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Currently, ohmic heating is a method with a wide potential as an alternative thermal
process in the industry. However, the success of this method depends on the rate of the gen-
erated heat by the right material’s selection and its geometry. Due to its complexity, the
heating systems are usually modeled by computational fluid dynamics (CFD) or finite
element method (FEM). However, in this paper, an alternative model representation was
used, and this model does not consider the temperature gradients and uses thermal resis-
tance and capacitance as steady-state and transient analog parameters. The parameters
are calculated using MATLAB considering the geometry, as well as the electrical and
thermal properties of the material to heat. The proposed circuit is solved by applying the
Laplace transform. Finally, the temperature performance of the model and the experimental
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1 Introduction

A heat treatment is a method used to improve the mechanical or
chemical properties of a product in several industries such as steel,
alimentary, medical, and automotive [1,2]. This treatment consists
of heating and cooling cycles, in which heat transfer methods such
as radiation and convection are preferred because of its easy
control schemes and implementation. The induction, microwave,
and ohmic heating are more efficient but complex alternative
methods [3,4], and besides, the ohmic heating is receiving particular
attention due to its vast advantages like high-energy saving levels
(82-97%), heating time reduction up to 90-95%, and high efficiency
close to 100% [4].

As a consequence of a wide range of temperature capabilities,
heating rates, and pattern reproducibility, this method is common
in laboratory systems to study the microstructural effect [5-7], to
perform research on steel phase transformation, and to conduct
thermomechanical experiments [6]. In order to achieve this temper-
ature performance, a control stage is imperative, and thus, a suita-
ble model is crucial to determine the system’s optimal control
settings.
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system are compared with noncontrolled and controlled experiments.
[DOI: 10.1115/1.4043897]

Models can be studied by multiphysics simulations using finite
element methods [6]. Similarly, the computational fluid dynamics
can generate detailed predictions of thermal profiles when fluids
are involved [8]. On the other hand, a first approach model can
be used to estimate its parameters using the experimental data [9],
by using parameter estimation or optimization [10-12]. However,
models are used during control tuning and stability stages, and
then, simplified models are preferred for implementation.

The thermal circuit method is a tool that allows representing the
heating performance of a system by using a simple electrical
circuit [13], and even more, its transfer function allows to study
both, steady and transient states, stability and control performance.
Thus, the circuit allows to study how the system and the control
will response under new control conditions, configuration, and
system’s parameters.

In this paper, an electrical circuit to model the temperature perfor-
mance of an ohmic heating system is presented. The system was
built to study microstructural effects on steel. The model is based
on an energy balance and lumped-heat-capacity assumption, and
no temperature gradient is considered. R and C parameters of the
circuit are estimated using MATLAB scripts considering the mechan-
ical, thermal, and electrical properties of the ohmic heating system.
The circuit is solved by applying the Laplace transformation. The
resulting data compare the model and experimental performance
to validate the circuit method. Finally, the ohmic system together
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with the control scheme shows the accuracy performance during a
thermal process.

2 Material and Methods

2.1 Experimental System. The modeled ohmic heating
system is shown in Fig. 1. The aim of the system is to heat-up, main-
tain, and cool-down a hollow cylinder made up of 304 stainless steel,
and this cylinder is labeled as plant in Fig. 1. The plant is heated by
Joule effect using a direct current power supply (Sorensen
XFR7.5-300), and this power supply can deliver up to 2800 W.
A reflow subsystem is implemented to generate a specific hot zone
on the plant, as reported in Ref. [14], and the subsystem reflows
water through the inner cavity of the electrodes (see Fig. 2). The
system also includes an argon gas based cooling subsystem to
control the temperature sink rate over the sample; this gas subsystem
uses an on-off controlled valve. Each actuator (dashed line in Fig. 1)
is controlled by a cRio DAQ system. The temperature is measured
through an exposed thermocouple directly welded in the plant to
obtain a faster temperature response [15]; the measurements are
alsologged by the DAQ system.In Fig. 2, the ohmic heating elements
are shown. Figure 2(a) shows a two-piece electrode, the gas inlet, and
the inner cavity. Figure 2(b) shows the cylinder sample, and notice
that the cylinder is mounted next to the gas inlet. Figure 2(c)
shows the complete ohmic system assembled, and notice the four
hose-holders to cool-down the electrodes by the water reflow system.

