower 
energy consumption. Against this background, the paper 

discusses different nozzle designs and evaluates their 
influence on the energy efficiency of the cutting fluid supply 
based on conducted experiments. 

2. Research Background 

2.1. Cutting fluids and supply strategies 

In addition to the aforementioned tasks to cool and to 
lubricate, cutting fluids also have the function to clean and to 
protect the workpiece against corrosion. Besides the use of 
cutting fluids these tasks can also be fulfilled by using other 
cooling and lubricating media such as compressed air, CO2 or 
graphite [3], [4], [5]. In practice, however, liquid cooling and 
lubricating media are mainly applied in manufacturing 
processes. These fluids can be distinguished between water 
miscible fluids (emulsions and dilutions) with a good cooling 
performance and non water miscible fluids with a good 
lubricating performance. 

Three different strategies are available to supply these 
fluids into the contact zone of a grinding process: flood 
lubrication, minimal quantity lubrication (MQL) and dry 
processing. These strategies basically differ in regard of the 
applied quantity of fluid (see Table 1). 
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Table 1: Classification of strategies regarding the supply of cutting fluid 
(based on [6]) 

Lubrication 
strategy

Supply strategy Quantity of 
applied fluid 

Full lubrication Flood 10 to 100 l/min 

Reduced 
lubrication 

Minimal quantity 
lubrication 

50 ml/h to 1-2 l/h 

< 50 ml/h 

No lubrication Dry no fluid 

The term flood lubrication is used for a cooling and 
lubricating media supply greater than 2 litres per minute [7]. 
In practice the amount of applied fluid usually varies between 
10 to 100 litres per minute. The intensive supply of cutting 
fluid leads to a high cooling and lubrication effect but also to 
an improved chip removal and cleaning of the grinding wheel. 
However, flood lubrication is also connected with the need for 
additional machinery and equipment to filter the air and the 
cutting fluid or to clean the workpieces. This leads to a high 
demand of energy and resources [8]. 

In the case of minimal quantity lubrication (MQL) 
different values are reported in literature with 10 to 
50 ml/hour [9] as well as 50 to 500 ml/hour [10]. By using 
this strategy the costs for cutting fluid and disposal can be 
reduced as well as the demand for a filtration system. The 
demand for compressed air, however, increases and the 
cleaning performance is limited. So far MQL is not used for 
every machining process and it is not possible to realize all 
process parameters. In dry grinding no cooling and lubricating 
media is applied at all [11]. Thus, there are similar advantages 
as in MQL, no use for a filtration system or the use of cutting 
fluid at all [8]. However, without using cutting fluids the risk 
for thermal damages increases, lower material removal rates 
can be realized and the surface quality decreases [12]. This 
demonstrates that for highly demanding processes in terms of 
quality and accuracy minimal quantity lubrication or dry 
grinding is not or hardly applicable and flood lubrication is 
necessary. 

2.2. Overview on nozzle types 

Besides selecting the type of cutting fluid and supply 
strategy it is also important to select a suitable type of nozzle 
in order to improve the grinding process. Generally, different 
types of nozzles are available that differ from each other and 
are used for different applications. They can be categorized by 
three aspects ([13] based on [14]): 

By function (flooding, not flooding) 
By focusing (free jet nozzle, point nozzle, swell 
nozzle, spray nozzle) 
By nozzle geometry (squeezed pipe, needle nozzle, 
shoe nozzle) 

Based on this categorization Table 2 gives an overview on 
different nozzle types used in practice. Specific examples of 
some nozzle types can also be found in Figure 2.  

Table 2: Classification of different nozzles (based on [11], [12], [13])  

According to Marinescu the nozzles are first distinguished 
by their supplied cutting fluid volume flow into two concepts: 
flooding and not flooding. Following the terminus flooding 
nozzles create an oversupply of cutting fluid, whereas not 
flooding nozzles supply significantly less fluid into the 
contact zone. The nozzle types are further classified by the 
geometry of the outlet cross section and its general design. 
Additionally, most nozzles can also be distinguished with 
respect to their focus into nozzles with a free or without a free 
jet focus. 

