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Abstract
Nowadays, the liquid nitrogen cooling in aluminium extrusion is a widely adopted industrial practice to increase the process 
productivity as well as to improve the extruded profile surface quality by reducing the profile exit temperatures. The cooling 
channels are commonly designed on the basis of die maker experience only, usually obtaining modest performances in terms 
of cooling efficiency. Trial-and-error approach is time and cost consuming, thus providing a relevant industrial interest in 
the development of reliable numerical simulations able to foresee and optimize the nitrogen cooling effect during the die 
design stage. In this work, an extensive experimental campaign was performed during the extrusion process of an AA6060 
industrial hollow profile, in different conditions of nitrogen flow rate and ram speed. The monitored data (die and profile 
temperatures and extrusion load) were compared with the outputs of a fast and efficient numerical model proposed by the 
authors, and developed in the COMSOL Multiphysics code, able to compute not only the effect of nitrogen liquid flow but 
also the gaseous condition. The results of the simulations showed a good agreement with experimental data, and evidenced 
how far the experimental cooling channel design from an optimized condition was.
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1 Introduction

The hot aluminium extrusion is a well-consolidated indus-
trial manufacturing process able to produce profiles of 
complex geometry, such as multi-hollow shapes and thin 
sections, by imposing high deformation rates [1, 2]. The 
temperatures and the thermal gradients involved during the 
process affect its efficiency in terms of billet formability, 
profile quality as well as productivity and die lifetime [1–4]. 
Indeed, the control over the temperature is mandatory to 
optimize the extrusion process. If the billet pre-heating is 
required in order to suitably extrude the alloy, the deforma-
tion energy and the friction forces between the billet and 
the tools can lead to an excessive increase of temperatures 
both in the die and in the profile. This excessive exit profile 

temperature can cause several aesthetical defects or cracks 
on the profile surface, resulting in the scrap of the products 
or in the reduction of the service life of the tools [4–8]. The 
exit profile temperature strongly increases also with extru-
sion speed, thus generating relevant constraint in term of 
maximum achievable productivity [4].

Nowadays, the use of nitrogen cooling in aluminium 
extrusion dies is a well-known technology aimed at increas-
ing the process speed, reducing die and tools temperature 
and improving the extruded profile surface quality [9, 10]. 
Several papers on gas and liquid nitrogen applications aimed 
at increased die performances were presented at the Inter-
national Aluminium Extrusion Technology (ET) seminars 
[11–13]. Among the different tested solutions, liquid nitro-
gen was proved to be the most efficient one leading to double 
the extrusion speed [9, 13]. In a different study, Donati et al. 
[14] monitored the thermal gradient during the extrusion 
of a hollow profile in uncooled and cooled conditions with 
liquid nitrogen, obtaining a decrease of temperature up to 
80 °C nearby the bearing zones.

In the current industrial practice, the cooling channel is 
realized in the backer element of the die set and positioned 
close enough to the bearings zones, where the extruded 
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profile gets its final shape and where, consequently, the high-
est temperatures are reached (Fig. 1). Specifically, channels 
are milled on the backer face in contact with the die and a 
number of transferring holes shift the nitrogen to the pro-
file surface (Fig. 1c). A greater cooling efficiency could be 
achieved by manufacturing the channels directly in the die, 
around the bearings; but this solution would require additive 
manufacturing technologies associated to greater costs, as 
discussed in the work of Reggiani and Todaro [15]. In both 
solutions, the cooling is localized nearby the profile exit, 
not involving the massive part of the deforming material 
and consequently minimally influencing the extrusion load.

The nitrogen in the liquid phase subtracts heat from the 
tooling set and then, in a gaseous phase, chills the profile 
surface and prevents the profile oxidation [16, 17]. How-
ever, nitrogen easily changes its state in gas when the tem-
perature is higher than −196 °C at 1 bar [18]. This change 
means that different nitrogen phases may co-exist in the 
cooling channel. At the beginning of the extrusion process, 
the whole cooling channel (Fig. 1c) is free from nitrogen, 
then, after the nitrogen valve opening, the channel is grad-
ually filled by liquid nitrogen that immediately evolves in 
a gaseous state as a consequence of the hot backer. After 
some seconds, the channel nearby the inlet is gradually 
filled by liquid nitrogen while gaseous nitrogen is present 
in the remaining sections of the channel. Only after some 
minutes that the cooling channel can be entirely filled by 
liquid nitrogen, while gaseous nitrogen can be found only 
after transferring holes. An optimized channel design pro-
motes a transition to full liquid state within few extrusion 
runs, while a bad design may require several runs (up to 
never achieving the complete transition). The difference 
in terms of cooling effectiveness between the liquid and 
the gas nitrogen is relevant since the liquid nitrogen heat 
capacity is about 1.8 times higher than the gaseous one. In 
addition, it has to be reminded that, during phase change 
from liquid to gas, nitrogen expands 177 times in volume 
[18], leading to a significant pressure loss throughout the 
channel and consequently to a reduction of the nitrogen 
flow rate under constant inlet pressure. It comes clear that 

a bad channel design may promote an excessive forma-
tion of gaseous nitrogen that obstructs the channel, drasti-
cally reducing the flow rate and consequently the cooling 
efficiency.

