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Abstract

Carbon dioxide (CO2) based cryogenic minimum quantity lubrication (cMQL) is an alternative approach
to facilitate cooling lubrication of cutting processes. While it offers greater sustainability than conventional
metalworking fluids (MWF), its precise, process-specific dosing can be challenging. This is due to the
physical properties of the pressurized COz, as it already develops its cooling effect in the supply line if
expanding there. The paper therefore proposes a new approach to the dosing of this coolant strategy
which is based on high-frequency pulsed application. By opening and closing a valve in the immediate
vicinity of the application nozzle at high frequency, a precisely adjustable fraction of the maximum mass
flow can be directed to the cutting zone. This allows the cooling capacity to be adjusted accurately and
adapted to the process. In addition, the proposed setup makes it possible to react to the fluctuating input
quality of the COz. This paper examines how accurately the mass flow can be dosed using high-frequency
CO:2 pulses. It also investigates whether continuous and pulsed cMQL have comparable cooling
capacities at the same mass flow rate and to what extend the input quality of the CO2 can be

compensated.
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1 INTRODUCTION

Wet machining is the industry standard for metal cutting. In
over 90 % of all applications, conventional MWF are sup-
plied to the workpiece in the form of flood or high-pressure
cooling [Denkena 2011]. Although this type of process
cooling is functional, it is not very sustainable. One of the
main points of criticism is the high consumption of media,
some of which are harmful to human health and the
environment [Najiha 2016]. Even if attempts are made to
operate the MWF in a closed circuit, large quantities are lost
over time through evaporation, vaporisation and drag-out.

An alternative cooling lubrication strategy that can also be
used for demanding machining tasks and uses fewer media
is cMQL [Gross 2021]. It combines the cooling effect of
cryogenic media, such as COz2 or liquid nitrogen (LNz), with
the lubricating effect of minimum quantity lubrication (MQL).
As LNz is always cryogenic, it poses challenges in terms of
storage, supply and its mixing with oil. CO2 on the other
hand can be stored and supplied at room temperature at a
pressure of p =59 bar. This also means that oil can be
added to liquid CO2, so that both can be supplied together.
The CO2-oil mixture only cools down to cryogenic temper-
atures during expansion due to the Joule-Thomson effect.
This reduces the integration effort and thus simplifies imple-
mentation in industrial series processes and machines.

As mentioned earlier, CO2-based cMQL has not yet been
widely adopted, despite its advantages. One possible
reason for this is that the system technology is not yet fully
developed, which is also due to the relative novelty of this
approach. Precise dosing of the cMQL is particularly difficult
due to the physical properties of CO2. As the COz is only
allowed to expand at the cutting zone, the use of throttles is
not possible. This dampens the sustainability benefits of
cMQL compared to conventional cooling lubrication
strategies and makes the topic of process-specific dosing
one of the focal points of research in this field [Meier 2024].

The high-frequency pulsed application of cMQL
(HFpcMQL) represents a novel and promising approach.
The high-frequency opening and closing of the outlet valve
is intended to direct a precisely adjustable fraction of the
maximum mass flow to the cutting zone. Doing so, the
cooling capacity and lubrication performance can be
selected depending on the cutting process. Furthermore,
this approach makes it possible to react to the fluctuating
quality of the CO2 supply, which allows for processes that
are more robust. Therefore, this paper investigates the
dosing precision for the mass flow of CO2 and its cooling
capacity as well as the application pattern of the lubrication
oil with HFpcMQL and compares the results continuously
with continuous cMQL.
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2 STATE OF THE ART

The main tasks of MWF, also known as cooling lubricants,
in the machining process are the cooling and lubrication of
the cutting zone and the removal of chips from it. These
MWF, which are usually oil- or water-based, are supplied to
the cutting zone in the form of flood or high-pressure cooling
from the outside or through cooling channels in the tool.
Conventional cooling lubricants, which are often composed
of mineral oils and additives, contribute significantly to the
high performance level of modern production processes
[Klocke 2008]. However, this also gives rise to some
negative aspects that affect all three dimensions of
sustainability [Najiha 2016]. High costs are incurred for the
procurement, maintenance and, above all, disposal of
conventional cooling lubricants. In addition, MWF endanger
people [NIOSH 1998] and the environment [Howes 1991]
through leaks, drag-out losses and other types of
emissions. [KiRler 2004]

In order to reduce these economic, ecological and social
consequences, humerous approaches have already been
developed to minimize the use of cooling lubricants. For
example, MQL and dry machining are already being used
in industry alongside conventional flood cooling lubrication
[Degner 2019]. Yet both strategies quickly reach their limits,
especially when machining difficult-to-cut materials
[Pimenov 2024].