Using free jet nozzles (e.g. slot or round nozzles) is very 
common in practice. Their main advantage is the easy 
handling and installation. However, in case of these nozzles it 
is important that suitable parameters with a high volume flow 
are selected so that the cutting fluid is not deflected by the air 
barrier rotating with the grinding wheel [12]. Similar to the 
free jet nozzle the shoe nozzle is described as a flooding 
nozzle. This nozzle is positioned closely to the grinding wheel 
and its geometry is designed in accordance to the grinding 
wheel. Thus, it provides a longer contact between cutting fluid 
and grinding wheel, whereby it aims to remove the air barrier 
and to use the grinding wheel velocity to accelerate the 
cutting fluid supply. In case of the shoe nozzle it is therefore 
possible to significantly reduce the velocity and pressure of 
the cutting fluid in comparison to other nozzles. However, 
their geometrically inflexibility indicates a main disadvantage. 
The point nozzle is characterized by a small outlet cross 
section and thus an increased cutting fluid velocity. This leads 
to an increased cutting fluid pressure at the grinding gap and a 
higher flow rate [12], [15]. A special type of point nozzle is 
also named as Rouse nozzle. Rouse et al. first developed this 
nozzle for fire hose application, but Webster et al. transferred 
the design to a cutting fluid nozzle. This nozzle is 
characterized by concave inner walls, which prevent boundary 
layer growth and improve coherency of the cutting fluid flow 
[16]. The needle nozzle and spray nozzle are also classified as 
not flooding nozzles that supply a small amount of cutting 

Function
Volumne
flow

Nozzle type Focusing

Flooding

Conventional
(pipe/round
nozzle) Free jet

nozzle

Slot nozzle

Shoe nozzle

Nozzle
without
free jetNot

flooding

Spot jet / Point 
nozzle

Needle nozzle

Spray nozzle

Volumne flow:  very high high medium       low very low
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fluid. The needle nozzle uses small tubes to supply the fluid 
that can be adjusted to fit the geometry of the grinding wheel 
or workpiece. Likewise the spray nozzle can also be designed 
according to the geometry of grinding wheel but instead of a 
fluid it uses an aerosol. For both nozzles the air barrier is 
considered to be critical and in case of the spray nozzle the 
cooling performance may not be sufficient [17]. 

2.3. Investigations on nozzle design and position 

Besides the selection of the nozzle type the design and 
position of the selected nozzle are also important for an 
efficient cutting fluid supply. The nozzle design has an 
influence on the coherence of the cutting fluid jet and its 
velocity [18]. As described the velocity is important regarding 
the air barrier rotating around the grinding wheel and it should 
be 60 % to 100 % of the speed of the grinding wheel [19]. The 
coherence, on the other hand, is important to reduce the 
entrapped air and increase the amount of fluid supplied to the 
contact zone. However, Vits and Ott state that it is not 
possible to create a coherent cutting fluid jet, only less 
turbulent jet [19], [20].  

Nevertheless, there are several design principles described 
in literature to improve the nozzle design [15], [16], [19], 
[21]: 

A sharp-edged nozzle outlet 
A high surface quality and roughness inside the nozzle 
Smooth, concave or parabolic transitions at the end of 
the nozzle 
An angle of more than 7 degree for all bevels and 
transitions 
A minimal straight nozzle length 

Depending on the geometry of the nozzle it can also be 
useful to implement baffles inside the nozzle in order to create 
a uniform laminar cross-sectional velocity of the cutting fluid. 
The approach developed by Webster et al. describes the 
placement of a perforated plate of 20 mm thickness between 
adapter and nozzle to act as such a flow conditioner and to 
support a smooth cutting fluid flow [16] 

Regarding the relevant positioning parameters the focus is 
on the horizontal and vertical nozzle distance and angle. 
Different researchers found that the nozzle should be 
positioned close to the grinding wheel in order to maximize 
the useful flow rate [22], [23]. Regarding the angle Vits 
demonstrates that the nozzle should be positioned tangential 
and 10° to 25° to the wheel [20]. Additionally, Brinksmeier et 
al. found that the cooling performance in the grinding zone is 
maximized by using an angle of 10° compared to 5°or 15° 
[21]. 