Despite the significant interest in the use of liquid nitro-
gen as a coolant in the extrusion process, a systematic meth-
odology for the design of the cooling channel has not been 
proposed in literature yet. Indeed, in the industrial practice, 
the cooling channels are manufactured according to the 
designer’s experience that replicate the shape of the profile 
as close as possible to the bearing zones, but without verified 
criteria to obtain an optimal cooling solution. On the other 
hand, the cooling performance depends on a large number 
of variables, such as the channel geometry (position, cross-
sectional area, length, and path), inlet and outlet positions, 
flow rate, coolant properties and mould material thermal 
characteristics [19–21]. In this context, the use of numeri-
cal methods such as FEM (Finite Element Method) can be 
extremely useful for the analysis and selection of an opti-
mal cooling solution in relation to the process parameters 
and the geometrical features of the profile. The FE process 
modelling is nowadays widely used in the extrusion field 
to predict the thermal gradient and the extrusion load dur-
ing the process [22–26], as well as to predict the extrusion 
defects [27, 28] or to optimize the die strength and lifetime 
[29–32]. Nevertheless, the modelling of the cooling channels 
effect is not consistently available in the FEM codes yet. In 
literature, only a previous work of Reggiani and Donati [24] 
is available in which a 3D numerical model of the extrusion 
process integrated with a 1D model of single-phase liquid 
nitrogen cooling is presented and validated over a simplified 
case study.

In this context, the aim of the present work is to innova-
tively test the FE modelling of the cooling effect on a real 
complex industrial case study taking into account the differ-
ent cooling conditions: channels fully filled by liquid nitro-
gen or by gaseous nitrogen. The innovative numerical part 
of the work then consisted in the development of a model 
able to compute not only the effect of nitrogen liquid flow 
but also the gaseous condition.

Fig. 1  Porthole die: a The man-
drel; b the die; c the backer with 
the cooling channel
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The extrusion trails on the AA6060 hollow profile were 
performed in uncooled and cooled condition with different 
level of ram speed and nitrogen flow rate. The thermal data 
acquired by thermocouples in several locations of the die 
and of the backer were used to compare and to validate the 
numerical model. The global aim of the work is then to offer 
to the research community a more accurate model of the 
extrusion process cooled with nitrogen in order to better 
finalize the process optimization during the die design stage.

2  Experimental trials

2.1  Die design and liquid nitrogen cooling system

The hollow profile depicted in Fig. 2 was selected for the 
experimental tests. Three parts composed the tooling set: the 
mandrel, the die and the backer (Fig. 1). The mandrel, with 
two portholes, had an external diameter of 385 mm and the 
height of 112 mm in the extrusion direction. The die and the 
backer had the same external diameter of the mandrel, but 
the height of 72 mm and 23 mm respectively.

The nitrogen was provided in the die through the 
L-shaped circular inlet channel with a diameter of 8 mm, as 
reported in Fig. 3a, and it connected the nitrogen path to the 
planar channel, replicating the extrusion profile perimeter 
(Fig. 3b). The planar channel was milled at the backer face 
distant 33 mm from the bearings (Fig. 3a) with a square 
section (depth per width 3 × 5 mm and 4 × 6 mm as reported 
in Fig. 3b). Sixteen transferring holes (depth-per-width 
2 × 5 mm) were also manufactured to lastly shift the nitrogen 
to the profile surface.

The liquid nitrogen, at a pressure of 7 bar, was stored in 
a large tank outside the industrial plant, with the nitrogen 
piped to the die through a pipeline with a length of about 
100 m and a diameter of 15 mm. Before entering in the 
die, the nitrogen flows in the sub-cooler to obtain, at the 
entrance of the die, a nitrogen temperature in a liquid state 
below −196 °C. The maximum flow rate declared for this 
nitrogen plant is 80 kg/h when the valve is fully opened.

Eleven K-type thermocouples were used to monitor the 
thermal evolution during the extrusion process: six were 
located in the backer to follow the cooling channel path (P1 
to P6 in Fig. 4b) while five were placed in the die (M3 to 

Fig. 2  The hollow profile selected for the experimental tests: a Profile drawing, b profile sample

Fig. 3  The cooling channel 
design: a The L-shaped inlet 
channel; b the rectangular 
section design of the planar 
channel
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M7 in Fig. 4a) to control the temperature around the bear-
ing zones. During the installation of the thermocouples, the 
depth of the holes in the tooling set was verified and the 
quotes acquired and saved (Fig. 4).

In the die and the backer, an external rectangular-shaped 
groove was made to allow the thermocouples passage avoid-
ing their breakage during the assembly in the ring (Fig. 5a, 
b). In addition, soft alloy pins were used for clamping the 
thermocouples further avoiding their misplacing.

2.2  Experimental campaign

The experimental campaign involved the extrusion of sev-
enteen AA6060 billets in different conditions of extrusion 
speed and nitrogen flow rate (Fig. 6). The length and the 
diameter of the billets were 950 mm and 203 mm, respec-
tively. A conical taper heating from 480 to 440 °C (front-
back) was applied in the billet along its axis with the pre-
heating die temperature set to 520 °C and the container 
temperature set to 400 °C.