One option to counteract the thermo-mechanical stress on
the tool in the cutting zone is the use of cryogenic cooling.
Research into cryogenic cooling based on LNz was
particularly advanced at the turn of the millennium. A study
by Hong and Broomer shows that cryogenic machining of
AISI 304 with LNz and targeted cooling of the rake face can
increase tool life by up to 67 % compared to emulsion
cooling. Cryogenic cooling proved to be particularly
effective at higher cutting speeds. Excessive cooling of the
major and minor cutting edges, on the other hand, led to
premature tool failure [Hong 2000]. Wang and Rajurkar use
a closed-loop system with LNz to specifically cool the cutting
edges when turning high-performance materials such as
titanium alloys, Inconel 718 and tantalum. The study shows
that the resulting reduction in tool and workpiece
temperature leads to increased tool life and improved
surface quality compared to MWF [Wang 2000].

However, due to the low boiling point of 4=-196 °C, the
storage and handling of LNz is very complex. COz2, on the
other hand, can be stored in liquid form at a pressure of
p =59 bar and room temperature in riser bottles, which
makes handling and integration into the machine system
much easier. After the liquefied CO2 has been supplied to
the cutting zone through the corresponding pipe system, it
expands there due to the pressure drop at the nozzle outlet.
The liquid CO2 evaporates and cools down due to the Joule-
Thomson effect. The amount of heat required for the phase
conversion is so great that cooling to approximately
9 =-78 °C occurs. One further advantage of both LNz and
CO: is that these cooling media evaporate completely after
use and leave no residue on the workpiece, the chips or the
machine tool. In the experiments conducted by Jerold and
Kumar, CO2 cooling enabled effective temperature control
when turning AISI 316 compared to wet and dry machining.
This significantly reduced cutting forces, decreased tool
wear and improved surface quality. Particularly at high
cutting speeds, cryogenic cooling also has advantages in
terms of chip breaking behaviour and process stability
[Jerold 2012]. Gupta et al. investigated tool wear when
turning aluminium 024-T351 wunder different cooling
lubrication strategies with constant cutting parameters.
Compared to dry and MQL machining, CO2 cooling showed

a significantly lower level of flank wear and crater wear as
well as a more uniform wear pattern at the tool tip
[Gupta 2023].

In order to ensure effective lubrication of the cutting process
in addition to cooling, cryogenic cooling was combined with
MQL in the cMQL. This combination further improves the
results achieved with purely cryogenic cooling. Biermann et
al. showed that during the turning of Ti6AI4V, pure CO:2
cooling already resulted in less tool wear than flood cooling.
However, when machining Ti6AI2Sn4Zr6Mo, CO2 cooling
alone did not lead to a longer tool life. Only the combined
application in the form of cMQL led to an increase in tool life
of around 25 % due to reduced friction at the cutting edge
[Biermann 2015]. Hanenkamp et al. developed their own
system for cMQL in which the liquid CO2 is combined with
lubricating oil via an HPLC pump in order to minimize the
integration effort. Milling tests were carried out on Ti6AI4V
for evaluation and compared with conventional MWF. The
results showed reduced cutting forces and improved
surface quality when using suitable lubricants such as ester
oils and fatty acid alcohols [Hanenkamp 2018]. In the study
by Villarrazo et al., the influence of cMQL when using CO:2
was investigated in comparison to conventional MQL when
milling AISI 1045. Despite comparable cutting forces, a
significant increase in tool life and an increase in cutting
speed was achieved through the use of cMQL. In addition,
cMQL showed a more homogeneous wear behaviour, while
the tendency to adhesion on the cutting edge was
significantly reduced compared to MQL [Villarrazo 2023].
To get an insight into the current state of development of
cMQL, Iruj et al. have created a comprehensive overview
[Iruj 2024].

Even though cMQL has clear advantages over other
cooling lubrication strategies, particularly when machining
difficult-to-cut materials, there are only limited possibilities
for implementing flexible, process-specific dosing. The
most frequently chosen approach is the use of nozzles with
different diameters [Bagherzadeh 2018]. Although this
permits simple system technology, it only allows discrete
values to be approached, which also depend on the input
quality of the CO2. In addition, it is not yet possible to
change the nozzle quickly, which makes it even more
difficult to use in industrial production. Another approach is
the use of supercritical CO2 (scCO2). Although this enables
variable dosing, additional effort is required to keep the CO2
in the entire supply system safely in a supercritical state
(8> 31.0 °C, p > 73.8 bar) [Stephenson 2014].

