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ABSTRACT This paper aims to present a technique to estimate the losses of a dry-type air-core reac-
tor (DTACR) assembled with one cylinder based on calorimetry principles while employing infrared
thermography techniques. The technique is intuitive, practical, and easy to apply both in a laboratory and
in the field. Nowadays, the losses on DTACR can be measured only inside of specific laboratories and the
equipment shall be disconnected from system and powered-off. Instead of installing contact temperature
sensors in the reactor’s internal and external surfaces, temperature measurements were remotely performed
with equipment in regular operation and the losses can be obtained by the method proposed. The paper
presents the nature of the losses and the theoretical basis of the proposed method. The results obtained from
the proposed technique are compared to those achieved by the standard method and used to calculate results
through tests performed on prototypes.

INDEX TERMS Dry-type air-core reactor (DTACR), infrared thermography, total loss determination.

NOMENCLATURE
A Surface area (m2)
β Coefficient of volumetric air expansion (◦C−1).
D Diameter of the reactor (m).
f Fundamental frequency (Hz).
g Gravity acceleration (m/s2).
Gr Grashoff number.
h′ Heat transfer coefficient (W/m2◦C).
İi Current in each layer (A).
k Thermal conductivity of the air (W/m◦C).
L Length of the reactor (m).
Lii Self-inductance (H).
Mij Mutual inductance between layers (H).
P Convection and irradiation loss (W).
Pr Prandtl number.
Ri Layer resistance (�).
Ta Ambient temperature (◦C).
Ts Surface temperature (◦C).
U̇ Voltage over the reactor (V).
v Kinematic viscosity of air (m2/s).
0 Geometry Number.

I. INTRODUCTION

DRY-TYPE air-core reactors (DTACR) are among the
most critical pieces of equipment in high voltage

transmission and distribution systems and industrial sys-
tems as long as they can be installed at any voltage level.
The technology type of reactor applied for several appli-
cations has changed over the years based on the project
evolution. Advances in the construction and new materi-
als improved mechanical features that allow the reactors to
withstand higher fault currents. The applications of DTACR
extend into current limiting, phase reactors, bus-tie reac-
tors, neutral-grounding, arc-suppression, inrush limiters for
capacitor banks, power flow control, shunt reactors; thyristor-
controlled reactors, harmonic filter, reactors for HVDC appli-
cation, and arc furnace reactors [1]–[6].

Many researchers are concerned with developing predic-
tive methods that can evaluate the equipment conditions
in real-time without disconnecting from the power net-
work [7]–[10], increasing energy efficiency while avoiding
undesired energy losses [11]–[13]. It is increasingly needed to
develop studies related to the diagnosis of failures in DTACR
and the techniques used to progressively improve [14], 15].
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FIGURE 1. DTACR infrared image.

With the constant expansion of electric systems, concession-
aires are continually seeking improvement and new tech-
niques to optimize energy transmission and distribution [17],
[18]. On the other hand, the reactor manufacturers have
the challenge of technically meeting the customer specifica-
tion by offering their most economical solution [19], [20].
In addition to the previous points, the theoretical losses ver-
sus field losses, the monitoring of the reactor’s life cycle,
and the equipment’s operating conditions can be evaluated
by dissipated electrical losses in monitoring and working
temperature.

The DTACR is a piece of equipment that has relatively
simple construction characteristics [21]–[24]. The conductor
is insulated through an insulation film helically wound in the
technology studied here, and the conductors are mechanically
immobilized through encapsulation of fiberglass filaments
impregnated with epoxy resin. One or more layers of con-
ductors may be connected in parallel resulting in one or
more cylinders. The load losses associated with a DTACR
are composed of winding current loss, induced current loss in
the wires, and Foucault loss due to flux linkage in the metal
closure [24]–[28].

The main concentration of losses during the operation is
located in the windings. Cost considerations related to losses
are of fundamental importance in defining both the equip-
ment design and DTACR, the routine measurements during
manufacturing.

Methods to measure the wire losses are described by
the most prevalent standards [29]–[32]. In the constant
quest for new losses measuring techniques, some recent
works have already proved the infrared (IR) thermogra-
phy’s effectiveness for loss determination on small motors
in a laboratory [33]–[35]. Theoretical models used to study
the synchronous machine losses have been using the same
method developed, showing favorable agreement with test
results [36]–[38].

In the face of the presented constraints, the use of IR
thermography to measure the DTACR losses is welcome. The
thermography technique is based on the principle that all of
the losses are converted into heat, a reasonable approach.
Beyond that, the reactor surface is quite regular and well
measured. Figure 1 shows an infrared image of an ACR.