Figure 7 reports the temperatures acquired by the thermo-
couples through an Agilent acquisition system connected to 
a laptop. The exit profile temperature was monitored at 1 m 
out of the press with a Williamson contactless pyrometer 
(black line in Fig. 7).

Trials started with the transfer of the die assembly from 
pre-heating oven (set at 520 °C) to the press and the thermo-
couples connection to the acquisition system (0–250 s). In 
Fig. 7, it is clearly visible that, during this time interval, the 
thermocouples placed in the backer (P1–P6) already regis-
tered lower values than thermocouples placed in the mandrel 
(M3–M6) as consequence of the greater heat exchange of 
the backer with the air and the die holder in the press. The 
thermocouple M7 got broken during die loading and it did 
not acquire valid data.

At around 400 s, the extrusion of the first billet started: 
temperatures in the die abruptly increased due to the hot 
aluminium flowing in the mandrel and in the die, while the 
temperature in the backer strongly decreased in relation to 
the greater heat transfer coefficient with the ‘cold’ press gen-
erated by extrusion load. Extrusion of billet 1 lasted up to 
600 s due to the selected low ram speed (4 mm/s) and the 
stop for puller clamping of the profile.

During the dwell time for the billet change (600 to 900 s), 
the die cooled down, consequently heating up the backer that 
reached a thermal field close to the so called “steady-state 
condition of the uncooled process”. From 900 s, three billets 
were extruded at the extrusion speed of 8 mm/s without any 
cooling to obtain, with billet 4, the steady-state condition 
for the uncooled process. The subsequent four billets were 
extruded at the same velocity, but with a nitrogen flow rate 

Fig. 4  Positions of the thermo-
couples: a Die, b Backer; num-
bers report the acquired depths 
of the thermocouple holes

Fig. 5  The installation of the 
thermocouples: a in the die and 
backer, b outside the external 
ring
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of the 40% and from billet 9 to billet 12 the liquid nitrogen 
flow rate was increased to the maximum. From billet 13 to 
the last billet, the extrusion speed was increased from 8 to 
12 mm/s maintaining the 100% of nitrogen flow rate.

By analysing the thermal history of billet 4 that repre-
sented the steady-state condition of the uncooled process, an 
exit profile temperature of 556 °C was found, slightly lower 
than the peak temperature reached in the bearing zones. 
Indeed, thermocouple M3, positioned nearby the vertical 

part of the profile without wings (Fig. 4), recorded a peak 
temperature of 565 °C, the highest in the bearing zones. In 
addition, M6 (near the wings) and M5 (in the lower part of 
the profile) acquired a temperature only 5 °C lower than 
M3. The lowest temperature in the bearing zones has been 
recorded by M4, located symmetrically with respect to M5, 
with a maximum value of 525 °C. In the backer, the temper-
atures were much lower than in the die due to the several sur-
faces of the backer in contact with colder parts of the press. 
The lower temperature was registered in P1 (300 °C), which 
was located in the outer side of the backer at the entrance 
of the cooling channel. Thermocouples P3, P4, P5 and P6 
were positioned as the corresponding thermocouples of the 
die, recording temperatures of 313 °C, 355 °C, 360 °C and 
345 °C, respectively. The thermocouple P2, located nearby 
P1, provided a value of 311 °C.

Billet 8 was considered the steady-state condition for an 
extrusion speed of 8 mm/s and liquid nitrogen flow rate of 
40%. With the selected channel design, the 40% of nitrogen 
flow rate was not enough to promote the liquid nitrogen flow 
through the cooling channel that was filled with gaseous 
nitrogen only. This was also experimentally confirmed by 
the absence of ice in the external surface of the nitrogen 
connecting pipe. Accordingly, Fig. 7 shows no significant 
changes in terms of thermal gradient in all the die thermo-
couples M3–M6, on the profile and in P1, while sensors 
in P2–P6 even showed a slight increase, as expected by a 
‘warm’ gas nitrogen flow in the channel.

From billet 9, the valve of the nitrogen was opened to 
100%, keeping the extrusion speed at 8 mm/s. Four billets 

Fig. 6  The extrusion of the first billet

Fig. 7  Temperature history of the extrusion process: Thermocouples temperature and the exit profile temperature
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(from 9 to 12) were extruded in this condition. The connect-
ing pipe started to be partially covered by ice, as confirmed 
by thermocouple P1 that, as first, recorded a temperature of 
250 °C against 300 °C of the uncooled condition. The effect 
of liquid nitrogen cooling reached P2 during billet 10 (at 
around 2.500 s) and reached P3 only during the extrusion 
of billet 12. The data suggest a very slow replacement of 
gaseous nitrogen by liquid nitrogen within the channel and 
the coexistence of gaseous and liquid nitrogen phases in the 
channel. A similar effect is visible for thermocouples P4 
and P5. Again, the heat subtracted in the die was negligible. 
For further comparison with the numerical results discussed 
later in the paper, billet 12 was considered the steady-state 
condition for the extrusion speed of 8 mm/s and the 100% 
of nitrogen flow rate.