2.2 Thermal Model. The ohmic heating phenomenon, also
known as direct heating, is an electrical heating method to
produce a positive temperature variation due to the electrical
power [4] defined by Eq. (1):

V2(1)
R,

PO=V®-101)= =) R, (€Y

Gas Cooling System

Direct Current Power Supply

(= ™" =

Water copling system

1
Thermocouple :
T

Water outlet

Gas inlet
- Plant i1 Gas outlet

Water inlet 4 Current

electrodes

Fig. 1 Ohmic heating system setup: plant, gas cooling system,
water cooling system, direct current power supply, and DAQ
system

Gas outlet/inlet Elecirode

Fig. 2 Images of the plant: (a) an electrode to feed the current,
gas, and water, (b) the tubular samples, and (c) the assembled
plant
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Fig. 3 Schematic of ohmic heating system: (a) simple scheme
of the heating system and (b) section of the sample for the
energy balance (T(t) is the sample temperature and T, is the
free stream temperature)

This method uses the material’s electrical resistivity R, to
produce a voltage drop V(¢), due to a circulating current /(z).

To define the thermal model for the ohmic heating system
described in Eq. (1), a simplified schematic from the plant is pre-
sented in Fig. 3. This schematic shows two electrodes that feed
the current /(¢) into the hollow cylinder. Then, by studying the iso-
thermal zone [14] denoted by the volume element Az and applying
an energy balance at this point, Eq. (2) is derived:

0
O]+ Q1) = Qult) + Qu(1) )

This balance considers the generation Q,(t), the accumulation Q (1),
and the losing Q/(¢) terms. However, the input Q(?) is zero due to no
extra heat is introduced.

2.2.1 Q, Qg and Q; Terms. The generation term Q,(?) is func-
tion of the applied current and the cylinder’s electrical resistance R,:

Q) =P()-R. 3)
where the R, coefficient is the cylinder’s electrical resistivity:

_PeAZ

R,
A

“

where p, is the cylinder’s electrical resistivity, A. is its cross-
sectional area , and Az is the length of the cylinder.
The accumulation term Q,(t) is defined in Eq. (5):

dT (1)

Qu() =/7ch7 (®)
where p is the material’s density, C,, is the material’s specific heat,
and V is the cylinder’s volume.

Finally, the losing term Q(¢) is defined in Eq. (6):

0/() = Ash[T(1) — T (6)

where A; is the cylinder’s superficial area, . is the system’s heat
transfer coefficient, and 7" and 7T, are the sample and free stream
temperatures, respectively. All the coefficients involved in
Egs. (3)—(6) are detailed in Table 1.
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Table 1 Electrical and thermal properties involved in Eqgs. (3)-

)

Parameter Description Units
1(t) Circulating current A

R, Electrical resistance Q

Pe Electrical resistivity Q-m
Az Length of the sample m

A, Cross-sectional area m

C, Specific heat Wm™'°C
p Material’s density kgm™
Ay Superficial area m

h, Heat transfer coefficient wW2m™!eC
Te Free stream temperature °C
T(t) Sample temperature °C

Considering previous equations, Eq. (2) can be rewritten as
Eq. (7):
pPAZ dT (1)

@ - = PGV T AT — T

()

With Eq. (7), it is possible to draw a circuit that represents the same
differential equation.

2.3 Electrical Circuit Method. The electrical circuit method
is used to represent thermal dynamics by using equivalent electrical
systems [13]. Once the circuit is defined, it can be solved by several
methods such as numerical methods [16], system identification [17],
or neural networks [18]. This method is selected considering its
complexity and application.

In this case, the ohmic heating system is modeled based on Eq. (7),
and each one of the three terms involved is replaced by an electrical
component. The left-hand term is considered as an energy input and
modeled as a current source. The right-hand terms are modeled as a
resistance R;,; and a capacitance C,. The differential term in function
of the temperature is modeled as a capacitance. The voltage in the
circuit is related to the temperature in the ohmic heating system.
Thus, the linear term is modeled as a resistance device.

The equivalent electrical circuit is shown in Fig. 4. In the circuit,
the current is analogous to the energy and the voltage to the
temperature.

Considering the circuit and applying the Kirchhoff’s current law
at the A node, Eq. (8) is obtained:

Qe(t) = Qu(n) + Q1) ®)

However, currents Q,, Q,, and Q; are rewritten considering the
nodal voltages 7(t) and T.b

d[T(t) — T + IO - T

C0= o dt Ry ©)
T(t
t=0 78 (t) o |
Qu(f) A i
Qy(t) Qu(t) Qul(t) !
d) Rps % Chs Vo(t) =T(t) — T

Toi =
Fig. 4 Electrical model equivalent to the ohmic heating system

'Consider that T, is a constant value that will disappear from the derivative term.
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Table 2 Electrical and thermal terms equivalence

Thermal domain Electrical domain Term

Az .
(1) - ”T Q1) Generation
pC, V Chs Accumulation
Ash, 1/Ry,, Losses

where R, is the electrical resistance and Cj, is the electrical
capacitance.

