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Анотація. В статті розглянуто реалізація комплексної методики для електротеплового моделювання 

вимірювальних перетворювачів теплових сенсорів потоку, який поєднує синтез кола заміщення 

імпульсної температурної релаксації та спосіб формування ВАХ перетворювачів в режимі їх самонагріву 

струмом живлення.  Розглянуто питання оцінювання нестабільності ітераційних процесів при аналізі 

ВАХ вимірювальних перетворювачів з від’ємним диференційним опором, що обумовлено самонагрівом 

цих перетворювачів. Розроблено експрес-метод визначення меж, в яких забезпечується коректний 

електротепловий DC аналіз для застосування в біомедичних приладах та системах. 

Ключові слова: електротеплове моделювання, вимірювальні перетворювачі, самонагрів 

перетворювачів, біомедичні прилади та системи. 

Abstract. The paper deals with the implementation of a complex technique for electrothermal modeling of 

measuring transducers of thermal flow sensors, which combines the synthesis of the impulse temperature 

relaxation substitution circuit and the method of forming the I-V converters in the mode of their self-heating by 

the supply current. The issue of assessing the instability of iteration processes in the analysis of I/V measuring 

converters with negative differential resistance, which is caused by self-heating of these converters, is 

considered. An express method for determining the limits in which correct electrothermal DC analysis is 

provided for use in biomedical devices and systems has been developed. 

Keywords: electrothermal modeling, measuring transducers, self-heating of transducers, biomedical 

devices and systems. 
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Introduction 

Information signal of the primary thermal flow sensors converters is their temperature that depends on the 

intensity of the heat exchange between the structure of the converter and the flow medium (gas or fluid). 

Modeling studies of the circuits of the above-mentioned measuring converters, carried out for the optimization of 

their structure and supply modes, require the combination of the analysis of the electric and thermal processes in 

a single complex. 

Unfortunately, known packages of circuit modeling, in particular, PSpiсe and MicroCAP, do not allow 

combining electric and thermal analysis - in the course of such modeling studies the temperature of the elements 

cannot change if the electric power, released in these elements, varies. That is why, the problem of the 

development  of the adaptation method of the circuit modeling procedure in the given packages for the 

realization of the possibility of the complex analysis of electric and thermal processes in the circuits of primary 

thermal flow sensors converters,  was put forward. The realization of this task requires the creation of the  model 

(equivalent circuit) of the  elements, volt-ampere characteristic of which is influenced in the process of self-

heating of these elements. 

Techniques and models of calculation of the temperature fields of the electronic equipment  and, in 

particular, solid-state and hybrid integrated circuits have already been adequately discussed  in numerous 

publications. A number of specialized programming products are available , namely: WinTherm (developer 

ANALYSIS TECH; www.analysistech.com), T3Step and  Thermodel (developer MICRED; www.micred.com), 

BETAsoft Board (developer DYNAMIC SOFT ANALYSIS; www.betasoft-thermal.com), etc. [54-65]. Taking 
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into consideration, that the scientific aspects of the greater part of thermal calculations are comprehensive, at 

least,  from the point of view of the tasks, put forward in the given research, further we will suggest only the 

description of the thermal model in general form and partial examples of the results of  thermal fields of the 

integrated structures of the  thermal hot-wire anemometers calculations . The material of the given subsection 

should be considered only as the initial  data for the developed new approaches of the  electric thermal modeling, 

presented in the next parts of the monograph, where the dynamic, thermal and circuit calculations of elements, 

the  temperature of which is the informative value of the signal converter of the thermal flow are combined. 

 

Method 

In the process of the thermal calculation of the integral structures, they are divided into the sections, in 

particular, into layers and parallelograms, each of them is described by the independent system of parameters - 

thermal conductivity factor, heat capacity, heat release power, etc. The system of heat conduction equations in 

the Cartesian coordinate system x, y, z for the i-th layer of the multilayer structure (assuming that the bottom 

boundary of the i-th layer corresponds to the coordinate  zi = i, and the upper – zi = i, , where i  – is the 

hickness of the i-th layer) has the form [172, 173]:  
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Boundary conditions are: 

 on lateral edges  if x = 0, x = Lx, y = 0, y = Ly: 
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 on the boundary of the i-th and (i+1)-th layers if  zi = i  , zi+1 = 0: 
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 on the surface S if z1 = 0 
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where Ti – is the excessive  temperature (temperature of overheating) of the i-th layer over the ambient 

temperature (i = 1, 2, 3... N); N – is a number of layers; λi – is the  thermal conductivity of the i-th layer; Pj – 

is the power of the j-th source of heat  (j = 1, 2, 3... k); k – is the number of heat sources; aj, bj – are 

dimensions of the heat sources with the number j on axes x and y, correspondingly; hj(x), hj(y) – are 

coordinate-dependent functions which take the value of 1 in the area of the source and  0 outside the area of 

the j-th source of heat; hj(z) – are coordinate-dependent functions, which take the value of 1 on the surface SN 

and 0 - on the surface S0, correspondingly; α0, αN – are heat transfer coefficients from the surfaces S0, SN. 