Therefore, three single-cylinder DTACR prototypes were
constructed with features similar to the equipment used in

FIGURE 2. Design details of the DTACR.

the field. The main difference between the prototypes was
the number of aluminum layers inside of a single-cylinder.
Standard tests were applied to measure each prototype’s total
losses, including measurements with the proposed technique,
for comparison purposes.

Seeking high accuracy, the obtained data for thermography
analysis considered all of the influential factors regarding
the measurements, view angle, wind speed, emissivity, volt-
age drop, ambient air temperature, and the current flowing
through the ACR. Statistical methods were applied to define
how many images along the ACR periphery would be neces-
sary in order to achieve the highest accuracy.

A brief report was prepared for each sample with all of
the data collected and diagnosis. The reference measure-
ments were established in the next step. Therefore, this work
exhibits the applicability, methodology, equipment required,
and the precautions to obtain the best method response.

IR thermography has proven to be a valuable tool for
finding hot spots, the electrical system sub-size, equip-
ment overloading, and imbalance between the phase wires;
now, it has also proven to be a reliable tool for evaluating
losses DTACR.

Therefore, this proposal aims to present a technique for
measuring the total losses of a DTACR with single-cylinder
using infrared thermography to allow measurements in chal-
lenging access environments at high voltage levels. This work
also seeks to develop a first-step procedure for both man-
ufacturer and concessionary to identify losses on dry-type
ACR with single-coil through infrared thermal images in a
straightforward, accurate, and easy way.

II. THE AIR-CORE REACTOR
DTACR occupies about 45% of the area required to install
an oil-filled reactor, present low operational costs, do not use
maintenance, and protect instruments typical of reactors with
insulating liquid. Additionally, they have no explosion risk,
withstand strong overloads and excellent resistance to short-
circuit due to the configuration and construction of coils, and
allow a temperature rise above isolated oil reactor.

The fully encapsulated with solid dielectric DTACR is
employed across the entire voltage range, from distribution
voltage level to high and extra-high voltage levels. Mod-
ern DTACR has been manufactured with windings fully
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encapsulated through insulations made of laminated films,
Kraft paper, fiberglass, and enamel dielectric, among others.

As in all electrical system equipment, the DTACR also
has electrical losses when energized. Electrical losses emerge
as the reactor operation’s main cost, mainly due to the low
operational and maintenance costs. Based on this aspect,
understanding the primary phenomenon that causes losses
and developing an accurate system to know these phenomena
in the equipment becomes of utmost importance. Therefore,
design and losses are discussed as follows.

A. DTACR DESIGN
Different design metrics can be chosen for the DTACR
design. However, the most common configuration is the
cylindrical shape as it is the most appropriate for standard
manufacturing methods, as shown in Fig. 2. The active part
of the reactor is composed of encapsulated parallel coaxial,
copper or aluminum, coils. Its assembly consists of one or
more cylinders built by coil layers winding over each other.

The electromagnetic coupling between turns results in self
and mutual inductances which affects the equipment’s induc-
tance.

Between the cylinders, there are cooling paths supported
by sustaining bars manufactured using an insulating material.
The cross arms are an aluminum-made structure located on
the top and bottom of the reactor, operating as connecting
bridges between the terminals and the system. They play an
essential role in the current distribution between the wire
layers and act as a supporting structure responsible for guar-
anteeing that the reactor remains at a ground distance.

A single-layer circular reactor, built with a single helical
winding of a single wire over a cylindrical mandrel, has basic
construction geometry found in several electrical windings.
The single-layer circular coil has a simple concept, lowmanu-
facturing cost, and low effective winding capacitance, among
other advantages.

B. DTACR DESIGN
According to the equivalent circuit of Fig. 3, the most general
equation relates applied voltage, currents, inductances, and
self-inductances in concentric and non-concentric coils, is:
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İ2
...

İi
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The inductance estimation of a single layer coil is based on
a cylindrical current wire equation, i.e., a winding in which
the current flows around the axis of a cylinder in a layer

FIGURE 3. Equivalent circuit of a DTACR.

of infinite radial thickness the surface of this cylinder. The
calculation method starts with a Neumann expression that is
a direct Biot-Savart Law application [39].

A conductor’s resistance is directly proportional to its
length and resistivity and inversely proportional to its
section’s area. With the average diameter of each layer, the
DC resistances at a specific reference temperature are deter-
mined and the calculation of the current distribution in the
reactor is possible.