Note that Egs. (7) and (9) have similar terms and are compared
with estimate Cj,; and R, values as a function of the geometry, elec-
trical, and thermal properties of the sample. The terms comparison
is shown in Table 2.

2.4 Transfer Function. A transfer function of a system links a
variable response to an excitation signal. Several mathematical tools
allow obtaining this transfer function, for instance, the Laplace
transform. The transfer function is manipulated for a better under-
standing of the system’s response and to design the controller for
the system.

The Laplace transform was applied to Eq. (9) to relate the
required energy input Q, and the sample temperature 7. Thus,
Eq. (10) is obtained.

T(s)— T

Qg(s) = R, + Cs[sT(s) — To] (10)
Solving for 7(s):
T(s) Ta
0,(s) = R(—: e SCuT(5) = CuT(O)
1 T
Qy(8)=T(s) |:R_ + SChs] - |:ChsT(O) + R_]
hs hs
T.
(s) [i + SCh{| = Q) +T. an
Rhs
7(s) [”;ﬂ] — Q) +T,
hs

Ris
T(s) = [Qq(s) + T.] [71 — Igh - ]

In Eq. (11), considering T, as a term that involves the initial temper-
ature of the sample 7(0) and the free stream temperature 7, the
transfer function H(s) can be defined as follows:

T(S ) Rhs

H = =
() 0.)+T. 1+ 5RyChs

Finally, the product R;,,C; is defined as 7, then Eq. (12) is obtained.

th

H(s)=
©) 1+s7

12)

3 Model Implementation

An script written in MATLAB was used to simulate the temperature
response 7(¢) of the ohmic heating system. The algorithm uses the
function presented in Eq. (11). In this study, the parameters R;,; and
C;,s were approximated by the equivalences shown in Table 2.

3.1 Parameters Calculation. The parameters calculation con-
siders the geometry shown in Fig. 5. The value of Cj; was calcu-
lated using Eq. (13):

Chs:pcpv (13)

where V=A, %L in cubic meters, the A, value is calculated by
Ap = fr(rg - riz) in square meters, the density value is consider as
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Fig. 5 Geometry of the hollow cylinder sample

p=28,024.3 (kg m®) for 304 stainless steel and a specific heat value
C,=502.32 in (J/kg C). Listing 1 shows the calculation of Cj,.

Listing 1 Calculation of parameter Cps

%Chs calculation :

%Chs= rho*Cp*V

length=0.030;% Delta Z

extarnalRadius = 0.007/2; % 3.5mm
internalRadius = 0.005/2; % 2.5mm
baseArea = 3.141592* (extarnalRadius "2 —
internalRadius *2) ;% Area from base
volume = baseArea* length; % m"3

density =8024.3; $ rho 304 density (Kg*m"3)
specificHeat = 502.32;%Cp 304 (J/KgC)

Chs = volume* density* specificHeat

o U W N

o W 0 J

The R, parameter was defined by Eq. (14).

Rys (14)

1
Ashg
where Aj is the total surface area calculated by Eq. (15). The terms
involved in Eq. (15) are defined in Eqgs. (16)—(18). The value of the
heat transfer coefficient /1, was estimated by the experimental proce-
dures reported in Refs. [14,15]. For this model, the value of &, was
considered as a constant function of the final value of the tempera-
ture. However, the average value of /i, was clearly dominated by
the radiation and conduction. The calculation of R is shown in
Listing 2.

Ay =Apy + A + 24 (15)
Aeyy = 2mr,L (16)

Ajy = 27riL (17)
Ap=a(? =17 (18)

Listing 2 Calculation of parameter Rjs

1 %Rhs calculation :

2 exteriorLateralArea =2*3.141592*
extarnalRadius* length;

3 interiorLateralArea =2*3.141592*
internalRadius* length;

4 areaTopBottom = 2*baseArea;

5 totalArea = exteriorLateralArea +
interiorLateralArea + areaTopBottom;

6 heatTransferCoefficient =120;

7 Rhs=1/ (totalArea*heatTransferCoefficient) ;

021015-4 / Vol. 12, APRIL 2020

Then, to model the system’s temperature response against time,
Qq(s) and T, terms from Eq. (11) must be defined. Q, is the
energy input and T is the system’s condition. Their implementation
and calculation are shown in Listing 3.

