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Actually, there are no countermeasures available that can respond quickly and automatically to mitigate 
the possible consequences of chemical, biological, radiological and nuclear (CBRN) emergencies, even 
in the presence of fire. For this reason, the European project COUNTERFOG (EUR FP7-312804) arises. 
The main objective of the present research work is to select materials suitable for the production of new 
designs of spray nozzles, based on a theoretical study of the stress generated in the process, and an 
assurance that the materials finally chosen can guarantee the integrity of the system, regardless of the 
test conditions. As soon as the various models to be studied were established, an adequate selection of 
materials was made through the CES-Selector program and the stresses generated in the different 
nozzles were theoretically studied using SolidWorks and ANSYS. These simulations allow for correct 
selection of materials to guarantee the integrity of the system in operating conditions. Our studies 
determine that the alloy AA 7075-T6 is a good candidate. 
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INTRODUCTION 
 
It must be considered that the use of radioactive sources 
(Streeper et al., 2006) and other types of chemical or 
biological compounds in research (United States Nuclear 
Regulatory Commission Homepage, n.d.), agriculture 
(Word Nuclear Association, n.d.), medical (Schauer and 
Linton, 2009), industrial applications (Yuri, 2011), etc., is 
becoming more popular, which could be used to spread 
terror and panic in our society (IAEA, n.d.; United 
Nations Security Council, 2004; Hanson, 2008). In light 
of these new threats (Database of Radiological Incidents 
and Related Events Homepage, n.d.), there are no 
countermeasures available that can respond quickly and 
automatically to mitigate the possible consequences.  

Therefore, the need arises to design and implement 
new countermeasure systems that will act in the face of 
a Chemical, Biological, Radiological and Nuclear (CBRN) 
emergency, even in the presence of fire. The proposed 
countermeasure system consists of a fog-generating 
nozzle with a micrometre droplet size dispersion that 
interacts with the dispersed aerosols, producing their 
precipitation. In order to achieve the manufacture of the 
first fog-generating nozzles, it was  necessary  to  review 

the different theoretical (PNR, n.d.; NFPA, 2000; Omer 
and Ashgriz, 2011) and experimental designs (Jian et al., 
2011, 2013) of fire nozzle that gave rise to the 
COUNTERFOG countermeasure system (Tian et al., 
2018). 

As soon as the various models to be studied were 
established, an adequate selection of materials was 
made through the CES-Selector program (CES, 2013) 
and the stresses generated in the different nozzles were 
theoretically studied using SolidWorks (Dassault 
Systems, 2013) and ANSYS (ANSYS Inc., 2016).  

The purpose of these analyses of stresses and useful 
life of the designed nozzles was the assurance that the 
material selected is able to guarantee the integrity of the 
system independently of the test conditions. 
 
 
SIMULATION AND MODELLING CODES 
 
Material selection 
 
The  program  "CES  Selector"  was  used  to  perform  a 
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Figure 1. Distortion energy theory (Willems et al., 1984). 

 
 
 
preliminary selection of materials. This first selection was 
made based on the mechanical properties, corrosion 
resistance, cost and working conditions to the nozzle. 

The CES Selector program is based on the Ashby 
diagrams (Ashby, 1999; Ashby and Jones, 1996). 
Through these diagrams, the most important properties 
for the nozzle system were studied and the most suitable 
starting material was selected. The selection was based 
mainly on the mechanical properties of the material, 
given that the high expected pressures of use involved 
high mechanical stresses. 
 
 
Assessment of stress 
 
Through the program "SolidWorks" and with its 
application of express simulations, the stresses 
accumulated in each of the pieces were analysed by Von 
Mises’s theory (Kim and Sankar, 2008), assuming the 
most unfavourable conditions, such as the nozzle being 
clogged or leaking. These analyses were performed on 
the two model nozzles designed and proposed for 
different manufacturing scales (1:1, 1:2 and 1:3) in order 
to study the influence of the size of the nozzle, and 
therefore, the thickness of the walls of the nozzle in 
stress concentration. 