2.4. Research demand and approach 

For an effective cooling and lubricating effect it is 
common practice to use a large over supply of cutting fluid. 
The literature review, however, demonstrates the complexity 
of this topic. The cutting fluid supply is strongly influenced 
by the nozzle type, design and position. While the impact on 
the grinding process has been analyzed and discussed in a 
variety of studies in literature, the effect on energy demand 

has yet received little attention. Thus, the focus of this 
research is to analyse the influence of nozzles on the supply 
efficiency. In this case supply efficiency ( ) is expressed as 
the amount of useful cutting fluid delivered through the 
contact zone related to the overall supplied cutting fluid (see 
equation 1). 

(1) 

Based on simple models from the literature it is then 
possible to calculate the needed power consumption of the 
pumps. Especially the use of 3D-printing is becoming more 
widespread and enables an efficient development and 
production of various designs. Thus, the focus of this 
approach is to estimate how an individual and precise design 
of nozzles for specific grinding processes may lead to 
significant energy savings. 

3. Methods and materials 

3.1. Modelling 

To determine and evaluate the energy savings associated 
with different nozzle designs and positions, equation-based 
models can be applied. Based on cutting fluid pressure, 
volume flow and density the power demand can be modelled. 
As described before the cutting fluid speed should be 60 % to 
100 % of the speed of the grinding wheel [19]. This can be 
achieved by adjusting the nozzle or the pump pressure. The 
relation between pump pressure ( ) and cutting fluid speed 
( ) can be described according to Ott by equation (2):

(2) 

For simplification purposes this equation uses a 
standardized factor of 0.0736. A more accurate calculation is 
based on equation (3): 

(3) 

This equation includes the density of the cutting fluid ( )
and a factor for the output flow depending on the nozzle 
geometry ( ). Another possibility to calculate the 
cutting fluid speed is described by the following equation (4): 

(4) 

Besides the actual flow rate the equation also considers the 
outlet size of the nozzle. A disadvantage of this equation is 
the need for sensors or other measurement equipment to 
measure the flow rate. The required cutting fluid flow rate 
( ) for a specific grinding process, however, can be 
calculated by equation (5): 

 (5) 

It depends on the spindle power ( ), specific heat 
capacity  and density of the cutting fluid ,
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temperature increase of the fluid due to the grinding process 
( ) as well as the efficiency of the fluid supply ( )
according to equation (1). Based on these figures, pressure 
and flow rate of the cutting fluid, it is then possible to 
estimate the power consumption of the pumps by the 
following equation (6): 

(6) 

The equation also considers the density of the cutting fluid 
( ) and efficiency of the pump ( ) [19]. 

3.2. Experimental setup 

In order to analyze the supply efficiency it is required to 
measure the amount of cutting fluid delivered through the 
contact zone. Therefore, a flow separator and collector were 
developed as shown in Fig. 1. 

Figure 1: Illustration of the flow separator and collector 

In literature similar measurement devices were developed 
and used to determine the useful flow rate [24], [25], [26]. 
The flow separator captures the cutting fluid passing through 
the contact zone, while the other share is blocked out by a u-
shaped scraper placed closely to both sides of the grinding 
wheel. Additionally, the grinding wheel is partially enclosed 
in order to collect all the cutting fluid that is transported by 
the grinding wheel. Thereby, it is possible to separate the 
useful from the non-useful flow over a certain time period and 
to evaluate the efficiency of fluid supply while using different 
nozzles. 