Listing 3 Calculation of Q, and T, terms

%Tc term calculation :

T0=27; %celsius

Tinf=27; %celsius
Tc=Chs*T0/tFinal+Tinf/Rhs;

%Generation term calculation
electricalResistivity =0.00000116;

Re = length*electricalResistivity/baseArea
Iinl=150;, Iin2=190;, Iin3=230;, Iin4=240;
Qgl =Iinl*Iinl*Re;

Qg2 = Iin2*Iin2*Re;

11 Qg3 =1Iin3*Iin3*Re;

12 Qg4 =Iin4*Iin4*Re;

—
OWmOJ U WN

Notice that the 7. term is divided by tFinal to transform Joules
to Watts; this variable is the total time of the simulation. In line 9,
four current values are used to calculate the Q, input terms.

3.2 System’s Response to the Step Input. The system’s
response is calculated using the code shown in Listing 4. The
resulting plots are shown in Fig 6. The figure shows the inverse
Laplace transformation of the function ohTF's, and the function
is forced by the scale step input (Qgx+ Tc)/s, with Qgl, Og2,
Qg3, and Qg4. Each Qg value was calculated considering the
input current values.

Listing 4 Step system’s response

1 %Plotting data for external post-processing
2 syms s t;

3 ohTFs=Rhs./ (Rhs.*Chs*s+1) ;

4 t=0:1:tFinal;

5 %Step responses :

6 ohtl=ilaplace ((Qgl+Tc)/s*ohTFs,s,t);
7 oht2=ilaplace ((Qg2+Tc)/s*ohTFs,s,t);
8 oht3=ilaplace ((Qg3+Tc)/s*ohTFs,s,t);
9 ohté4=ilaplace((Qg4+Tc)/s*ohTFs,s,t);
10 plot(t,ohtl,t,oht2,t,oht3,t,oht4)

4 Results and Discussion

In order to validate the model, a series of no controlled experi-
ments were performed. In each experiment, fixed values of
current were fed into the system. The temperature data were
recorded by the DAQ system through the thermocouple. The
obtained data were postprocessed to compensate the offset value,
and the resulting data were compared with the model’s perfor-
mance. Finally, the complete ohmic system is tested along with
its controller.

4.1 Open-Loop Experiments. The open-loop or noncon-
trolled experiments implementation is shown in Fig. 7. A fixed
current value was programmed on the power supply and then fed
into the ohmic system represented by its model equation. The
current value is modified by the control voltage V.(¢), and the
output temperature 7(¢) was recorded by the DAQ system through
the thermocouple.

Figure 8 depicts the measurements temperature during each non-
controlled experiment. Thus, the input currents were constant
signals with values of 150, 190, 230, and 240 A. The current was

Transactions of the ASME
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Fig. 6 Transfer function’s temperature response for constant
input currents: 150 A, 190 A, 230 A, and 150 A

fed between =10 s and =120 s. The cooling for the experiments
was done by natural convection and the electrodes cooling system.

Note that in =10 s, a sudden change (dotted circle) takes place
due to the circulating current through the thermocouple’s joint [15].
This offset value was eliminated during the postprocess stage by
subtraction. Also note that the thermal response shows a stable
behavior under low current values (150 A and 190 A). This can
be attributed to the material’s electrical resistivity variations at
high temperatures and the formation of thin films of oxide.

4.2 Model and Experimental Comparison. To compare the
model and the experimental system, both data are plotted as
shown in Figs. 9 and 10. Figure 9 shows the thermal response for
I=150 A and /=240 A. Meanwhile, Fig. 10 shows the response
for /=190 A and /=230 A.

The electrical circuit model has a proper response for all current
values. However, the experimental system rises slightly faster than
the model. This difference could be associated with the use of 4, as a
constant value instead of a linear or polynomial function
approximation.

Specifically, the %, value was determined as a compound factor of
the water cooling system and system’s convection. Thus, the fluctu-
ations in the steady-state region can be linked to air bubbles in the
hose, small variations in the speed of the pump, changes in the elec-
trical resistance due to the temperature, or the grow of thin skin of
oxide; all these factors can modify momentarily the value of the
current fed into the system.