During the extrusion of billet 13, and subsequent billets, 
the extrusion speed was increased at 12 mm/s and the nitro-
gen valve was kept at maximum opening. In the backer, the 
mixture of gaseous and liquid nitrogen begun to show a vis-
ible cooling effect throughout the channel despite the greater 
generation of heat related to extrusion speed increase. At 
the beginning of the last extrusion, the connecting pipe was 
completely iced and the thermocouples P1 and P2 regis-
tered the highest drop of temperature with 196  °C and 
219 °C against 300 °C and 311 °C of the uncooled condi-
tion, respectively. In the die, the cooling was less prominent 
but now visible and effective, obtaining a drop of 23 °C in 
M4 (from 525 to 502 °C) and of 13 °C in M5 (from 560 to 
547 °C), while, in the profile, a decrease of around 10 °C 
(from 555 to 545 °C) was achieved. It has to be reminded 
that, together with temperature decrease, a 50% higher ram 
speed was used.

In terms of process loads, in the uncooled condition with 
a ram speed of 8 mm/s, a peak load of 23.3 MN (billet 4) was 
acquired while 24 MN was recorded in cooled conditions 
(billet 12). During the extrusion of the last five billets, the 
combination of increased ram speed and of the low cooling 

effect caused a limited raise of the extrusion load (below 
10%), with a maximum registered value of 25.5 MN in bil-
let 17.

In order to understand the behaviour of the nitrogen in 
the channel, it is possible to simplify the scheme as a tube 
with a pressure at the inlet, distributed pressure losses along 
the tube and outlet at atmosphere pressure (1 bar). If nitro-
gen enters as liquid and then changes its state in gaseous, 
an increase of volume of 177 times occurs thus preventing 
nitrogen flow. A good design of the cooling channel should 
lead to a condition with uniform temperatures all around 
the bearings but also to a short transient from gas to liquid.

Performed experimental trials highlighted the limits of 
the designed cooling system that was not as effective as 
expected. Temperatures in the backer and in the die were not 
uniform around the profile, with differences in the die from 
M3 to M4 up to 44 °C in the cooled condition (billet 12) and 
up to 58 °C in the cooled condition at higher extrusion speed 
(billet 17) with respect to the 35 °C of the uncooled condi-
tion (billet 4). Differences became much more relevant in 
the backer: in billet 17, a delta of temperature of 154 °C was 
found from P1 to P5 while, in billet 12, of 88 °C compared 
to 60 °C of the uncooled condition. The nitrogen flow rate of 
40% was ineffective, probably due to the excessive pressure 
drops generated by the channel design. Too many extrusions 
were needed to generate the cooling effects in the backer, 
also with the nitrogen flow rate set to 100%. Moreover, the 
acquired data suggested that during the extrusion of the last 
billet, a mixture of gas and liquid nitrogen was still flowing 
into the cooling channel, thus indicating that the steady-state 
cooled condition still was not reached. The experimental 
data clearly showed that the cooling effect in the die was not 
effective both for the unoptimized channel design and for the 
great distance of the channel from the bearings (Fig. 3a).

In conclusion, the experimental campaign clearly showed 
the necessity of developing a reliable channel design cri-
teria or numerical tools in order to gain optimal cooling 

Fig. 8  The geometrical model 
for the simulation tests: a 
the billet and the die set for 
uncooled process, b the tooling 
set combined with the 1D cool-
ing channel
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conditions. Indeed, the tested design seemed initially a good 
solution to the press technicians, but it actually turned out 
to be very ineffective.

3  Numerical modelling

3.1  Simulation setting of the industrial case study

The COMSOL Multiphysics software [31] allows integrating 
different modules for coupled modelling of thermal, struc-
tural and fluid dynamics problems. Therefore, it is possi-
ble to model the 3D extrusion process integrated with a 1D 
model of the channel for nitrogen cooling as showed by the 
authors in a previous work [24].

For aluminium extrusion simulation, the COMSOL code 
uses a pure Eulerian approach, thus requiring the input of 
the billet geometry in the already-deformed configuration 
(Fig. 8). Figure 8a shows the meshed 3D model of the tool-
ing set and of the aluminium parts, while Fig. 8b presents the 
1D channel integrated in the tooling set for the simulation 
with nitrogen cooling.

Concerning the aluminium flow stress, the Zener-Hollomon 
(inverse sine hyperbolic) model [33] was used (Eq. (1)), thus 

treating the hot aluminium as a non-Newtonian fluid with high 
viscosity related to temperature and strain rate [34]:

In Table 1, the parameters of the flow stress model for 
AA6060 are reported as found in literature [35].

The mandrel, the die, and the backer were combined into 
a single solid tool with the aim of simplifying the computa-
tion avoiding the contact analysis. The container and the 
ram were replaced by equivalent thermal and fluid-dynamic 
boundary conditions, thus further reducing the number of 
components and the required computational time. In the bil-
let surface in contact with the ram, the velocity inlet condi-
tion was imposed equal to the ram speed and a temperature 
of 440 °C was set. In the billet surface in contact with the 
container, a temperature of 430 °C was imposed.