In addition, ANSYS program was used to perform 
simulations with the optimal scale nozzle selected (B 1: 
2) (Pérez et al., 2017a, 2018) in the application tests 
against performed CBRN agents (Sánchez et al., 2018; 
Martin et al., 2018; Pascual et al., 2018a, b; Pérez et al., 
2017b). In these simulations, a normal operation of the 
system of all the parts of the nozzle under an internal 
pressure of 2.5 MPa was assumed and a static stress 
analysis was carried out studying the maximum stress 
generated and the displacements in function of the 
different contacts and frictions that could be experienced 
by the parts of the nozzle. Likewise, an analysis of the 
useful life of the nozzle was carried out. 

This type of simulation is based on the Von Mises 
criterion or the maximum distortion energy (Kim and 
Sankar, 2008; Smallman and Bishop, 1999). The theory 
of maximum distortion energy assumes that the 
hydrostatic part of a state of stress (whether traction or 
compression) does not affect creep, and that creep 
occurs   when   the   stress   energy   per   unit    volume,  

 
 
 
 
associated with the part of the state of effort that causes 
the distortion, reaches a critical value. The critical value 
corresponds to the distortion energy per unit volume that 
exists in a specimen for tensile test in the creep state 
(Willems et al., 1984). This theory is represented in 
Figure 1. 

According to Von Mises theory, a ductile solid will be 
yielded when the distortion energy density reaches a 
critical value for that material. This energy value can be 
estimated from a uniaxial test. In a uniaxial tensile test, 
the principal stress is given as follows σ1 = σy (yield 
stress) and σ2 = σ3 = 0. The distortion energy density 
associated with yielding can be seen in Eq. 1.  

This energy density is the critical value of the 
distortional energy density for the material. According to 
the Von Mises’s failure criterion, the material under multi-
axial loading will yield when distortional energy is equal 
or greater than the critical value for the material (see Eq. 
2 and 3). 

 

 (1) 
 

 (2) 

 

 (3) 

 
Therefore, the distortion energy theory can establish 
which material yields when the Von Mises stress 
exceeds the yield stress obtained in a uniaxial tensile 
test. The Von Mises stress equation (Eq. 4) would look 
like this: 
 

 

 
For two dimensions σ3 = 0, the Von Mises stress can be 
defined by the following Eq. 5: 
 

 (5) 

 
In general terms, the stress components are as follows 
(Eq. 6): 
 

 (6) 

 
This two-dimensional distortion energy equation 
describes an ellipse (Figure 2). The interior of this ellipse 
defines the region where the combined biaxial stress 
makes the material safe against yielding under static 
loading. Considering a situation in which only a shear 
stress  exists,  such  as  σx = σy = 0  and  τxy = τ,  for  that  
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Figure 2. Safety zones in the function of the different theoretical approximations. Von 

Mises's theory is the most conservative. 

 
 
 

 
 
Figure 3. Schematic representation of the model of strength 
generated in AA 6061 with an elastic limit of 55 MPa subjected to 
an effort of 5 MPa in 50% of the cover. 

 
 
 
situation the principal stresses are σ1 = - σ2 = τ and 
σ3 = 0. On the σ1 - σ2 plane, this pure shear state is 
represented as a straight line starting at -45°. This line 
intersects the Von Mises failure enveloped at two points 
A and B. The magnitude of σ1 and σ2 at these points is 
given by the following equations (Eq. 7 and 8): 
 

 (7) 

 

 (8) 

 
Therefore, in a purely shear stress, the material yields 
when the shear stress reaches 0.577 of σy. This value 
can be compared to Tresca's maximum shear stress 
theory. 

 
 
Figure 4. Schematic representation of the model of strength 
generated in AA 6061 with an elastic limit of 55 MPa subjected to 
an effort of 3 MPa in 50% of the cover. 

