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Abstract: The model of thermotransducer sensitive element operating in a hostile environment is proposed. The 
algorithm of diagnostics is developed and realized in the MATLAB-based program. The uniform and pitting 
corrosion types are modeled for different forms of sensitive elements cross-sections. The mechanical stress 
impact to the corrosion speed is taken into account. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 

 

NIST has expertise in a number of CPS domains 
and is uniquely positioned to achieve breakthroughs 
by adapting measurement science solutions across 
domains and, where possible, developing domain 
independent solutions. This initiative focuses on 
three key problems. The first of them is associated 
with model-based diagnostics and prognostics [1]. 

Ultra-modern, flexible manufacturing processes 
can only be implemented with powerful measuring 
equipment. Product developers and production 
planners are searching for essentially the same thing: 
flexible systems featuring easy integration of new 
technologies without users having to retrain each 
time. The challenge is to respond to market demands 
using available methods and tools. The two great 

pillars of support in this area are simulation and 
product design [2]. 

Temperature precise measurement in the hostile 
environment can be considered as one of such tasks. 
Nowadays this measurement is very urgent due to 
intensive development of new directions especially in 
chemical, pharmaceutical and food industries. It’s 
known that some stages of the technological process, 
which are in above mentioned branches, to provide 
corresponding characteristics of final product have to 
go under the certain temperature taking into account 
supporting of optimal conditions of chemical 
reactions running as well as technogenic safety. 
Since demands for temperature measuring 
instruments in such processes are very strict because 
they finally provide the product quality and techno 
safety of operation process of long term producing.  

http://www.sensorsportal.com/HTML/DIGEST/P_2653.htm

http://www.sensorsportal.com


Sensors & Transducers, Vol. 188, Issue 5, May 2015, pp. 8-14 

 9

Under such processes realization thermometric 
major instruments are mainly the resistance thermo-
transducers of, and, as it is known, the hostile 
environment impacts negatively on the sensitive 
element’s (SE) substance of thermotransducer. 
Moreover it is necessary to take into account the fact 
that under realization of continuous technological 
processes there is no possibility to change the 
thermotransducer whenever. Such temperature 
measuring instruments working in aggressive 
environment can be validated only under planned 
metrological verification, and in the period between 
scheduled metrological checks it emerges a 
possibility of worsening its metrological 
characteristics with corresponding outcomes.  
 
 
2. Aim of Research 
 

Goal of the work is the development of model of 
the thermotransducers life cycle increasing for the 
hostile environment thanks to the development of the 
simulating method of its corrosive changes study for 
different sensors materials under the influence of 
residual mechanical strains, and also comparison of 
received results with experimental results regarding 
resistance and prediction of thermotransducers 
behavior, including determination of metrological 
failure lifetime. 

 
 

3. Research for Measurement Sensors 
and Predicting their Performance 

 
Theoretically determined data points and 

components must still be tested with real prototypes 
of resistance thermotransducers under conditions 
closely simulating series production. The studied 
objects are subjected to mechanical stress and 
physical loading in all cases and a life cycle is 
simulated as close to real condition as possible. 
These are wire sensitive elements of resistance 
thermotransducers. They can be efficiently modeled 
in MatLab environment. 
 
 
3.1. Thermotransducer Sensitive  

Element Model  
 

In the Fig. 1 there is the model of thermo-
transducer sensitive element (SE). The SE cross-
section consists of NxM clusters. In this model 
(CorrSim 2014 program) the wire’s state is described 
by 4 matrixes and the order of every matrix 
corresponds to the amount of clusters NxM: 

1) Mat is the matrix that includes relative current 
area of clusters. It means that every element of Mat 
matrix contains figure from 0 to 1 that characterizes 
the relative area of the cluster at this moment of time 
with regard to its initial area a·b. At the first moment, 
all elements which correspond to SE cross-section 

are given the value 1. And elements surrounding SE 
are assigned the value 0 that corresponds to the 
hostile environment. During modeling of the 
corrosion process the values of Mat matrix elements 
decrease from 1 to 0. Elements which have obtained 
the value 0 are considered to be absolutely corroded 
and their area is filled with the hostile environment. 
Consequently corroded cluster begins to impact on 
neighbor nonzero elements.  

2) K is the matrix corrosion velocity, or rate. 
Every matrix element contains information about 
linear velocity of the current cluster corrosion given 
in mm per hour.  