In the contact areas between the billet and the tooling 
set (ram and container included), a sticking friction con-
dition was generally imposed, while in the bearing zones 
and in the exit profile surfaces the slip friction condition 
was used. Heat transfer coefficients of 11,000 W/m2°K 
and 3000 W/m2°K were set in aluminium-to-tool contacts 
and in tool-to-tool contacts, respectively [24, 36], while 
30 W/m2°K was set for the heat exchange with the external 
air. In the backer surfaces in contact with press, a heat 
flux with a constant temperature of 280 °C was imposed, 
experimentally suggested by the temperature of 300 °C 
registered by P1 in the steady-state uncooled condition. 
Accounting for the reviewer comment, the following sen-
tence has been added in the text in Sect. 3.1 to detail how 
the mesh was generated: “The mesh was generated with 
the COMSOL environment. For the billet and the material 
inside the die, a mesh consisting in 1,200,053 tetrahedral 

(1)�̃�(T , �̇�) =
1

𝛼
sinh

−1[
1

A

�̇� 𝑒𝑥𝑝

(

Q

RT

)

]
1

n

Table 1  Flow stress parameters of Zener-Hollomon model for AA 
6060

Flow stress parameters AA6060

Q parameter of Zener-Hollomon model 161 kJ/mol
A parameter of Zener-Hollomon model 7.6301*1010 1/s
n parameter of Zener-Hollomon model 4.67
a parameter of Zener-Hollomon model 0.035 1/MPa

Table 2  Process parameters, boundary conditions and nitrogen properties for all simulations

Process parameters Uncooled process Gas nitrogen cooling Liquid nitrogen cooling

Billet temperature 480 °C 480 °C 480 °C
Die temperature 510 °C Initial value steady state 

uncooled simulation
(end of Billet 4)

Initial value steady state 
uncooled simulation

(end of Billet 4)
Container temperature 430 °C 430 °C 430 °C
Ram temperature 440 °C 440 °C 440 °C
Temperature of backer surfaces in contact with press 280 °C 280 °C 280 °C
Ram speed 8 mm/s 8 mm/s 12 mm/s
Inlet nitrogen temperature - −196 °C −196 °C
Nitrogen flow rate - 6.04 kg/h 80 kg/h
Surface roughness of the channel (e) - 0.046 mm 0.046 mm
Nitrogen density (ρ) - 4.56 kg/m3 806.59 kg/m3

Nitrogen heat capacity at constant pressure  (Cp) - 1.123 J/g*K 2.041 J/g*K
Nitrogen thermal conductivity (k) - 0.00700 W/m*K 0.14605 W/m*K
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elements (size range 0.5–5 mm) was used. For the die, 
953,700 tetrahedral elements (size range 1–10 mm) were 
used following the die geometry complexity. In the bear-
ings and in the profile, instead, 202,000 hexahedral ele-
ments were imposed with a minimum of 5 layers of nodes 
along the profile thickness in order to guarantee an accu-
rate computation of the temperature and velocity fields. 
For the cooling channel, a 1D mesh of 305 edge elements 
(size range 0.25–5 mm) was used.

Simulations were performed without any cooling for 
comparison with billet 4, with the model for gaseous nitro-
gen only as comparison with billet 12 and with the model for 
liquid nitrogen only as comparison with billet 17. Even if the 
phase change is not considered in this model, the analysis of 
the nitrogen thermal map allows locating the shift of phase 

of the nitrogen in the channel. Transient simulations were 
performed in order to represent the whole extrusion time 
experimentally processed.

The process parameters and the boundary conditions were 
set to replicate the experimental setting and they are reported 
in Table 2. Specifically, the uncooled simulation used, as 
initial values, the initial conditions of billet 1, while the 
cooled simulations both started with the steady-state condi-
tion obtained in the uncooled simulation (billet 4). In both 
simulations with nitrogen cooling, the same pressure gradi-
ent was imposed between the inlet and the outlets of the 
channels and equal to the amount needed to get 80 kg/h of 
liquid nitrogen flow rate. In Table 2, the physical properties 
of liquid and gas nitrogen at the boiling point at room pres-
sure (−196 °C) [18] are also reported.

Fig. 9  Thermal map of the die after 600 s of simulation: a uncooled, b gas cooled process, c liquid cooled process

Fig. 10  Thermal map of the backer after 600 s of simulation: a uncooled, b gas cooled process, c liquid cooled process
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3.2  1D Nitrogen cooling modelling

The 1D cooling model approximates the pipe flow profile 
as mono-dimensional thus reducing the calculation to the 
mid-line path [20, 37]. In addition, it is possible to set the 
geometrical shape of the channel cross section for the eval-
uation of the fluid dynamic variables (Reynolds number, 
pressure drop, etc.). The model calculates the pressure and 
velocity of an incompressible or weakly compressible fluid 
(phase change is not considered), by solving the continuity 
and momentum equations (Eqs. (2) and (3)) reported in the 
following:

where � represents the density of the fluid, Ac the area of the 
channel section, u the velocity of the fluid along the channel, 
p the pressure of the fluid and dh the hydraulic diameter of 
the channel.

(2)
�Ac�

�t
+ ∇ ⋅

(

Ac�u
)

= 0

(3)�
�u

�t
= −∇p − fD

�

2dh
u|u|

The second term on the right-hand side of Eq.  (3) 
accounts for pressure drop due to viscous shear. The pipe 
flow physics uses the Churchill friction model to compute 
the Darcy factor  fD, that it is valid for laminar flow, turbu-
lent flow and the transition region. The Churchill friction 
model is given by Eq. (4), where A and B are the empirical 
coefficients that depend on the Reynolds number  (Re) and 
the surface roughness divided by diameter of the pipe, e/dh.