 
 
 
RESULTS 
 
Materials selection 
 
Based on the design, the elastic limit and the tensile 
strength are key factors, as well as the density and 
economic cost of the material, since they influence the 
viability of reproducing the system. The price and the 
density are going to make an effort to minimize as much 
as possible, but the characteristic that will determine the 
material selection will be the mechanical resistance. To 
know the minimum stress that must be able to support 
the nozzle, basic simulations of the piece that was 
considered weaker due to its thickness and number of 
holes were made. 

The results obtained in the modelling are shown in 
Figures 3 and 4. For the basic alloy selected in these 
simulations,  it  can  be  seen  that  in  certain  areas,  the  
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Figure 5. Alloys with the best pre-selected qualities. Yield strength upper 

to 270 MPa, low density, price, good behaviour at high temperatures and 
against water. It was done using CES-selector ("CES Selector," 2013) 

 
 
 

 
 
Figure 6. Summary of the tensile test results for the different alloys (i.e., AA 6061 - T6 and AA 7075 – T6) at the 
different test temperatures as a function of the grain direction of the material. 

 
 
 
elastic limit of the material is exceeded. During its use, 
catastrophic deformations could occur in the nozzle 
cover, so this material is not a suitable material for 
making the nozzles. The alloy chosen must have yield 
strength greater than 270 MPa so that there is no plastic 
deformation in the nozzle and the use of it is safe. 

From this data, a selection of materials was made with 
the CES - Selector program looking for materials with a 
minimum density, cheaper, with good properties against 
water (corrosion strength), easily mechanized, good 
mechanical properties and a material that could 
conserve these good properties at an emergency 
temperature. A partial diagram of specific resistance is 
shown in Figure 5. 

Aluminium alloys (i.e. AA 6082-T6 and AA 7075 - T6) 
were selected  as  candidates.  A  set-up  of  samples  of 

these alloys was mechanically tested at two different 
temperatures (i.e., 25 and 150°C) for measuring the real 
mechanical properties of the alloys used for performing 
the nozzles. Temperature values were selected in order 
to simulate the operation range of nozzle both at room 
temperature and the highest value; that is, emergency 
value, in case of fire scenario.  

Based on the results obtained from the universal 
mechanical test (Figure 6), the highest yield strength, 
mechanical strength and similar elongation were 
confirmed to have been shown by AA 7075 – T6 against 
AA 6082 – T6, even at 150°C. This evidence determines 
that AA 7075 - T6 guarantees the elastic strength of the 
design (270 MPa) in both directions, including in 
emergency temperature (Figure 6 and Table 1). 
Furthermore, the AA 7075 has better  corrosion  strength  
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Table 1. Comparison of the main results obtained in the simulations of one concept of nozzle designed. 
 

Design Scale Piece σp0.2 / MPa σm / MPa σVM / MPa DMax / mm FS 

Concept B 

Scale 1:1 in AA 6061 - T6 Top flange 275 310 446 1.3 0.6 

Scale 1:2 in AA 7075 - T6 Top flange 505 570 191 0.2 2.6 

Scale 1:3 in AA 7075 - T6 Top flange 505 570 97 4.8·10
-2

 5.2 

Concept F 

Scale 1:1 in AA 6061 - T6 Top flange 275 310 444 1.4 0.6 

Scale 1:2 in AA 7075 - T6 Top flange 505 570 420 0.6 1.8 

Scale 1:2 in AA 7075 - T6 Top flange 505 570 93 4.7·10
-2

 5.4 

 
 
 

 
 
Figure 7. Basic outline of the selected nozzle (Pérez et al., 2017b) 

 
 
 
and is cheaper than AA 6082, which explains why 
AA 7075-T6 should be a good candidate and selected as 
the optimum alloy for the nozzle fabrication. However, in 
this work, both alloys were used in the fatigue modelling 
study by means of these mechanical properties 
measured as the input data in the model.  
 