An approach that has also been used recently is the dosing
of cMQL by pulsed application. This involves periodically
opening and closing a valve in order to feed a fraction of the
maximum mass flow to the cutting zone. Igbal et al. carried
out the first investigations into the milling of Incoloy 825
using pulsed cMQL (pcMQL) with CO, in 2023. A pulse
frequency of fp = 0.5 Hz was used. Compared to continuous
application, pcMQL resulted in improved surface quality
and a slight reduction in cutting forces at higher cutting
speeds. The continuous cMQL, on the other hand, proved
to be more advantageous in terms of tool wear. In addition,
the study demonstrated the potential for reducing the
consumption of cryogenic medium through pulsed
application [Igbal 2023]. In a second study Igbal et al.
examined the influence of pcMQL on further nickel-based
alloys. This time the pcMQL proved to be at least on par
with continuous cMQL in terms of flank wear [Igbal 2024].
Similar experiments on pcMQL were carried out by Naik
and Sharma using LN2. They obtained comparable results,
but were also able to demonstrate that a higher pulse
frequency yields better overall results [Naik 2023].
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As these studies show, pulsation can be used as a means
of dosing. In addition, it is shown that a higher pulse
frequency has an altogether favourable effect on process
characteristics such as tool life, surface quality and cutting
forces. However, in the studies cited, the maximum output
is only ever halved at low pulsation frequencies. A targeted
control of the media flow and thus the cooling and
lubrication performance is not pursued.

In order to further improve the results achieved to date with
pulsation, the pulse frequency is significantly increased in
this paper. Furthermore, the aim is to set freely selectable
fractions of the maximum mass flow and thus the cooling
capacity by varying the opening and closing times of the
application valve. Instead of a specific process, the focus of
this study is on the fundamentals and system technology.

3 EXPERIMENTAL SETUP AND DESIGN
3.1 Experimental setup

For the systematic investigation of CO2-based HFpcMQL,
the experiments are carried out in two parts and in separate
setups. In the first part, experiments are conducted to
measure the mass flow of the CO:2 carrier medium and its
cooling capacity. In the second part, the spray pattern of the
pulsed oil application is investigated.

The schematic experimental setup for the first part of the
experiments is shown in Fig. 1. The COz is stored in a riser
bottle bundle at room temperature and a pressure of
p =59 bar. To ensure a reliable and constant supply of
COgz, a pre-cooler can be integrated into the experimental
setup. Pre-cooling can increase the liquid content of the
COgz, which increases its density [Meier 2024].

CO2- Pre- Coriolis Shut-off Nozzle/ Heating Thermo-
bundle cooler sensor valve Injector resistor couple
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I -= 103

—- Pulse  Power Current
equipment source clamp
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Fig. 1: Setup for the measurement of mass flow and
cooling capacity of COs2.

A Coriolis sensor is used to measure the mass flow and
density of the CO2. Two smooth jet nozzles with diameters
of d =0.2 mm and d = 0.3 mm are used for the continuous
CO:2 supply, which serves as a reference in all experiments.
The pulsed supply of CO:z is achieved using two modified
electromagnetic fuel injectors of the type Bosch HDEVS5.
This type of injector has already been used successfully for
the pulsed supply of COz in previous studies. For this paper,
the regular injection nozzles of the two injectors were
closed by laser powder deposition welding in order to
subsequently create a new central bore in each case. One
injector with a nozzle diameter of d =0.5 mm and one
injector with a nozzle diameter of d=1.0 mm were
produced. The injectors are controlled in a two-stage
process. The trigger signal with the desired frequency is
generated by a microcontroller. This signal is then fed to the
trigger input of a pulse shape generator, which outputs a
pulse signal to the injector. Fig. 2 shows the idealised
current curve of such a pulse signal and the corresponding
valve displacement response of the injector. The valve
displacement of the injector provides a good approximation
of the mass flow. In order to open the injector as fast as
possible, a boost current Ip is applied for a short time in the

beginning of each pulse. The duration of this boost time t,
is selected so that the injector is reliably open after t» has
elapsed. The duration therefore depends primarily on the
injector system. After the boost time t» has elapsed, the
current is reduced to the holding current In. This is chosen
to be high enough to keep the injector open and low enough
not to overload it thermally. The duration of the holding
current is freely selectable and can therefore be used to
influence the application time of the media. At the end of the
holding time, the injector is de-energised and closed by an
integral spring.
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Fig. 2: Idealised current and displacement curves of an
electromagnetic injector.