For the experiments different nozzles were developed 
based on the design principles described before. An overview 
of the different nozzles is presented in Fig. 2. Two different 
types of free jet slot nozzles were tested. In comparison 
nozzle II has a straight nozzle length without changing cross 
section. Both nozzles have an outlet size of 40.0 mm². 
Additionally, two not flooding point nozzles were designed 
and analyzed. Nozzle I was designed according to Rouse and 
nozzle II has again a straight nozzle length. Both nozzles have 
an outlet size of 15.9 mm². Moreover, a shoe nozzle was 
tested with a geometry designed in accordance to the grinding 
wheel and an outlet size of 411.8 mm². 

Figure 2: Overview of used nozzles 

For all nozzles fused deposition modelling was used as 3D-
printing technique in order to produce the individualized 
nozzles. The experiments were then conducted using a Blohm 
Profimat 307 surface grinding machine. The machine tool’s 
maximal spindle power was 27 kW and the maximal spindle 
speed 10,000 U/min. A mineral oil based emulsion of 5 % 
was used during the experiments with a density of 
0.98 kg/dm³ and a specific heat capacity of 3,750 J/(Kg °C). 
The experiments were carried out using a aluminium oxide 
vitrified bonded grinding wheel owing a diameter of 350 mm 
and grinding width of 20 mm. Besides the described flow 
separator and collector, additional sensors were used to 
monitor the pressure, flow rate and temperature. 

4. Results and discussions 

In order to systematically analyze the influence of nozzles 
and process parameters on the efficiency of cutting fluid 
supply different experiments were conducted. The nozzles 
shown in Fig. 2 were tested at different cutting fluid speeds 
and flow rates, whereas the cutting speed of the grinding 
wheel remained constant at 25 m/s. The point nozzle PI, slot 
nozzle SI and slot nozzle SII were also tested at a tangential 
positioning with an angle of 20°. The described measurement 
device was continuously used to evaluate the useful flow rate 
of the cutting fluid. 

The results of these experiments are presented in Fig. 3. It 
shows the useful flow rate through the grinding gap related to 
nozzle design, positioning and cutting fluid speed. In case of 
the point nozzles an increase in the cutting fluid speed also 
leads to an increase of the cutting fluid passing through the 
contact zone. Regarding nozzle PI that increase is especially 
noticeable between 20 m/s and 25 m/s. Between 25 m/s and 
40 m/s the useful flow rate increases only slightly. Thus, the 
highest efficiency for this nozzle is also realized at a speed of 
25 m/s. With these settings 40 % of the supplied cutting fluid 
actually passes the contact zone. The graph of this nozzle at 
20° is very similar, but at a lower level regarding the 
efficiency ratio and amount of useful fluid. In case of nozzle 
PII a rather linear increase can be determined and the 
efficiency ratio never exceeds 30 %. 
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Figure 3: Results of the useful cutting fluid flow rate related to nozzle design 

In comparison with each other nozzle PI shows significantly 
better results than nozzle PII and nozzle PI at 20°. The results 
for the slot nozzles, however, show significant differences. 
For both nozzles at 0° the increased cutting fluid speed results 
in a reduced amount of useful cutting fluid flow. The 
efficiency ratio shows the same trend. Similar to the slot 
nozzles the point nozzle with a straight nozzle length shows 
slightly worse results regarding the quantity of useful cutting 
fluid. However, the results for the slot nozzles at an angle of 
20° are rather different. Both nozzles show an increase of the 
useful flow rate between 20 m/s and 25 m/s. Further the 
useful flow rate for the shoe nozzle increases depending on an 
increasing cutting fluid speed as well. Absolutely the use of 
the shoe nozzle achieves the highest amount of useful flow 
rate with over 20 l/min. The efficiency ratio on the other hand 
is partly lower. At a cutting fluid speed of 2 m/s the highest 
ratio of about 30 % is reached. It can be assumed that at 
higher flow rates the capacity of the grinding wheel to 
transport the cutting fluid is exceeded. Due to the larger outlet 
size of this nozzle the cutting fluid speed is significantly 
lower compared to the other nozzles. 