 
Influence of nozzle scale on the simulation of tensile 
strength test 
 
Each of the parts of the nozzles designed at different 
scales was analysed to study the influence of the sizes 
of the pieces and their thicknesses using SolidWorks. 
The most breakable piece in an abnormal operation 
(overpressure in some areas of the piece due to clogging 
or leakage) of the nozzle was the top cover (see Figure 7 
for top flange). The results of the simulations carried out 
are shown in Table 1. 
 
 
ANSYS simulations results of complete nozzle 
 
Based on different preliminary  tests  carried  out  by  the 

UAH (Pérez et al., 2018; Sánchez et al., 2018) and the 
first experimental tests carried out by CIEMAT (Pascual 
et al., 2018), the model of nozzle and ideal scale nozzle 
for generating a multifunctional fog were determined. 
This nozzle was the concept of B 1:2 (Figure 7). For this 
reason, a more detailed study was carried out on this 
nozzle with the ANSYS program. 
 
 
Static structural analysis 
 
This simulation was carried out considering a medium 
mesh with smooth transition at a temperature of 22°C 
with an internal pressure of 2.5 MPa, fixing the nozzle in 
the area of the screws and assuming normal operation. 
In these studies, we analysed the influence of the type of 
contact that is considered to exist between the parts of 
the nozzle (bonded, frictionless, rough and frictional) on 
the final result. Fundamentally, they study assumed that 
there was no O-ring between the piece that provides the 
water (input water) and the swirl insert and the fitted 
output piece (nozzle insert) with its contiguous. 

Table 2 shows the maximum tensile Von Mises 
obtained from the different contact types  and  Figures  8 
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Table 2. Results of the maximum stresses generated in the COUNTERFOG nozzle B 1:2 at 22ºC with a pressure of 
2.5 MPa in a basic aluminium alloy in the ANSYS program ("ANSYS. v 17," 2016) with σp0.2 = 280 MPa and 
σm =310 MPa. 
 

Contact type 

Equivalent 
stress  

[Min-Max] MPa 

Directional 
deformation  

[Min-Max] m 

Maximum tension 
occurs on 

Maximum deformation 
occurs on 

Bonded 65·10
-6 

- 45 -4.4·10
-6
 – 3.27·10

-8
 

  

Frictionless 240·10
-6 

- 49 -6.64·10
-6
 – 4.76·10

-7
 

Rough 111·10
-6 

- 45 -7.21·10
-6
 – 2.27·10

-7
 

Frictional 241·10
-6 

- 48 -6.59·10
-6
 – 4.74·10

-7
 

 
 
 

 
 
Figure 8. Static structural bonded on nozzle B 1:2 with a 
pressure of 2.5 MPa 

 
 
 

 
 
Figure 9. Detail of the area with greater equivalent stress in the 
Static structural bonded. Oversized deformation is 6.3•10

2 
 
 
 

 
 
Figure 10. Static structural frictionless on nozzle B 1:2 with a 

pressure of 2.5 MPa. 
 
 
 

 
 
Figure 11. Detail of the area with greater equivalent stress in the 
static structural frictionless. Oversized deformation is 5.8•10

2
. 

 
 
Figure 12. Static structural rough on nozzle B 1:2 with a 
pressure of 2.5 MPa. 

 
 
 

 
 
Figure 13. Detail of the area with greater equivalent stress in 
the static structural rough. Oversized deformation is 5.3•10

2
. 

 
 
 

 
 
Figure 14. Static structural frictional on nozzle B 1:2 with a 

pressure of 2.5 MPa. Coefficient of friction is 1.05. 
 
 
 

 
 
Figure 15. Detail of the area with greater equivalent stress in 
the static structural friction. 
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Table 3. Results of the maximum stresses and nozzle life generated in the COUNTERFOG nozzle B 1:2 at 
22ºC with a pressure of 2.5 MPa in a basic aluminium alloy in the ANSYS program with σp0.2 = 280 MPa and 
σm =310 MPa. 
 