III. THE AIR-CORE REACTOR LOSSES
The average temperature in a DTACR under rated voltage and
current conditions is a function of the total losses. Such losses
are due to the winding itself and induced in other metallic
structural components close to the reactor. The losses are
divided into four main groups.

A. CURRENT LOSSES
This type of loss is the most significant. It happens in the
conductors and is proportional to its resistance and to the
squared flowing current, resulting in temperature rise and
releasing heat in the reactor structure. Such losses are of
simple calculation at fundamental frequency.

B. SKIN EFFECT LOSSES
This is a natural current loss that happens when the apparent
resistance of an electrical conductor is greater than the DC
resistance due to the skin effect. This increase of resistance
is proportional to the frequency’s square root, resulting in a
proportional loss increase.

C. PROXIMITY EFFECT LOSSES
When two or more conductors are placed close together, the
electromagnetic fields interact with each other, generating
eddy currents in the adjacent conductor. The result is a high
current density concentrated in that part of the wire farthest
from the interfering conductor, increasing the apparent resis-
tance of adjacent conductors and in the current loss as well,
causing undesirable heating.

D. EDDY CURRENT LOSSES
Eddy currents are closed loops of induced current that cir-
culate in planes perpendicular to the magnetic flux. The
absence of a magnetic core concentrate in the field results
in flux inside and around the DTACR. The dispersed field
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induces eddy currents in the reactor parts, such as windings,
crossarms, corona rings, supports, terminals, connectors, bus-
bars, and any adjacent electrically conductive material, caus-
ing current losses. For DTACR with small dimensions, the
eddy current losses are small compared to the winding losses,
which is why they are disregarded.

IV. THE CALORIMETRIC METHOD
The calorimetric method, or thermodynamic method, com-
bined with infrared thermography techniques, has already
been widely used to determine losses in many electrical
machines with outstanding results [33]–[38]. The technique
applied is based on determining the total loss by measuring
the temperature of the external surface.

It is assumed that all the losses are converted into heat.
The heat created by the total loss in a DTACR is dissipated
by mechanisms of convection and radiation, as long as the
conduction transfer is minimal, in which case is often disre-
garded. On the other hand, convection is classified into nat-
ural convection, which dissipates heat into the environment
naturally. Likewise, forced convection dissipates heat through
fans. Except for rare cases, natural convection, compared to
forced convection, is the most crucial process for cooling
DTACR. Losses due to natural convection and irradiation
appear when the reactor’s active part is in contact with ambi-
ent air and is given by [40].

P = h′A (Ts − Ta) (2)

The application of (2) and the usage of infrared thermogra-
phy techniques, image processing, and ambient temperature
measurement turn the process into an interesting process to
estimate the total losses in DTACR with a single coil.

The average surface temperature is determined using IR
thermography images, while the ambient temperature is
obtained using regular sensors.

The heat transfer coefficient is fundamental to the accuracy
of the proposal. It is difficult to obtain since convection and
radiation in vertical walls are complex phenomena [40]. For
some systems, an analytical calculation is possible, while
for other more complex situations the determination of this
parameter may be either experimental or based on numeri-
cal methods [41]. However, this parameter is dependent on
the refrigerant fluid characteristics and, for the air, can be
described by the following equation.

h′ =
k0 (GrPr )0.25

L
(3)

While Prandtl number is 0.7 for air, Grashof number is:

Gr =
gβ (Ts − Ta)L3

v2
(4)

Considering the cylindrical shape of a DTACR, the
heat transfer coefficient is also subject to its dimen-
sions. The geometry coefficient is empirically obtained and
relates the parameter heat transfer coefficient’s dependence

FIGURE 4. Influence of surface and ambient temperatures
difference over the heat transfer coefficient for different length
per diameter ratios.

TABLE 1. Input and output design parameters of the DTACR
prototypes.

with the diameter and the height of the equipment, according
to (5), when L/D ratio is less than ten [42].
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[
3.017+ 1.2510−1

(
L
D

)
− 14.5810−2

(
L
D

)2

+ 61.3910−3
(
L
D

)3

− 13.5510−3
(
L
D

)4

+ 1.3410−3
(
L
D

)5

− 4.7610−5
(
L
D

)6
]

(5)

Figure 4 shows the variation of the heat transfer coefficient
for several temperature differences.

V. PROTOTYPES DESIGN AND MEASUREMENTS
In order to verify the calorimetric method applicability for
measuring the total losses of DTACR, three small scale pro-
totypes with similar features of reactors that were applied in
the field were constructed. Proprietary software for DTACR
design and parameters calculation according to fabrication
data was used. An example of its application is shown in
Fig. 5.