3) Matrixes SizeA and SizeB contain current 
cross-section areas of every cluster. 

So with the help of above mentioned four 
matrixes the state of every cluster of SE cross-section 
can be described at any moment of time.  

 
 

 
 
Fig. 1. Model of the sensitive element of thermotransducer: 
A, B is SE linear size; N is the amount of clusters along the 
side A; M is the amount of clusters along the side B; Rх,у  
is current cluster resistance; L is SE length; a, b is linear 
cluster size. 

 
 

This model enables to set parameters  
separately to every cluster that provides the row of 
following advantages: 
• Allows modeling the heterogeneous resistance 
of certain clusters against corrosion that enables to 
model corrosive processes of SEs with different 
admixtures and heterogeneities.  
• Enables to model anticorrosive coatings of SEs 
of given reduced values of corrosion velocity for 
clusters around the perimeter wire.  
• Enables to specify various shapes of the 
thermotransducer SE cross-section, for instance, 
circular or rectangular shape. 
 
 
3.2. Thermotransducer Sensitive Element 

Resistance Calculation Algorithm  
 

Essence of the algorithm consists in the 
following. For every nonzero element of Mat matrix 
it is performed checking of 4 neighbor (above, 
below, left and right located) clusters concerning 
presence of zero value for these elements. As 
mentioned above elements with zero value are 
considered the hostile environment and effect on 
neighbor nonzero elements (clusters). For instance, if 
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near nonzero element C1of the Mat matrix there is 
zero element C2 located near the side b (cluster 
width) then nonzero element C1 area decreases on 
the value of the corrosion velocity multiplied on the 
cluster width by which this cluster borders on the 
element C2 (hostile environment). And current 
cluster length C1 decreases under this on the 
corrosion velocity and it will be preserved in 
corresponding element of SizeA matrix. So current 
area of every cluster at certain moment of time is 
calculated as product of corresponding elements of 
the matrixes SizeA and SizeB which contain proper 
clusters a and b sizes.  

Cluster Rх,y resistance at every moment of time is 
determined by the next equation:  

 
Rх,y = ρ·L/(a·b· Mat(x,y)), (1) 

 
where ρ is the resistivity of the thermotransducer SE 
materials; a·b is the area of cluster cross-section at 
the initial moment of time; Mat(x, y) is the cluster 
relative area at the current moment of time. 
Thermotransducer SE resistance at every moment of 
time is determined: 
 

=
N M
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(2) 

 
Having taken into account (1) we received: 
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(3) 

 

The algorithm diagram is shown on the Fig. 2. 
 
 

3.3. Thermotransducer Sensitive Element 
Corrosion Models  

 
With the help of the CorrSim2014 program it has 

been conducted researches of two major types of the 
thermotransducer SE corrosion: they are the pitting 
and uniform types. CorrSim2014 program enables to 
visualize in the shape of thermal map the process of 
corrosion as dynamic variable of the SE cross-
section. Thermal maps are graphical data 
representation in which matrix individual values are 
presented in the form of colors. Moreover 
CorrSim2014 allows to visualize SE resistance alters 
in time under the corrosion impact. In the Figs. 3, 4 it 
is shown the process of the corrosion of rectangular 
and circular thermotransducer SE for uniform and 
pitting corrosion respectively. Sensitive elements are 
immersed in the hostile environment. Parameters of 
modeling: L = 0.08 m; ρ = 150·10-8 Ohm·m. The 
column nearby the thermal map contains the range of 
numbers from 0 to 1, to which particular colors 
correspond. For instance, in the Fig. 3(a), where 
uniform corrosion for SE with rectangular cross-
section is modeled, 1 meets the saturated  
yellow color. 
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Fig. 2. SE resistance calculating algorithm: S0 is the SE 
cross-section area in the start of the experiment,  

S – current area. 
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Fig. 3. Modeling of the sensitive element corrosion with 
rectangular cross-section area: a) uniform corrosion; b) 
pitting corrosion. Modeling parameters: A = 0.25 mm;  
B = 0.2 mm; N = 40; M = 30; corrosive  
velocity v=33·10-5 mm/h. 
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Fig. 4. Modeling of the sensitive element corrosion with 
circular cross-section area: a) uniform corrosion;  
b) pitting corrosion. Modeling parameters: A = 0.5mm;  
B = 0.2 mm; N = 41; M = N; corrosive  
velocity v=32·10-5 mm/h. 