Contact type 
Equivalent alternating 
stress [Min-Max] MPa 

Life time (h) Safety factor 
Maximum tension occurs 

on 

Bonded 123·10
-6
 - 84 1.7·10

7
 0.86 

 

Frictionless 903·10
-6
 - 184 85583 0.45 

Rough 416·10
-6
 - 168 1.7·10

5
 0.49 

Frictional 902·10
-6
 - 179 10

5
 0.46 

 
 
 

 
 
Figure 16. 1.709•107 h of life service of the nozzle B 1:2 under cycle of pressure of 2.5 MPa with a 
bonded contact between pieces. Approximately 2000 years. 

 
 
 

 
 
Figure 17. Safety factor in analysis with static structural 
bonded under a pressure of 2.5 MPa. 

 
 
 

to 15 present the simulated images obtained. 
 
 
Nozzle life analysis 
 
The modelling and assessment of the fatigue strength of 
the nozzle B 1:2 was performed in the same conditions 
previously exposed, at a temperature of 22°C and with 
an  internal  pressure  of  2.5  MPa,  assuming  a  normal  

 
 
Figure 18. Detail of the piece of lower SF at the end of its 
useful life of Figure 17. SF = 0.86. 

 
 
 

operation of the system. The study was performed with 
the same sensitivity analysis as in the previous section; 
that is, the type of friction between the piece that 
provides the water (input water) and the swirl insert and 
the fitted output piece (nozzle insert) with its contiguous. 
Based on the manuals of the ANSYS program, in order 
to carry out a feasible study, a fatigue stress 
concentration factor kf (infinite life) of 0.4 was assumed. 

Table 3 shows  the  equivalent  alternating  stress,  the 
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Figure 19. 85583 h of life service of the nozzle B 1:2 under 

cycle of pressure of 2.5 MPa with a frictionless contact 
between pieces. Approximately 9 years. 
 
 
 

 
 
Figure 20. Detail of the piece of lower hours life of Figure 19. 

 
 
 

 
 
Figure 21. Safety factor in analysis with static structural 
frictionless under a pressure of 2.5 MPa. 

 
 
 

 
 
Figure 22. Detail of the piece of lower SF at the end of its 

useful life of Figure 21. SF = 0.45. 
 
 
 

 
 
Figure 23. 1.7•105 h of life service of the nozzle B 1:2 

under cycle of pressure of 2.5 MPa with a rough contact 
between pieces. Approximately 19 years. 

 
 
 
 

 
 
Figure 24. Detail of the piece of lower hour life of Figure 23. 

 
 
 

 
 
Figure 25. Safety factor in analysis with static structural 
rough under a pressure of 2.5 MPa. 

 
 
 

 
 
Figure 26. Detail of the piece of lower SF at the end of its 
useful life of Figure 25. SF = 0.49. 

 
 
 

 
 
Figure 27. 105 h of life service of the nozzle B 1:2 under cycle of 
pressure of 2.5 MPa with a friction contact between pieces. 
Approximately 12 years. 
 
 
 

 
 
Figure 28. Safety factor in analysis with static structural 

frictional under a pressure of 2.5 MPa. 



 
 
 
 

 
 
Figure 29. Detail of the piece of lower SF at the end of its 

useful life of Figure 28. SF = 0.46. 

 
 
 
operational life time of the nozzle and its safety factor 
obtained from the different contact types simulated. The 
results obtained from modelling the fatigue strength of 
each part of the nozzle are summarized in Figures 16 to 
29. 
 
 
DISCUSSION 
 
Although many studies have focused on some aspects of 
the topic presented, we have not found any that 
addresses the entire process and the conditions of the 
essays described in this work, which makes it difficult to 
carry out a comparative analysis and discussion with 
previous findings. 
 
 
Analysis of nozzle parts 
 
For the design of nozzle B, at a scale 1:1, the safety limit 
is exceeded with current aluminium. On the other scales, 
using aluminium with better mechanical properties, the 
safety limit is not exceeded. In addition, by reducing the 
scale (piece circumference), but not the thickness of the 
piece, we obtained better results. The safety limit for 
each one of the nozzle components at a scale of B 1:3 is 
better than at a scale of B 1:2. 