4.3 Tuning and Controlled Experiments. Figure 11 shows
the close-loop or controlled experiments setup. Here, 7(¢) is the ref-
erence temperature programmed in the computer, and y(¢) is the
temperature measurement done by the thermocouple. The

Cooling systems

I (t) Rps
Rh.\'ChA\"i'1

Vc(t) T(t)

Power supply

T hermocouple

Fig. 7 Noncontrolled experiments implementation
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Fig. 8 Thermal response of ohmic heating system
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Fig. 9 Thermal response of the electrical circuit model and
open-loop experiments for /=150 A and /=240 A
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Fig. 10 Thermal response of the electrical circuit model and
open-loop experiments for /=190 A and /=230 A
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Fig. 12 Thermal response of the ohmic system to the set of
values during the tuning process

difference between r(t) and y(r) is known as the error e(z). This
signal is used to tune the controller performance of the power

supply.

4.3.1 Tuning Experiments. In Fig. 12, the system’s tuning
process is shown. This process is normally done manually. Thus,
the tuning values are selected considering how fast/slow the
system must react. The figure shows a set of four gains on the con-
troller. The set; has a medium heating rate with an oscillating beha-
vior to reach the programmed temperature value: 500 °C. The
control’s oscillating performance is called “underdamped
control.” On the other hand, set, has a more slow heating rate or
“overdamped control.”

4.3.2  Controlled Experiments. After adjusting the controller’s
gains, the system is ready to perform controlled experiments.
Figure 13 shows two experiments, both to maintain 800 °C
for 90 s and then to force to cool-down the sample, first without
gas pressure O psi and the second experiment with 180 psi. Note

—— Opsi

800 108 psi

/
600 /4

400

200 /‘

0 20 40 60 80 100 120
Tiempo [s]

[0.0-0-0-0-0-0-0-0-0-0-0-0-0-0-8-0-¢

Temperatura [°C]

Fig. 13 Heating system performance with controller
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Fig. 14 Heating system performance for two-level experiment

Table 3 Ohmic system performance with controller

Heating stage Cooling stage

No. of T, Heating rate Rise Pressure  Cooling rate
test (§®) ©Cs™h time (s) (psi) cCs™h
P, 800 44.96 13.71 0 -35.41
P, 900 46.52 15.5 0 —37.86
P; 800 46.11 12.91 40 —47.83
P, 800 4547 13.31 40 -51.46
Ps 800 46.36 12.81 108 -75.4

Pg 800 46.3 12.75 108 —81.87
Py 900 49.03 14.196 108 —85.76

that experiments reach fast and smoothly the temperature’s final
value, and also minimal variations are presented along the experi-
ment.Another experiment is shown in Fig. 14. Here, a first temper-
ature value was set to 800 °C and maintained during 180 s. Then, a
new temperature value was set to 300 °C and forced to cooling by
pressured gas at 180 psi during 5 s. Note that the controller has an
overshot to compensate the temperature changes, temperature was
maintained during 20 s, and then the controller stops to feed current.

Table 3 shows a series of seven additional experiments to obtain
heating and cooling rates. These data were obtained from heating
and cooling stages. The heating rate column shows that the
system and its controller allow maximum rates of 49 °C s™' and
minimum of 45 °Cs™". Also, the data allow to know the nominal
rise time of the system: a maximum of 15s. For the cooling
stage, note that the system by natural convection process has a
maximum of 37 °C s~ and a maximum of 85 °C s™' by forced con-
vection at 108 psi.

5 Conclusion

The obtained model was based on a basic RC circuit analogy that
represents adequately the ohmic heating system dynamics. The
model includes the input energy as a current source. This input
was calculated considering the electrical resistance of the sample
and its geometry. The parameters are defined by the volume, areas,
and electromechanical properties of the system. However, the accu-
racy of the circuit is limited to estimate previously the /, value. Also,
the model only gives a single point temperature value, and tempera-
ture distribution is not reliable. Nevertheless, the basic system
dynamics is well predicted. Considering that the final application
of the model is to estimate the required current, as well as the
dynamic and steady-state performances of the heating system
through the R and C parameters, the model is functional and relates
adequately the output temperature to the system definition.

Transactions of the ASME



Even more, the model allows to study and simulate the system to
design the temperature controller, to analyze its stability, and to
determine how the material and its geometry will affect the
system to reach the required temperature, establishing the needs
of electric power. The controller allows to reach maximum
heating rates of 49 °C s~ and sinking rates of —85 °C s™".

More complex models can be developed using the circuit
method by sectioning the whole piece in several segments, imitat-
ing the finite element method, and proposing more boundary condi-
tions to include the convective and conductive effects as separated
terms.
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