Concerning the prediction of the thermal field in the 
channel and of the thermal interaction between the nitrogen 
and the die [20, 37], the heat transfer equation is:

(4)fD = 8 ⋅

[

(

8

Re

12

(A + B)−1.5
)

1

12

]

(5)A =

[

−2.457 ⋅ ��((
7

Re

0.9
(

e

dh

)

)

]16

(6)B =

(

37530

Re

)16

Table 3  Comparison between 
the experimental acquired 
temperatures in the backer and 
the predicted numerical results 
(Billet 4)

Billet 4 Thermocouples temperature [°C] Cooling

P1 P2 P3 P4 P5 P6

Experimental 300 311 313 355 360 345 NO
Numerical 313 357 327 366 366 341 NO
Err% +4.3% +14.8% +4.5% +3.1% +1.7% −1.2%

Fig. 11  Temperature history of the extrusion process: Experimental–numerical comparison without cooling
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where Cp is the heat capacity at constant pressure, T the 
nitrogen cooling temperature and k the thermal conductiv-
ity. The second term on the right-hand side corresponds to 
the heat dissipated due to internal friction in the fluid. In 
addition, Qwall is a source term that accounts for the heat 
exchange with the surrounding die:

In Eq. (8), Z is the perimeter of the pipe, T2 is the tem-
perature calculated in each point of the die, while h is the 
heat transfer coefficient. The latter depends on the physical 
properties of the fluid and on the nature of the flow, and it is 
calculated from the Nusselt number (Nu):

(7)

�AcCp

�T

�t
+ �AcCpu ⋅ ∇T = ∇ ⋅ Ack∇T + fD

�Ac

2dh
u3 + Qwall

(8)Qwall = hZ
(

T2 − T
)

(9)�2Cp2

�T2

�t
= ∇ ⋅ k∇T2

(10)h = Nu
k

dh

As can be seen, h is not considered as constant along the 
cooling path, differently from what frequently imposed in 
the published literature.

The use of a 1D approach is preferred to 3D approaches, 
in order to avoid an excessive increase in the computational 
time without decreasing the reliability and the accuracy of 
the simulation.

The suggested approach then perfectly matches the 
requirement of supporting the die design phase in an indus-
trial framework, even accounting for the possibility to rap-
idly modify the cooling channel design parameters, the posi-
tion and the shape of the channels and also its cross-section 
for the achievement of the optimal solution.

4  Comparison between the numerical 
and the experimental results

The numerical predictions were compared with the experi-
mental data in terms of temperatures and extrusion load. 
Figures 9 and 10 show the computed thermal map of the die 
and the backer in the thermocouple mid-plane for the three 
different cooling conditions.

Table 4  Comparison between 
the experimental acquired 
temperatures in the die and the 
predicted numerical results 
(Billet 4)

Billet 4 Thermocouples temperature [°C] Profile Exit T 
[°C]

Cooling

M3 M4 M5 M6 M7

Experimental 565 525 560 560 556 NO
Numerical 538 525 528 545 525 549 NO
Err% −4.8% 0% −5.7% −1.3% −1.3%

Fig. 12  Temperature history of the extrusion process: Experimental–numerical comparison in the gaseous cooled condition
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In the simulation without cooling, the thermal map 
of Fig. 9a shows a range of temperatures around 560 °C 
nearby the bearings while the simulation with gas nitro-
gen cooling showed almost no temperature changes around 
the bearings (Fig. 9b) and a limited drop of temperatures 
towards the external surface of the die only. The simulated 
liquid nitrogen cooling was more effective, displaying the 
greater temperature drop around M4, M5 and M7, while a 
minor effect nearby M3 and M6.

In the backer, the thermal map of the gas cooled condi-
tion showed a small cooling effect, obtaining the maximum 
drop of temperatures of about 20 °C in the region around 
P1. The liquid nitrogen underlined a greater cooling effect, 
made clear by the deep blue region across the channel. 
However, the cooling turned out to be less effective around 
P5 and negligible nearby P6, thus clearly pointing out the 
limits of the channel design.

In Fig. 11, the experimental data of all the thermo-
couples were overlapped to the values computed by the 
simulation in the uncooled condition (billets 1 to 4). The 
Eulerian approach considers the billet as a continuous fluid 
that flows within the container and the die; thus, during the 
transient simulation, the model simulated the extrusion of 
a single virtual billet for 600 s. For this reason, numerical 
results in the die (M3-M6) showed an initial peak of tem-
peratures generated by the billet in deformation then, after 
the transitory, the temperatures reached a steady-state con-
dition. On the contrary, the experimental results showed a 
peak of temperatures and a cooling down during each bil-
let change. Similar considerations can be drawn for backer 
locations (P1–P6) unless the initial thermal increase not 
detected in both experimental and numerical data.

The numerical results of the steady-state simulation 
in the backer showed a good matching with experimental 
data (error below 4.5%), with an overestimation only in P2 
(357 °C num. against 311 °C exp.).