The pulsation is used to dose the mass flow. As the injector
is safely open during the holding time, it is assumed for a
first characterisation step that the fraction of the maximum
mass flow i is a function of the maximum mass flow rfimax,
the pulse frequency f, and the holding time th:

mf = Mypax 'fp "ty 1)
In reality, however, the injector is already at least partially
open before the start of the holding time and after the end
of the holding time, as can be seen in Fig. 2. Therefore, the
actual pulse duration to exceeds the set holding time th. For
the following correction model, the equivalent pulse
duration tee is introduced as an auxiliary variable in which
the injector is mathematically fully open. It exceeds th by a
difference of At:

toe = tn + At (2)
To correct for this difference, the original formula is

extended and the correction factor At for the used injectors
is determined in the course of the paper:

7/hf = Mpax 'fp *(tp + AD) (3
To measure the cooling capacity Pcooling, the CO:2 jet is
directed onto a heating resistor. This heating resistor is
supplied by a constant 24 V power source and regulates its
power consumption according to its temperature. As a
result, the electrical current increases as soon as the
heating resistor is cooled down, for example with CO2. The
required current is measured using an RS CP-10 current
clamp and used to calculate the power consumption for
heating Pheating, after equilibrium has been reached. As the
heating resistor requires a constant basic power Pstable, this
must be subtracted from the measured heating power
Pheating to Obtain the corresponding cooling power Pcooiing,
shown in Formula (4). In the following chapters, only the
actual cooling capacity Pcooling = Pc is specified.

PCooling = PHeating = Pstabie 4)
In addition to the cooling capacity, the temperature at the
heating resistor is measured using a type k thermocouple.
This setup is a further development of the setup used by
Meier et al. to measure the cooling capacity [Meier 2024].
An overview of the setup-specific parameters is provided in
Tab. 1. It contains information on the nozzle and its distance
to the targets, the pre-cooling temperature and the heating
resistor.
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Tab. 1: Setup-specific parameters.

Dimension Values
Smooth jet nozzle diameter d (mm) 0.2,0.3
Injector nozzle diameter d (mm) 0.5,1.0

Nozzle distance to target (mm) 40

COz2 pre-cooling temperature (°C) ~95
Heating panel dimensions (mm) 75 x 25
Heating panel current (V) 24

In order to consider the cMQL as a whole, the second part
of the experiments analyses the oil output. The
experimental setup, shown in Fig. 3 is partially analogous
to that in Fig. 1. CO2-bundle, pre-cooler, Coriolis sensor and
shut-off valve are set up as previously.
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Fig. 3: Setup for the examination of oil output.

After the valve, oil is added to the CO2 via an HPLC pump.
The combined COz-oil mixture is then fed to the smooth jet
nozzle or injector. If an injector is used, it is controlled in the
same way as in the previous experiments. During the
application of the media mixture, the injector or smooth jet
nozzle is moved by a milling machine over blotting paper.
In order to obtain meaningful results for the oil output, the
mass applied, the path width and the spray pattern are
analysed. To determine the mass, the blotting paper sheets
are weighed immediately before and after the media
application using a precision scale, while the path width and
spray pattern are analysed using images with a length
standard.

3.2 Experimental design

The aim of this research is to enable precise dosing of CO2-
based cMQL for cutting operations in terms of mass flow,
cooling capacity and oil application by means of high-
frequency pulsation. The pulsation should allow a freely
selectable fraction of the maximum mass flow to be set.

Therefore, the first step is to determine the maximum mass
flow with continuous CO2 supply for two smooth jet nozzles
and two modified fuel injectors. The smooth jet nozzles with
diameters of d=0.2mm and d=0.3 mm have already
been used several times in previous research work and
serve as a reference [Gross 2021]. The two injectors, which
will later be used to implement the high-frequency
pulsation, have bore diameters of d=0.5mm and
d=1.0 mm. As explained in the previous chapter, the
maximum cooling capacity occurring on a heating resistor
is also measured during the determination of the maximum
mass flow. In order to account for the input quality of the
COg2, the experiments are carried out with CO2 at room
temperature and pre-cooled CO2 with higher density.

Based on the results of the first experiments, in a second
step the injector with d = 0.5 mm is pulsed in such a way
that the same calculated mass flow is achieved as with the
two smooth jet nozzles. In this first step the characterisation
Formula (1) is used. This is done at the three frequencies
fo=50/100/150 Hz and the corresponding holding

times th. These experiments are also carried out with and
without pre-cooling. Once again, both the mass flow and the
cooling capacity are recorded. By comparing the results of
continuous and pulsed application, the initial dosing
precision of the system can be estimated.

In order to further improve the dosing precision, a
mathematical correction is performed using the data from
the previous experiments. As already explained in
chapter 3.1, the time during which the injector is at least
partially open to exceeds the set holding time tn, as shown
in Formula (2). This discrepancy At can be estimated with
the previously collected data and used as a correction
factor for further experiments. To obtain a result as
meaningful as possible, data for all three frequencies with
corresponding holding times and both with and without pre-
cooling are used for this purpose.