 
 

It implies that SE cluster hasn’t corroded yet. 
Number 0, which is given dark green color, 
corresponds to the hostile environment or the cluster 
that has corroded entirely. Next the resistance alter in 
time is shown for this SE as result of the hostile 
environment affect. 

Correctness of results obtained by the means of 
CorrSim2014 program is confirmed by the model 
earlier developed in [3].  

Simplifications adopted in the model: 
1. Velocity and type of the corrosion are taken 

uniform within cluster; 
2. During cluster diminishing by the hostile 

environment the last one fills cluster’s volume 
completely and continues to affect upon the  
next clusters; 

3. Only one SE cross-section area is analyzed, 
and the state of any other cross-sections of the SE is 
considered to be changed in the same way. For 
instance, if one of the clusters has entirely corroded 
then all clusters along the wire afore of this cluster 
have been corroded.  

 
 

3.4. Thermotransducer Sensitive Element 
Model under Mechanical Strain Effect  

 
In this paragraph the effect of mechanical strain 

on the SE resistance change velocity is examined due 
to influence of these strains on corrosive velocity 
(Fig. 5). It is considered one of the frequent cases 
when SE wire of R radius is wound uniformly on the 
core as shown in the Fig. 6. Here the mechanical 
strains distributes in the cross-section area under 

such wire wounding. Herewith the stresses are the 
same over the entire length.  
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Fig. 5. SE resistance alters under the effect of corrosion:  
A = 0.5 mm; B = 0.1 mm; N = 30; M = 20;  

v=22.7·10-5 mm/h. 
 
 

 
 

Fig. 6. Element of SE wire uniformly wound  
on the core and stress distribution in its cross-section. 

 
 

In the Fig. 7 it is shown the stress gradient on x 
coordinate of wire longitudinal section which, in the 
case of elasticity, is described as: 
 

σ(х)= σmin+klin··(x-R), (4) 
 
where σ(х) is the stress at the certain point; σmin is the 
minimal stress in the point х=0. klin is the linear 
approximation factor.  
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Fig. 7. Determination of the corrosion rate gradient  
of the sensitive element cross-section area. 
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Corrosion velocity in accordance with [4], and 
depending on the mechanical stress, changes 
exponentially. When calculating in this paper is 
accepted that compressive stress doesn’t influence on 
the corrosion. In general case the summarized below 
program enables to model any dependence of the 
corrosive velocity on stresses. Taking into account (4) 
that in the case of elastic deformation, stress 
dependences are linear on the coordinate x of SE 
cross-section and the corrosive velocity depends 
exponentially on tensile stresses (see Fig. 7), the 
dependence of the mentioned velocity on x can be 
approximated as:  

 
v(x)=v0 

 (at 0≤x<R) 
v(x)=v0+vA·ek(x-R)  (at R≤x≤2R), 

(5) 

 
where k, vA are the coefficients of the corrosive 
velocity approximation on the coordinate of SE 
cross-section that take into account klin, σmin and other 
parameters included in equation [4]; v0 is the 
corrosive velocity at the absence of stress impact. 

For instance, at Fig. 7 the х1 is the coordinate of 
wire longitudinal section. It corresponds to the stress 
σ1, at which the corrosion rate is equal to v1.  

As shown in [3] the problem of k, vA coefficient 
determination lies in approximation (5) and seems to 
be extremely difficult, dependent on many factors 
(for instance, C is the metallic ions concentration in 
electrolyte; φ is the metal electrode potential, φ0 is 
the standard electrode potential...). Therefore it is 
assumed that approximation coefficients are given as 
input data of proposed model.  

It has conducted the modeling of time 
dependences of SE resistance under corrosion effect 
at the hostile environment for different stress 
gradients in the wire cross-section area.  

In results of modeling shown below the corrosion 
rate gradient in the wire cross-section is 
approximated accordingly with (5). For convenience 
of results presenting it is necessary to normalize the 
corrosion rate increment along the wire cross-section 
on this rate at the point x=0. Otherwise v0 
corresponds to 1, or 100 % value, and the corrosion 
rate in the wire opposite end; here corrosion velocity 
is maximal (vA·ek2R/v0, or in per cent 100·vA·ek2R/v0) 
and is caused by the stress maximum.  