The numerical steady-state condition provided a drop of 
temperatures with respect to the initial transitory, related 
to the simulated billet cooling in the container. Indeed, the 
boundary condition in the billet replicated a heat flux with 
constant temperature equal to the container temperature 
(430 °C). This condition cooled excessively the “long virtual 
billet”, while the preheated temperature of the real billets 
was higher. However, the maximum numerical underestima-
tion of 32 °C registered in M5 (528 °C against 560 °C) did 
not affect the reliability of the predicted results.

In Tables 3 and 4, the experimental–numerical compari-
sons for the backer and the die in the steady-state uncooled 
condition are reported. The accuracy of the numerical pre-
dictions was assessed by the errors always below 6% in all 
thermocouples except for P2 (14.8%). In terms of extrusion 
load, a peak of 20.5 MN was predicted against 23.3 MN 
experimentally acquired, with an error of 12%.

In Fig. 12, the simulation of gaseous nitrogen cooling was 
compared to the experimental results. The numerical compu-
tation started from the steady-state uncooled thermal condi-
tion (end of billet 4) with gaseous model, 100% valve open-
ing and 8 mm/s of ram speed. Results are plotted up to billet 
12, when liquid nitrogen started providing a visible cooling 
effect. Indeed, the connecting pipe started to be covered by 
ice only from billet 12 while, during the previous extrusions, 
only gas nitrogen was flowing within the channel.

In the die, the numerical outcomes matched the experi-
mental cooling inefficiency, further underlining the minor 
cooling effectiveness of gas nitrogen.

In the backer, during the extrusion of billets 5 to 11, a 
good accuracy of the numerical model was found for loca-
tions P1 to P3 while for locations P4 to P6, the simulation 
provided a slight underestimation of the temperatures. How-
ever, a better matching was achieved in locations P2 to P4 if 
data at the end of the billet 12 are analysed, with a numerical 
overestimation of the experimental temperature in P1 and 

Table 5  Comparison between 
the experimental acquired 
temperatures in the backer and 
the predicted numerical results 
(Billet 12)

Billet 12 Thermocouples temperature [°C] Cooling

P1 P2 P3 P4 P5 P6

Experimental 272 325 329 351 360 347 Gaseous
Numerical 292 317 312 335 358 339 Gaseous
%Err +7.4% −2.5% −5.2% −4.6% −0.6% −2.3%

Table 6  Comparison between 
the experimental acquired 
temperatures in the backer and 
the predicted numerical results 
(Billet 12)

Billet 12 Thermocouples temperature [°C] Profile Exit 
T [°C]

Cooling

M3 M4 M5 M6 M7

Experimental 560 516 552 554 545 Gaseous
Numerical 538 525 528 545 525 548 Gaseous
%Err −3.9% +1.7% −4.3% −1.6% +0.6%
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an underestimation in P5 and P6. The different matching 
is related to the time history of the nitrogen phase evolu-
tion. In billet 5, the gaseous nitrogen had an effect on P1 to 
P3 only, while the other locations behaved like in uncooled 
conditions. In billet 12, the liquid nitrogen started flowing in 
P1, thus affecting also P2 at the end of billet 12. The remain-
ing locations were affected by the effect of gaseous-liquid 
mixture with a drop of temperatures during the extrusion of 
billet 12. Tables 5 and 6 report the comparison of simulated 
and experimental temperatures at the middle of billet 12 
with errors always below 8%. In terms of extrusion load, a 
simulated peak value of 21 MN was obtained against 24 MN 
experimentally acquired (error of 12.5%).

In Fig. 13, the simulation data of the liquid cooled con-
dition (100% valve opening and an extrusion ram speed 
of 12 mm/s) were compared with the experimental data. 
Results are plotted for billets 13 to 17.

In the die, the increase of ram speed caused an initial raise 
of temperature in all thermocouples, as visible during the 
processing of billet 13. Liquid nitrogen cooling generated a 
decrease of temperatures in M4 and M5, while a negligible 
cooling was detected in the other thermocouples, in good 
agreement with the experimental results.

In the backer, the numerical cooling was more effective 
than in the experimental trials, with a good temperature 
matching only for P1 due to the presence of liquid–gas 
mixture nitrogen within the whole channel (from P2 to 
P5). Finally, a good correlation was also found for P6 with 
a negligible temperature decrease both in the numerical 
and the experimental results.

Tables 7 and 8 report in detail data for billet 17. In the 
backer, a peak error of −67.8% was found in P4 tempera-
ture prediction, but in P1 and in P6, the error was 3.1% and 
8.3%, respectively. In the die, errors were always below 
5%. In terms of extrusion load, both in the numerical pre-
diction and in the experimental results, the increase of 
loads remained under 10% (numerically, from 20.5 MN of 
billet 4 to 22 MN of billet 17, experimentally from 23.3 
MN to 25.5 MN).

Finally, even if the numerical model of nitrogen cool-
ing does not consider the phase change, the analysis of the 
nitrogen temperature can provide information about nitro-
gen phase. With the assumption that all pressure drops in 
the channel are negligible, the range of pressure within the 
channel is about 3–4 bars and, in this condition, the boiling 
temperature of nitrogen is about –186 °C (Fig. 14) [18]. The 

Fig. 13  Temperature history of the extrusion process: Experimental–numerical comparison in the liquid cooled condition

Fig. 14  Boiling point of liquid nitrogen according to the operating 
pressure
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information obtained by the liquid nitrogen thermal map 
(Figs. 15a, b) of billet 12 confirmed the presence of a big 
amount of gas along the channel. As can be deduced from 
Fig. 15a, the temperature is higher than the boiling tempera-
ture along the channel, with values of –50 °C nearby P4 and 
P5 and of about 10 °C nearby P6. Figure 15b shows in red all 
the points of the cooling path with temperatures higher than 
the boiling point at 3 bars of pressure. Only nearby the inlet 
channel, the obtained temperatures suggested the presence 
of liquid nitrogen as also experimentally evidenced.