Once the correction factor has been determined, it is tested
by means of validation experiments. For this purpose, the
mass flows m=5kg/h and m =10 kg/h are specifically
approached with the pulse frequencies fp = 50 / 150 Hz and
the corresponding holding times using the injector with the
nozzle diameter d = 0.5 mm. The aim is to check to what
extent the dosing precision has improved and what
precision can be expected in general. These experiments
are carried out both with and without pre-cooling of the COx.

Since the mass fraction of oil in typical cMQL applications
is well below 1 % and the oil has no significant effect on the
process cooling, all experiments to determine mass flow
and cooling capacity as well as their dosing precision are
performed without oil. In order to still obtain valid results for
cMQL, the final experiments investigate how the pulsed
application affects the oil output. For this purpose, a MQL
oil and COz are combined in the chair's own mixing system
and fed to the nozzle together in one channel. The mixture
is then applied in lines to blotting paper, which is weighed
before and after application. While the CO: evaporates
completely, the oil remains in the blotting paper. This allows
the mass, the path width and the spray pattern of the oil
application to be examined. The output of the smooth jet
nozzles with continuous media application is again used as
a reference. This is then compared with the pulsed output
of the injector with nozzle diameter d = 0.5 mm at the same
set output rate. The pulse frequencies are again
fo =50/ 100 / 150 Hz and both room temperature CO2 and
pre-cooled CO: are used in this experiment. In each run,
two lines are applied lengthwise to a DIN A4 sheet, see Fig.
3, at a feed speed of vi = 2000 mm/min.

All the experiments described are repeated three times for
statistical validation. The results presented in the upcoming
chapter reflect the mean value of the three experiments.
The standard deviation is not shown in the diagrams
because it could not be displayed properly due to its small
size. Control-specific parameters, especially regarding the
energisation of the fuel injectors, are shown in Tab. 2.

Tab. 2: Control-specific parameters.

Dimension Values
Pulse frequency fp in Hz 50, 100, 150
Boost current Ip in A 7.0

Boost voltage Up in V 60

Boost time t in ps 500

Holding current In in A 3.4

Holding voltage Un in V 12

Holding time tn in ps variable
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4 RESULTS
4.1 Maximum mass flow and cooling capacity

The results of the first experiment are shown in Fig. 4. As
expected, the mass flow and the cooling capacity increase
with increasing nozzle diameter. For a given nozzle
diameter, all values with pre-cooled CO2 exceed those of
uncooled CO:. For reference, pre-cooled CO2 had a density
of approximately p = 865 kg/m?3, while uncooled CO2 had a
density of approximately p =570 kg/m3. Without pre-
cooling, there will be greater fluctuations of the density,
however a sufficiently constant mass flow with
corresponding cooling capacity is still achieved. With the
exception of pre-cooled CO2 and a nozzle diameter of
d =0.3 mm, the measured values lie on a curve that
approaches a limit.

165
150

1,0
10~

T
N W
o o

N ©
g o

) o
o N
[N)

e Pre-cooling

Cooling capacity P in W
[N
o
(&3}

No pre-cooling

(o2}
o

0O 5 10 15 20 25 30 35 40 45

Mass flow m in kg/h

Fig. 4: Influence of nozzle diameter and pre-cooling on
mass flow and cooling capacity.

For the smooth jet nozzles, the mass flow behaves as
expected. Increasing the nozzle diameter from d = 0.2 mm
to d =0.3 mm increases the mass flow by a factor of
approximately 2.25. For the used injectors the mass flow
does not reach the theoretically predicted values. This
becomes particularly clear at the transition from nozzle
diameter d = 0.5 mm to d = 1.0 mm. Here a quadrupling of
the mass flow is to be expected, which does not occur.
When looking at the interior of the injector, it can be
assumed that the internal geometry might limit the
maximum flow and not only the nozzle diameter itself.

As the mass flow increases, the cooling capacity achieved
flattens out significantly. There may be two reasons for this:
On the one hand, this is due to the measuring principle. The
heating resistor only provides a certain maximum heat
output, above which stronger cooling is no longer
measurable. This is most evident when using the injector
with d = 1.0 mm, where a visible ice crystallisation forms on
the surface of the heating resistor. On the other hand, parts
of the COz2 jet bounce off the heating resistor or flow past it,
which is why they only contribute to cooling the heating
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resistor to a very small extent. Due to the stronger fanning
out of the jet with larger nozzle diameters, this effect occurs
more strongly with larger nozzle diameters.