Table 1 shows the input data and the main results of
the software application. The main difference between the
prototypes is the number of layers, which aims to verify
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FIGURE 5. Example of application with input and constructive data, manufacture
information, and design report.

FIGURE 6. Developed prototype aspect. Three prototypes were
developed with different number of layers each one.

the behavior of the proposed method in facing of different
design specifications. In all cases, the conductor material is
aluminum, 10 AWG, and has an insulation width of 0.05 mm.

The final aspect of prototypes is shown in Fig. 6. For
fundamental frequency and small andmedium-sized reactors,
the losses in the crossarms, used for connecting the windings
to the terminals, have small participation in the total losses.
These losses rarely exceed 0.5% of the total losses released in
a piece of equipment. Therefore, the prototypes were assem-
bled without crossarms, which does not affect the object of
the work.

The calorimetric method associated with infrared thermog-
raphy techniques consists of measuring the total losses of the
DTACR under rated current. The application may be consid-
ered as a temperature rise test, or a type-test, as described
in the standard IEC-60076-6 [29] and used to investigate the
proposed methodology.

The temperature-rise test’s primary purpose is to verify
the reactor’s final temperature based on the injection of the
design rated current. It aims to reproduce the electrical con-
ditions as close as possible to which the reactor would be
subjected. Therefore, the temperature rise test is the primary

FIGURE 7. Electrical testing diagram (a) and laboratory setup (b).

TABLE 2. Quantities measured by the end of the temperature
rise tests.

basis for comparing the real losses and those obtained by the
proposed technique.

FLIR E40 is the thermal camera to be used, and, before the
temperature rise test, it is necessary to perform its calibration.
The reflected radiation temperature was adjusted using the
Lambert radiator method with crumpled aluminum foil [43].
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FIGURE 8. Area selection of infrared thermal image.

TABLE 3. Average temperature of each IR thermal image.

The emissivity was adjusted by comparing the readings of
the thermo-camera to a contact temperature detector, reaching
0.90. The distance between the camera and the prototype was
one meter. The camera was positioned perpendicularly to the
object and must obey a maximum angle of 50◦ according
to [44]. The ambient temperature throughout the test was
monitored and the test circuit system is shown in Fig. 7.
Few seconds before ending the test of each prototype reactor,
measurements of inductance and total losses were performed
using the power analyzer Voltech PM300. Table 2 shows the
total loss is the measured power which is used as a reference
when evaluating the proposed technique.

VI. CALORIMETRIC METHOD APPLICATION
If on the one hand errors associated with thermal imagery
temperature measurement must be minimized, on the other
hand, it is known from research results that the viewing angles
of the infrared waves emitted by the radiant body can intro-
duce errors and compromise the measurement [44], [45]. Due
to the reactors’ cylindrical shape and reduced measurement
errors, only a portion of the outer surface area measurements
was considered. Therefore, images of the reactor surface were
taken at every 30◦ of rotation, resulting in twelve thermal
images covering the reactor’s full surface.

Electrical and physical access restrictions avoided internal
images of the reactor to be recorded. Given the restrictions,

FIGURE 9. Pixel matrix of the infrared thermo image.

internal and external points with the same coordinates are
considered to have the same temperature.

Infrared thermal images were processed using the Ther-
maCAM Researcher Pro 2.10 software. This software allows
for selecting parts of the infrared image with the function
’polygon’ and the function’ box area,’ as shown in Fig. 8. It is
also possible to transform the image into a matrix by saving
the image selection as a ’.csv’ file that is eventually read by a
spreadsheet. Each cell of the spreadsheet represents a pixel of
the FPA array with an associated temperature. The resultant
pixel matrix is presented in Fig. 9. The influence of the target
angle in the temperature measurement can be seen in Fig. 10.
For the horizontal line drawn in the pixel matrix shown in
Fig. 10 (a), the temperature is shown in Fig. 10 (b).

It was expected to have an approximately constant tem-
perature for the same height line instead of the observed
temperature decay. This is due to the emissivity variation of
inclined planes. For example, an object can be seen beyond
a window in a perpendicular viewing. Nevertheless, the glass
window acts as a mirror for small angles.

It can be seen that measurements for viewing angles greater
than 50◦ from the centerline overload the results with consid-
erable errors that can exceed 2% of the reading value, which
is consistent with a previous study [45]. Thus, it is usual to
consider the optimum area covering angles between −30◦ to
+30◦ from the centerline, as in Fig. 11.
From each of the twelve captured images, the pixel matrix

generates three thousand temperature measurement data. Due
to the non-homogeneous temperature setting on the reactor
surface, the Anderson-Darling normality test applied to the
data sample demonstrated that it does not follow a normal
standard distribution [46]. Thus, only the average temperature
of each of the twelve thermal images collected are presented
in Table 3. In applying a statistical, computational tool to
perform the analysis on average temperatures in Table 3,
the information available in Fig. 12 to Fig. 14 for the three
prototypes is shown.