Calculation of the temperature field, stipulated by the location of the source of heat on the surface SN, 

can be performed by means of numerical methods, applying series: 
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where Tij – is the average temperature of the i-th section, heated by the  j-th source of heat; ai, aj, bi, bj – 

are dimensions of the sections; ϕi, ϕj – are the coordinates of the centers of sections on the axis x; ψi, ψj – are 

the coordinates of the centers of sections on the axis y; Lx, Ly – are the dimensions of the structure on the  
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Variable ki takes the value 1 in the point, located on the surface SN, and 0 – on the surface SN. Functions 

G and SN are calculated in the consecutive order, passing the layers of the structure, starting from the first and 

ending with N = m, using the recurrent expressions: 
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where і – is the number of the layer 
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In addition to the above-mentioned equations systems of mathematical description of the temperature 

fields, in the thermal flow sensors it is necessary to calculate the interaction of the heated structure of the 

primary converter of the flow sensor. In general case the dependence between the temperature parameters of 

thermoanemometric primary converter and parameters of the flow can be written in the form of the equation [1-

5]: 

tFKP 1н  , 

where K1 – is the coefficient, which is introduced, as in greater part of cases it is not the difference of the 

temperature of the heat exchange surface and the fluid that is measured but another value Δt; α – is the 

coefficient of the convective heat transfer; F –  is heat exchange surface; Δt – is the  temperatures difference. 

Main parameter of the thermal model is Nusselt criterion Nu, which characterizes the heat exchange 

between the surface of the heater and flow medium: 
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where Re – is Reynolds criterion, which characterizes the ratio of the inertia and viscosity forces and 

determines the character of fluid (gas); Pr – is Prandtl number, which characterizes the physical properties of the 
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fluid (gas); Gr – is Grashof number, which characterizes the lifting force, which appears in the fluid (gas) as a 

result of  densities difference. 

Prandtl similarity criterion is a physical parameter, which characterizes the properties of the flow. Grashof 

number also does not contain the velocity of the flow and only characterizes the interaction of the molecular 

friction and lifting force, this is stipulated by the densities difference in separate points of the flow due to its non-

isothermality. Only Reynolds criterion Re contains the flow velocity, we are interested in. That is why, in 

general case the connection between Nusselt criterion, which contains the coefficient of the convective heat 

transfer and Reynolds criterion, which contains flow velocity V, can be written in the form: 
nReCNu  , 

where С – is specific heat of the measuring environment; or: 
n
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where d – is the diameter of the tube, where the flow velocity is measured; v – is the flow velocity ρ, μ, λ – 

is the density, viscosity, heat conduction of the measured medium; Gм – is a mass flow rate. 

It should be noted, that for practical realization, as a rule, criterion equations, obtained as a result of the 

experimental research, are used. 

 

Modeling 

A number of the results of the thermal calculations of two typical constructive solutions of the integral 

structures of the thermal flow sensors, carried out by us, are given below. The first of them (Figure 1a) - it is the 

crystal (B) of the silicon integrated circuit, in the centre of which on the membrane (M) one heater (H) is formed, 

and  on the periphery - two or four sensors (S1, S2) of the difference temperature ΔT = TS2-TS1. To minimize the 

heat transfer from the heater to the sensors the thermal resistance of the membrane must be as high as possible - 

in ideal case the heat transfer must be performed only through the medium (gas or fluid) of the measuring flow. 

That is why, the thickness of the membrane is minimal, typically - not more than 0.05 mm. 

The sensors of the difference temperature must also have maximum heat resistance relatively the structure 

of the integrated circuit, that is why, they are formed with dielectric sublayer with low thermal conductivity 

(figure 1). Instead the thermal resistance of the integrated circuit structure on the whole must have minimal 

thermal resistance with the heat sink on which this circuit is mounted. It provides the fixed temperature of the 

structure and the lack of the temperature gradients, stipulated by the direct heat transfer across the membrane to 

the sensors. 