As the mass flow and the cooling capacity of the smooth jet
nozzles with d=02mm and d=0.3mm are to be
reproduced in the following experiments, only the injector
with d = 0.5 mm is used for this, as it can achieve this more
efficiently than the injector with d = 1.0 mm. For the most
efficient cooling of the process, it can therefore also be
generally recommended that the nozzle diameter of the
pulsed application is as close as possible to the nozzle
diameter of the continuous application that it is intended to
replace.

4.2 Initial dosing precision

To enable a comparison between the continuous and
pulsed output in the following experiments, the continuous
mass flows of the smooth jet nozzles with d = 0.2 mm and
d = 0.3 mm are replicated by pulsed control of the injector
with d = 0.5 mm. For this purpose, the maximum mass flow
of the injector is reduced to a defined fraction at three
different pulse frequencies. In this way, an equivalent mass
flow can be set that corresponds to that of the smooth jet
nozzles with d =0.2 mm (0.2e) or d =0.3 mm (0.3e). In
these first characterisation experiments, it is still assumed
that to = th, as shown in Formula (1). They are carried out
again with pre-cooling (PC) and without pre-cooling (NPC).
Tab. 3 presents the fractions of the maximum mass flow of
the injector with d = 0.5 mm for both nozzle equivalents and
CO: states. It also lists the corresponding holding times for
each frequency, calculated using Formula (1).

Tab. 3: Mass flow fractions and corresponding holding
times depending on CO2 state and nozzle equivalent

Nozzle+CO2 Fraction tn for tn for tn for
state of mMmax 50 Hz 100 Hz 150 Hz
0.2e-NPC 23.4% 4675 pus 2335pus 1555 us
0.2e-PC 29.1% 5820 pus 2910 pys 1940 ps
0.3e-NPC 55.9% 11175pus 5590 ys 3725 ps
0.3e-PC 72.7% 14540 pus 7270 us 4845 pus

Fig. 5 shows the comparison of continuous and pulsed
application in terms of mass flow (left) and cooling capacity
(right). The measured mass flow with mathematically
equivalent pulsating output is slightly higher than the
continuous output in all cases. In most cases, the
discrepancy also increases slightly with increasing
frequency. Both can be explained by the way in which the
equivalent output is calculated. As described in chapter 3,
the time period to during which the injector is at least
partially open slightly exceeds the set holding time th.
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Fig. 5: Comparison of continuous and pulsed application in terms of mass flow and cooling capacity to determine the
initial dosing precision.
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The extended opening time per pulse results in an
increased mass flow in general. Moreover, as the pulse
frequency rises, the number of pulses per second
increases, which further amplifies the deviation from the
target mass flow. At the lowest frequency, the absolute
deviation and thus the initial dosing accuracy of the mass
flow ranges from 0.07 — 0.53 kg/h, at the medium frequency
from 0.18 — 0.79 kg/h and at the highest frequency from
0.52 — 1.20 kg/h. This results in a corresponding relative
deviation of 0.5 — 23.7 %.

The results for the cooling capacity appear more
heterogeneous. However, the main reason for this lies in
the measurement of the cooling capacity of the d = 0.3 mm
nozzle with pre-cooled COz, which, as discussed in the
previous chapter, is highly likely to be inaccurate.
Therefore, this measurement is excluded from all following
considerations. Excluding this measurement results in a
coherent overall picture. The absolute deviation in cooling
capacity ranges from 0.93 — 10.44 W, corresponding to a
relative deviation of 1.0 — 13.6 %. With one exception, all
measured values for pulsed application lie slightly below
those of the continuous application. The reason for this is
presumably the phenomenon already described. Due to the
larger nozzle diameter of the injector with the same mass
flow, a larger proportion of the CO2 can only develop its
cooling effect to a limited extent by bouncing off the heating
resistor and flowing past it. The slight increase in cooling
capacity over the frequency can probably be explained by
the previously described increase in mass flow.

Fig. 6 shows the results from the previous figures combined
to illustrate how the mass flow and cooling capacity are
related in pulsed application and how they compare to
continuous cooling.
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Fig. 6: Combined comparison of continuous and pulsed
application in terms of mass flow and cooling capacity.

The continuous red trend line corresponds to that in Fig. 4.
As already explained, the mass flow under pulsed feeding
is slightly higher than in continuous mode, whereas the
cooling capacity is slightly lower. For visualisation, a
dashed trend line was added for the pulsed supply. This
follows the continuous line but intersects it at a mass flow
of m =1%2 ka/h. In addition, clusters can be formed to assign
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the pulsed mass flows to the corresponding continuous
mass flows. As already explained, the only outlier is the
smooth jet nozzle with d = 0.3 mm.