The proposed numerical model confirmed a good pre-
dictability of the results in terms of thermal field and extru-
sion load in the uncooled, gaseous cooled and liquid cooled 
extrusions. Moreover, the analysis clearly highlighted the 
limits of the tested cooling channel design, emphasising the 
importance of a proper tool to support the die design.

5  Conclusions

In the present work, an experimental campaign was pre-
sented with the aim to investigate the effect of the nitrogen 
cooling in the extrusion process of aluminium alloys and to 
validate a multi-physics FE model proposed by the authors 

that innovatively considered the effect of liquid and gaseous 
phases of the nitrogen. An industrial porthole die was identi-
fied, and the thermal field evolution was strictly monitored 
by several thermocouples placed nearby the cooling channel 
and the bearing zones.

The acquired temperatures showed a not optimized chan-
nel design that produced an unbalanced cooling in the backer 
and, to a less extent, in the die. The 40% of nitrogen flow 
rate was found to be inadequate to promote the liquid nitro-
gen flow within the channel. The 100% of nitrogen flow 
rate caused a detectable cooling in the backer only after 
the extrusion of 4 billets (billet 13) and a similar trend was 
found, with a minor extent, also in the die. In addition, the 
experimental results confirmed that a mixture of gas and 
liquid nitrogen was still present within the channel after 
a long transitory, and that the steady state cooled condi-
tion with liquid nitrogen was not reached experimentally 
within the 17 extrusions performed, thus limiting the cooling 
effectiveness.

Concerning the FE model in the previous work by B. 
Reggiani and L. Donati [24], in which a good matching 
between numerical and experimental data (peak error of 
8%) was found for the liquid nitrogen modelling, there were 
limitations: on the one hand, the simulation was stationary 

Table 7  Comparison between 
the experimental acquired 
temperatures in the backer and 
the predicted numerical results 
(Billet 17)

Billet 17 Thermocouples temperature [°C] Cooling

P1 P2 P3 P4 P5 P6

Experimental 196 219 296 326 340 350 Liquid
Numerical 190 120 195 105 200 321 Liquid
%Err −3.1% −45.2% −34.1% −67.8% −41.2% −8.3%

Table 8  Comparison between 
the experimental acquired 
temperatures in the die and the 
predicted numerical results 
(Billet 17)

Billet 17 Thermocouples temperature [°C] Profile Exit 
T [°C]

Cooling

M3 M4 M5 M6 M7

Experimental 560 502 547 557 541 Liquid
Numerical 540 507 520 555 490 555 Liquid
%Err −3.6% +1.0% −4.9% −0.4% +2.6%

Fig. 15  Thermal map of liquid 
nitrogen into the channel (billet 
12): a range of temperature 
along the channel, b gas forma-
tion along the channel
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and, on the other hand, the 1D model of the cooling chan-
nel was used for the simulation of the liquid nitrogen only. 
In the present work, these limitations were overcome: the 
transient simulation of the extrusion of multiple billets of 
an industrial profile using both liquid and gaseous nitrogen 
modelling was carried out. This study evidenced that the dis-
crete model approach (gaseous cooling only or liquid cool-
ing only) provides clear indication on the average thermal 
distribution in the backer and in the die however highlight-
ing also possible improvements. Specifically, nitrogen in the 
channel was experimentally proved to evolve with time from 
a 100% gaseous state at the beginning of the process to a 
100% liquid state when steady-state condition is reached. 
The developed model was able to get only the two extreme 
conditions (100% gaseous or 100% liquid) while most of the 
analysed conditions were in a phase mixture, thus clearly 
tracing the future developments of the present work.

Even stating the existing limits, the numerical-experimental 
matching was extremely accurate for the uncooled process as 
well as for the gaseous and liquid cooling. In more details, 
the developed model provided estimations with average errors 
below 5% for the uncooled conditions, below 3% in the die 
and below 4% in the baker for the gaseous phase while below 
3% in the die and 35% in the backer for the liquid phase. 
These results of the liquid nitrogen predictions overestimate 
the experimental cooling because the simulation reaches the 
thermal steady-state faster than what happen in the experi-
ments as the simulation does not consider the mixture of liquid 
gas nitrogen. In terms of profile temperatures and extrusion 
loads, errors remained below -1.3% and 12%, respectively, for 
uncooled simulations, below 0.6% and 13% for gaseous state, 
and below 2.6% and 14% for liquid state simulations.

The achieved results suggest the reliability of the novel 
developed simulation tool and its potential integration in 
a flexible procedure to be used for process and die design 
optimization. Point of interest for future development is the 
implementation of new equations in the 1D numerical model 
in order to include the phase change of nitrogen during the 
extrusion process.
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