By classifying the data series in a histogram and per-
forming the normality test, it is possible to verify that the
average temperatures meet the normality test’s assumption
and confirm the Gaussian distribution. This result makes it
possible to analyze the data in a probabilistic way.
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FIGURE 10. Target angle influence on temperature measurement.

FIGURE 11. Useful area of IR thermograph image.

TABLE 4. Average temperature of all IR thermal images.

TABLE 5. Total losses calculated by calorimetric method.

FIGURE 12. Normality test, Prototype 1.

Each standard curve provides the prototype’s average tem-
perature, standard deviation, variance, and confidence inter-
vals. A brief inspection of the histogram elements within
the density and probability function curve shows a fair dis-
position of the elements, which characterizes the absence
of abnormal points and with intrinsic errors that must be
discarded. Also, small values of variance, such as those found
in the graphs, indicate a low dispersion of the elements com-
pared to the average. The prototypes’ average temperatures
are identified according to the averages resulting from the
previous analysis. The values are given in Table 4.

FIGURE 13. Normality test, Prototype 2.

TABLE 6. Total losses compariso.

The knowledge of the surface area exposed to convection
is critical in calculating the losses of a reactor using the
infrared thermography technique. The obtention of this area is
relatively simple in the case of the DTACR with a cylindrical
shape. The reactors with a single-cylinder, the basis of this
study, have the internal and external surface well defined.
With the internal and external diameter and the height of the
active part of the equipment, the total area exposed to convec-
tion is then obtained. Finally, the heat transfer coefficient is
obtained from (3) the resulting 9.0. All components necessary
for calculating the total losses in the DTACR prototypes are
available for being utilized (2).

Table 5 shows these variables and the total loss calcu-
lation for each prototype, using the infrared thermography
techniques. The results obtained from this technique, the
calculations obtained from the design software, and the total
loss measurements according to the standard IEC-60076-6
[29] are placed in Table 6 for comparison purposes.

The difference between the three values is minimal and
maintains the same proportion, i.e., the value obtained from
the infrared thermography techniques is always greater than
that obtained from standard measurements and more signif-
icant than the design’s value. The small differences corrob-
orate with the proposed simplifying approaches to make the
infrared thermography techniques feasible. It is also identi-
fied that a single-coil DTACR, whichmay differ in its number
of layers (from 1 to 3), implies no significant influence on the
measured losses, showing that the proposed method is suit-
able even when there is more than one layer in the DTACR.

The values of losses found with the proposed technique
are close to the reference values since the variations are less
than 1.5%. For applications previously defined, the results
were extremely satisfactory. In practical applications, phys-
ical access to DTACRs may be subject to structural barriers
making the collection of thermographic images more com-
plicated. According to the previous process, this can make it
difficult or even impossible to perform the analysis using the
twelve images. In these cases, a more simplified analysis may
be necessary and crucial. Thus, considering the possibility
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TABLE 7. Total losses considering a single thermal image.

FIGURE 14. Normality test, Prototype 3.

of using a single thermographic image of the prototype to
obtain the total losses dissipated, Table 7 was generated to
demonstrate the results.

The relative errors (%) of losses compared to the values
obtained through measured losses also showed satisfactory
values in comparison to the total losses exposed in Table 5.
That is, when using a single thermographic image associated
with the calorimetric method, a maximum margin of error of
2.1% was found in Prototype 2. So, for restricted cases where
the equipment’s configuration and arrangement allow us to
gather a few thermographic images, the technique can still
prove useful.

VII. CONCLUSION
The article presented a proposal for the measurement of the
total losses of DTACR with a single coil based on infrared
thermography. Results from standard measurement of losses
and those obtained from the proposed calorimetric method
applied to prototypes showed little difference, even when
proposed approximations were considered. From the results,
it was also possible to conclude that the constructive differ-
ences regarding to the number of layers has practically no
influence on the measurement of total losses by the proposed
method. It is understood that the calorimetric method can
be used in a practical and concise way in order to measure
total losses in the winding of DTACRs with a single cylin-
der. The proposed method is very suitable because thermo
images are taken only on the external surface of the reac-
tor, allowing its application in confined spaces. In the same
line of reasoning, this article opens up opportunities for the

developments of new studies on DTACRwith other construc-
tional characteristics.
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