For the design of nozzle F, a scale 1:1, in AA6061-T6 
and with adverse conditions, the Von Mises stress 
generated exceed the yield strength of the material and 
even the tensile strength.  

In the case of the F 1:2 scale piece, it is convenient to 
compare it with the results of design B. In the scaled 
nozzles, the diameter reduction was proportionally made 
from one scale to another in both models, but not its 
thickness. The top flange of piece B has a thickness of 
7 mm, while in the nozzle F, it is 5 mm. This causes the 
generated Von Mises stress to increase greatly, reducing 
the safety factor and also increasing the displacement. 
The thicknesses are a key parameter in the 
concentration of Von Mises stress.  

Regarding the results in the scale of 1:3 follows the 
same dynamics as in the model B. 
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Nozzle assembly analysis 
 
From the results obtained, it can be seen that in the 
static structural analysis, the different contact considered 
(bonded, frictionless, rough and friction) do not have 
much influenced on the results achieved. It is important 
to note that these simulations are ideal; that is, the 
abrasion that the material and/or corrosion can suffer is 
not taken into account. 

From the studies of fatigue life, in this case, we could 
appreciate some differences in the life of nozzle, which 
depends on the contact type selected. The most 
unfavourable case is the frictionless contact. In this 
contact, the equivalent alternating stress for the 
conditions selected is the highest (185 MPa). Even so, 
the time life of the nozzle reaches 9 years, with a safety 
factor in the most sensitive piece of 0.45 at the end of 
the useful life. 

In both studies, the part of the nozzle that concentrated 
on the stress is the same. Nozzle insert is the most 
breakable piece of the nozzle. 
 
 
Materials selection 
 
The selection of adequate material is really important to 
guarantee the integrity of the system. Taking into 
account the application of the system, it is possible that 
the nozzle system have to suffer high temperatures, for 
this reason we have to select a material that conserve 
these properties at 150°C.  

On the simulations with ANSYS, we obtain that the 
maximum σVM in the static structural analysis with the 
contact frictionless was 49 MPa. For the analysis of 
fatigue life, we obtained an equivalent alternating stress 
of 185 MPa. In an abnormal operation of the nozzle with 
obstructions, these tensions could be higher, as seen in 
the analysis of the parts of the nozzle with solid works. 
We have to select a material that could guarantee this 
stress, including at 150°C. 

At room temperature, an ordinary aluminium alloy, 
such us AA6061-T6 or AA6082-T6 (σp0.2 = 290 MPa in 
our case) could satisfy the technical specifications, but at 
150°C σp0.2 of AA6082-T6 was 220 MPa and of the σp0.2 
AA7075-T6 was 367 MPa. The reason been that 
AA7075-T6 is the best selection given for the 
requirements of our system. 

 
 
Conclusions 
 
The main conclusions obtained from modelling the 
fatigue behaviour of the nozzle including the each one of 
the components are the following: 
 
(1) Separate analyses of the different parts with nozzle 
overpressure on SolidWorks show that:  the  thicknesses  



77          J. Sci. Res. Stud. 
 
 
 
and the scale are a key parameter in the concentration of 
Von Mises stress. Minor part size and higher thicknesses 
guarantee the system integrity due to the Von Misses 
stress was lower in these pieces. 
(2) Analysis of the normal operation of the nozzle 
assembly shows that: 
 
(a) In the static structural analysis, the different contact 
considered (bonded, frictionless, rough and friction) did 
not have much influence on the results achieved. 
(b) The life of the nozzle depends on the contact type 
selected. The most unfavourable contact analysed was 
the static structural frictionless. 
(3) These simulations allow for correct selection of 
materials to guarantee the integrity of the system in 
operating conditions. The temperature of the operation 
system determines the final selection of the material. In 
our case was AA7075-T6. 
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