  

а) b) 

Figure  1 – Typical constructive solutions of the  thermal flow sensors 

 

The realization of the above-mentioned requirement is not a problem as the thermal conductivity 

coefficient  λSi of the silicon (basic semiconductor of the solid-state integrated circuits) and eutectic alloy gold-

silicon λSi-Au (the layer that connects the crystal of the integrated circuit with the radiator) is rather high – λSi = 

120 W/(m⋅K), λSi-Au = 150 W/(m⋅K), correspondingly. Instead, thermal conductivity coefficient  of the majority 

of the dielectric layers, on which temperature sensors are formad (oxide or silicon nitride) is several tens of times 
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less that provides good thermal insulation of the temperature sensors from the crystal of the integrated circuit of 

the primary converter of the  flow sensor. 

The examples of the calculations results of the temperature field of the flow sensor structure without the 

available flow are shown in Figure 2а in the process of heat transfer across the flow (at various values of the 

normalized flow rate 1 ... 4) - in Figure 3. Temperature field has three characteristic  sections: B -  crystal of the 

integrated circuit, temperature of which is practically stable, M - peripheral part of the membrane and H - central 

part of the membrane, where the heater is located. 

At very small flow rates (Flow 1) the temperature field remains practically unchanged and temperature 

difference between the sections of temperature Sensors 1 and Sensor 2 location is small. Increase of flow rate 2 

and flow rate 3 leads to the transfer of heat in the direction of its motion and corresponding increase of 

temperature difference ΔT = TS2–TS1. The temperature of the heater decreases, this stipulates nonlinearity  of the 

flow sensor conversion function. 

 

 
Figure 2 – Temperature  field of the integrated structure (Figure 1a) without the impact of the heat transfer 

across the flow 

 

 
Figure 3 –Temperature field of the integrated circuit (see Figure 1a) at different flow rates  

(in normalized units – Flow1…4) 

 

Further increase of the flow rate (Flow 4) leads to considerable cooling of the heater at non-sufficient 

heating of the flow medium, this  stipulates the decrease of the structure heating in the section where 

temperature Sensor 2 is located and the decrease of temperature difference ΔT. Figure 4 shows typical 

dependence of the temperature difference ΔT on the flow rate. This dependence is the determining for the 

development of the structure of the primary flow sensor converter and determines the linearity of the 

conversion function and admissible measurement range.  
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Figure 4 – Dependence  of temperatures difference ΔT = TS2–TS1 on the flow rate 

 

Similar calculations were carried out  also for the second typical construction of the  primary converter of 

the  thermal flow sensor structure (see Figure 1b), which contains two integrated elements (HS1, HS2), each of 

these elemends serves both as a  heater and temperature sensor. In order to minimize the heat transfer these 

elements are made  in the form of  bridges, contacting with the structure of the crystal only in two points. Lateral 

sides of the elements are suspended, i.e., heat exchange is carried out only across the medium (P) of the flow. 

Typical picture of the temperature field of such structure without the impact of the heat transfer across the 

flow is shown in Figure 5.  

 

 
Figure 5 – Temperature  field of the integral structure (see Figure 1b) without the impact of the heat 

transfer across the flow 

 

The temperature of the medium between the integrated elements (HS1, HS2) we assume to be a stable 

value (in the Fig. it is represented by the lowered sections  P). Information value of the primary converter of the 

flow sensor is the temperatures difference  of the integrated elements ΔT = THS2–THS1. 

The example of the calculation of  the  temperature field  of the structure with two integrated elements at 

certain flow rate is shown  in Figure 6. Similarly to the above-mentioned calculations the increase of 

temperatures difference 

ΔT = THS2–THS1, is observed in case of flow rate increase, it is stipulated by the decrease of the convective 

heat exchange between the heaters and the flow in the direction of its propagation. In  the given case it is 

stipulated by the increase of the medium temperature of the flow while its passage above the heaters (taking into 

account the large gradients of the temperatures in the flow, its temperature is not presented in the figure- it is 

assumed to be the fixed value TA = 20°С). As in the previous case with one heater at certain critical rate of the 

flow the function of temperature difference takes the extreme value, after that the temperatures difference 

decreases. This limits the range of the flow rate measurement. 

The analysis, carried out, confirms  the  data, published in literature [1-5], that the function of thermal flow 

sensors conversion is nonlinear and at certain value of the flow rate there comes the  mode at which the gradient 

of the temperatures ceases  to increase and starts to decrease at the increase of the flow rate. 
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Figure 6 –Temperature field of the integrated circuit (see Figure 1b) at a certain flow rate 

 

Conclusions 

1. A complex method of electro-thermal modeling of measuring transducers of thermal flow sensors has 

been developed, which includes the synthesis of a substitution circuit for pulsed temperature relaxation 

and a method of forming I-V converters in the mode of their self-heating by the supply current. 

2. Considered problems of instability of iterative processes in the analysis of I/V measuring converters 

with negative differential resistance due to self-heating of these converters. An express method of 

determining the limits in which correct electrothermal DC analysis is provided has been developed. 
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