4.3 Determination of the correction factor for the
opening time

The results from section 4.2 show a deviation of up to
23.7 % between the measured and the targeted mass flow
for pulsed feeding. As described in section 3.1 using
Formula (2), this deviation most likely results from the time
discrepancy to>th. Based on the measured maximum
mass flow of the injector and the measured mass flow
fraction from the initial dosing tests, the time deviation At
can be determined using Formula (5).

At = T ty (5)
To obtain a representative result, the average time
deviation At is calculated across all three frequencies with
their corresponding holding times, both with and without
pre-cooling. For the used injector with a nozzle diameter of
d = 0.5 mm, this yields an average deviation of At = 287 us.

4.4 Validation experiments for dosing precision

The results of the validation tests to check the extended
mathematical Formula (3) are shown in Fig. 7. As explained
in section 3.2, the optimised holding times are calculated
for the injector with nozzle diameter d = 0.5 mm at pulse
frequencies of f, = 50/150 Hz. These holding times were set
to reach target mass flows of m = 5 kg/h (5-PC/5-NPC) and
m =10 kg/h (10-PC/10-NPC), respectively the experiments
are again carried out with and without pre-cooling.

The maximum deviation between the aspired and
measured mass flow is 0.38 kg/h absolute, corresponding
to 7.6 % relative. This indicates a significantly improved
dosing precision compared to the initial dosing tests,
reducing the deviation to one third of its original value. In
the experiments with pre-cooling, a slight increase in the
mass flow is observed with increasing frequency, while the
mass flow for the uncooled CO:2 remains constant.
Nevertheless, the deviations from the target mass flow with
uncooled CO2 (0.27 —0.38 kg/h) are somewhat greater
than those with pre-cooled CO2 (0.04 — 0.25 kg/h).

The expected cooling capacities derived from the dashed
trend line in Fig. 6 (green lines in Fig. 7 on the right) are
achieved for both set mass flows. The absolute deviations
for the cooling capacity ranges from 0.32 — 3.31 W, thus to
0.3-4.2 % relative, which also equals one third of the
previous deviations. Only at a mass flow of m = 5 kg/h does
the measured cooling capacity rise slightly at a pulse
frequency of f, = 150 Hz. This confirms that not only the
mass flow but also a corresponding cooling capacity can be
set using the trend line in Fig. 6. Moreover, it demonstrates
that the pulsed application can compensate for variations in
CO2 temperature and, consequently, CO2 density.
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Fig. 7: Validation experiments in terms of mass flow and cooling capacity to determine the achievable dosing precision.
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4.5 Effects of pulsed application on oil output

Spray tests were conducted on blotting paper to evaluate
the oil discharge during pulsed application. Fig. 8 shows the
applied oil quantities as a function of CO2 mass flow, with
the oil discharge of the smooth jet nozzles indicated directly
in the graph. Greater fluctuations in mass flow are
observed, particularly for uncooled COz. This is likely due
to larger density fluctuations and an overall lower density,
which suggests that the proportion of the gaseous phase of
the CO:2 in the riser bottle bundle is increasing.
Nevertheless, the average mass flow for uncooled CO:2
remains within the range of the previously conducted
experiments. For pre-cooled COz2, the mass flow rates are
constant, although they are below the expected values from
the dosing tests.
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Fig. 8: Applied oil weight as a function of mass flow for
continuous and pulsed cMQL.

The applied oil quantity varies, particularly for the 0.2e-
NPC. At a low and fluctuating mass flow, oil is applied
irregularly, resulting in an increased oil weight. This may be
due to oil accumulating in the piping system during the
phases of low CO:2 flow, which is then expelled in
concentrated form once sufficient CO2 flow resumes.
However, for the 0.3e-NPC the measured oil weight is
comparable to that of the continuous application using the
smooth jet nozzle. Except for the 0.2e-NPC, pulsed
application results in largely consistent oil quantities,
regardless of the mass flow. In contrast, during continuous
application with the smooth jet nozzles, the oil weight
decreases as the CO2 mass flow increases. Compared to
continuous application, the pulsed application results in a
lower oil quantity for the 0.2e-PC and a higher quantity for
the 0.3e-PC.

The widths of the spray paths are shown in Fig. 9 as a
function of the CO2 mass flow. There is an increase in the
width of the spray path with increasing mass flow for both
continuous and pulsed application.
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Fig. 9: Spray path width as a function of mass flow for
continuous and pulsed cMQL.

In addition, the measured spray paths of the injector with
d = 0.5 mm are consistently larger than those of the two
smooth jet nozzles with d =0.2 mm and d = 0.3 mm. Both
observations are related to the expansion of the CO2-oil jet
after leaving the nozzle. This is due to the increased CO,

mass flow and the larger nozzle diameter, both of which
promote a wider jet expansion [Gross 2021].