Overall the results highlight the influence of the nozzle 
design on the efficiency. From the literature review it can be 
derived that in general that cutting fluid speed of 60 % to 100 
% of the speed of the grinding wheel leads to the best results. 
In case of the slot nozzles this assumption is mostly valid and 
regarding the efficiency ratio it applies equally to the point 
nozzle PI. The point nozzle PII on the other hand shows better 
results with a cutting fluid speed higher than 100 % of the 
speed of the grinding wheel. Regarding the design of the 
nozzles it could be verified that a straight nozzle length 
without changing cross section has an influence on the 
performance. However, for both nozzle types (point and slot 
nozzle) this led to less useful cutting fluid passing the contact 

zone, expect for slot nozzle SII at an angle of 20°. 
Additionally, it could be verified that the positioning of the 
nozzle has a high influence as well. Especially regarding the 
slot nozzles a tangential positioning can improve the results. 
This, however, does not apply for the point nozzle. 

In order to evaluate the influence of the nozzles on power 
consumption it is assumed that a useful flow rate of 10 l/min 
is required to cool and lubricate the contact zone sufficiently. 
For this case study point nozzle PI and slot nozzle SII are 
compared with each other, since both nozzles achieved the 
required flow rate within the experiments. However, based on 
the results both nozzles realize that flow rate at different 
cutting fluid speeds: point nozzle PI at 25 m/s and slot nozzle 
SII at 20 m/s. With regard to their efficiency of the fluid 
supply point nozzle PI requires a total flow rate of 23.86 l/min 
while the slot nozzle SII needs a flow rate of 48 l/min to 
supply the needed flow rate. Based on these figures and by 
using equation (6) the power consumption of the pumps can 
be calculated. 

Point nozzle 
PI: 

Slot nozzle 
SII: 

This simple case study demonstrates that by choosing a 
suitable nozzle for a specific grinding process 23.5 % of the 
power consumption of the pumps can be saved. Compared to 
the total power consumption of a machine tool this saving is 
still rather low, but a constant usage and thus a constant 
saving can be assumed. By considering a 3D-printing time of 
8 hours by 80 watt the break-even-point of the energy 
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consumption for producing a customized and more suitable 
nozzle (here PI instead of SII) is already reached after 8 
operating hours. It is beyond the scope of this paper but a 
reduced pump performance means also less heat input into the 
cutting fluid and therefore less electricity for the cooling 
demand. 

5. Conclusion and Outlook 

This paper examines the effect of different nozzle types, 
designs and positioning on the efficiency of the cutting fluid 
supply. Based on a literature review the variety of different 
nozzles as well as design and positioning principles are 
presented. On the basis of these results flooding and not 
flooding nozzles were produced and tested within a case study 
with regard to their supply efficiency. As a result it can be 
concluded that all three aspects nozzle type, design and 
position have a significant influence on the cutting fluid 
supply. Thus, the interdependencies between all three aspects 
have to be considered. Based on a theoretical description, the 
paper further presents equations to describe and to evaluate 
the cutting fluid supply and applies them to the results of the 
conducted experiments. This reveals the significant influence 
of the chosen nozzle on the power demand of the pump and 
system. The nozzles should be adjusted especially for the 
specific process that they are used for. 

In order to extend this approach in future studies the 
impact of further parameters should be analyzed 
systematically. By using statistically designed experiments 
additional parameters such as distance or angle of the nozzle 
should be considered and regression analysis can be 
conducted. Furthermore, there should be a stronger focus on 
the process quality itself. So far the evaluation is based on the 
amount of cutting fluid passing the contact zone. It should 
also be analyzed how this actually leads to less tool wear or a 
better surface roughness. 
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