Let’s introduce the index K (Relative Corrosion 
Speed Difference) that indicates on the ratio of 
maximal corrosion velocity vmax (at x=2R) to 
minimal corrosion velocity v0 (at x=0). Taking into 
account approximation (5), K is determined by the 
next formula:  

 
К = vA·ek2R / v0, (6) 

 

or in per cent: 
 

К = ((vmax-v0)/v0)·100 % (7) 
 

Next results of modeling are received at fixed 
approximation coefficient k=12 000, and factor vA is 

determined basing on given K. In the Fig. 8 it is 
shown the corrosion rate change gradient under the 
stress effect. In this case corrosion has increased on 
50 % (K=50 %). The column nearby the thermal map 
contains the gradient of colors to which K values 
(numbers from 1 to 1.5) correspond. At K=1 the 
corrosion rate is minimal, and when K=1.5 the 
corrosion rate is maximal.  

 
 

  

  0

0.5

  1

 

1.5

caused by mechanical stress 
Gradient of the relative corrosion speed 

 
 

Fig. 8. Corrosion rate change gradient  
under the stress effect.  

 
 

The results of SE corrosion modeling with 
circular cross-section with stress and time varying 
are demonstrated in Fig. 9. 
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Fig. 9. SE corrosion model for circular shape of the cross-
section area under the stress effect. SE cross-section (left) 
and temporal alters of SE resistance (right). Model 
parameters: diameter d=0.5 mm; N = 40; v=22.7·10-5 
mm/h. 

 
 

Sensitive element resistance temporal dependence 
under the hostile environment impact for different K 
values of the corrosion rate gradient caused by stress 
is shown in Fig. 10. Here are shown the curves at  
K= 0 %, 20 %, 50 % that have been considered 
above) and at 100 %.  

We defined the SE resistance alters ∆R due to the 
stress impact as the difference between resistance R 
at К = 0 %, 20 %, 50 %, 100 % and resistance R0 at 
К=0 %. The temporal dependences or drift of the SE 
resistance alters ∆R at the particular values of 
corrosion rate caused by appropriate stress is given  
in Fig. 11. 
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Fig. 10. Resistance drift under the hostile environment 
impact at different values of the corrosion rate gradient 

caused by stresses. 
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Fig. 11. Drift of SE resistance ∆R caused by stresses  
at the certain corrosion rate gradients. 

 
 

Similarly in Fig. 12 are shown the SE temperature 
alters ∆T due to the stress impact at the different 
corrosion rates.  

 
 

50 100 150 200 250 300
0

5 

10

15

20

25

30

Time, h

∆T, K 

K=0%
K=20% 
K=50%
K=100%

 
 

Fig. 12. Drift of SE temperature readout ∆T at the certain 
corrosion rate gradients due to the stresses impact. 

The gained drift dependences permit to determine 
the maximum operation time of thermotransducer 
within which it ensures the specified metrological 
characteristics (resource of work for a given 
acceptable drift). Thus the curves in Fig. 12 are 
obtained from the dependences ΔR of Fig. 11 by the 
following formula: 

 

∆ Т=∆R/( R0·α), (8) 
 

where α is the temperature factor of electrical 
resistance of SE substance, R0 is the resistance at 
К=0 %. For instance, the permitted drift of 
temperature is 5 К. Then from Fig. 12 we can define 
and predict that SE of thermotransducer at К = 20 % 
would be metrological reliable up to 200 hours of 
operation, at К=50 % the same can be argued for 
100 hours of operation, and at К = 100 % only for 
50 hours. 
 
 

4. Conclusions 
 

1. The model-based diagnostics and prognostics 
are especially important for cyber-physical systems 
with their powerful measuring equipment. Particular 
attention has to be paid the manufacturing systems 
with inwardly controlled hostile medium for instance 
with resistance thermotransducers of the limited 
operating time. 

2. Within MatLab environment it was developed 
the CorrSim2014 program and a model on its basis of 
sensors performance drift at the certain mechanical 
stresses for estimation of different types of corrosion. 
It becomes possible to visualize as thermal map a 
dynamic change of cross-section area of sensitive 
element and to define the exponential peculiarity of 
resistance drift increase in the process of corrosion 
under impact of the particular mechanical stresses of 
sensitive substance.  

3. Taking into account the value of admissible 
change of the sensitive element electric resistance in 
operating conditions that is 5 K, and it is  
achieved 3 K in 120 hours in the case if mechanical 
stress 20 % (modeling data), it is possible to predict 
the metrological operation life of the resistance 
thermometer in hostile environment on the level  
210 hours. 
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