Fig. 10 shows some examples of the applied oil streaks with
pre-cooled COz, with one square corresponding to one
centimetre. The spray paths of the smooth jet nozzle with
d = 0.2 mm have a comparatively narrow but intense strip
in the centre with a width of 1 cm. The pulsed application of
the 0.2e with pre-cooling, on the other hand, results in a
wider but very uniform application of oil. Without pre-
cooling, however, the oil application of the 0.2e is rather
irregular, both along and across the feed direction.

Cont 100 Hz Cont im0 0
pea
0.2-PC 0.2e-PC 0.3-PC = 0.3e-PC ~

Fig. 10: Exemplary oil streaks applied to blotting paper.

The width of the oil spray paths for the smooth jet nozzle
with d = 0.3 mm is greater than those of the nozzle with
d = 0.2 mm but varies depending on whether the COz: is
pre-cooled or not. Without pre-cooling there is a lower mass
flow and therefore a slightly narrower application with a thin,
more intense streak in the centre. In contrast, the mass flow
is greater with pre-cooling, resulting in a wider spray path.
In the centre, however, there is a pale streak with reduced
oil application. The pulsed application of the 0.3e is again
wider than the continuous application due to the larger
nozzle diameter of d = 0.5 mm. In addition, the distribution
both along and across the feed direction is more uniform
than without pulsation. This uniformity manifests itself parti-
cularly in less pronounced streaks in the centre of the path.

To summarise, it can be said that oil application with the
HFpcMQL already works well, achieving a uniform oil
application. However, it should be noted that, as expected,
the spray path width also increases due to the larger nozzle
diameter of the injector. In addition, a consistent mass flow
is essential for uniform oil application. If the mass flow is
low and irregular, oil may accumulate in the pipe system,
leading to an unsteady spray pattern.

5 CONCLUSION AND OUTLOOK

In the present paper, the behaviour of COz-based
HFpcMQL was examined and compared with continuous
cMQL. Questions regarding the dosing precision of mass
flow and cooling capacity, the possibility of compensating
the COz2 input quality and the oil output were investigated.
The following conclusions were drawn:

e The maximum mass flow and the associated cooling
capacity depend on the nozzle diameter and CO:
density. The cooling capacity measured flattens out as
the mass flow increases, but this is due to the
measuring principle used on one hand and presumably
the CO2 bouncing off and flowing past the heating
resistor on the other hand. The mass flow is also
influenced by the interior of the injector. This must be
considered when selecting injectors for use in the
HFpcMQL.

e For maximum efficiency, the nozzle diameter of
modified injectors should generally be as close as
possible to the nozzle diameter of the continuous
application that is to be substituted.

e Even without improved dosing precision, the high-
frequency pulsed application can be used to adjust the
mass flow and cooling capacity. The absolute deviation
from the target values for the mass flow was between
0.07 — 1.20 kg/h, which corresponds to a relative
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deviation of 0.5 - 23.7 %. For the cooling capacity it
was 0.93 — 10.44 W, corresponding to 1.0 — 13.6 %.

e To improve the dosing accuracy, a correction factor of
At =287 us was calculated for the specific injector
used. This corresponds to the time in which the injector
is theoretically fully open before and after the holding
time, while the actual time the injector is at least
partially open is even longer.

e  After taking the correction factor into account, the mass
flow dosing precision improved to 0.04 —0.38 kg/h
absolute, corresponding to 0.08 — 7.6 % relative. The
absolute deviation for the cooling capacity was
0.32 —3.31 W, thus to 0.3 — 4.2 % relative.

e The experiments show that the cooling capacity
depends almost exclusively on the mass flow of the
CO:2 as long as it remains mainly in the liquid state.
Since the mass flow can be precisely adjusted by the
system presented, even with uncooled CO:z of lower
density, it is therefore also possible to provide the
cutting zone with a selected cooling capacity —
regardless of the liquid CO: density.

¢ A minimum mass flow of COz is required for uniform oil
entrainment. If this condition is not met, oil may collect
in the feed lines, which is then ejected in lumps.

e The path width of the oil application depends on the
nozzle diameter and the mass flow. However, the size
of the sprayed area should be adjustable by modifying
the distance to the cutting zone [Gross 2021].

e As already mentioned, uniform oil application requires
a minimum mass flow of CO2. If this is ensured, a
uniform spray pattern can be achieved with both the jet
nozzles and the high-frequency pulsed application.
This applies equally to all frequencies analysed.

With the system presented, both high-frequency pulsed and
continuous application of cMQL can be considered almost
equivalent, at least outside the machining process. The
next step will be to investigate whether these results can
also be confirmed during the actual machining process.
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