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Abstract—For designing different heat and power equipment with a wide range of applications, it is necessary
to measure the fields of thermophysical characteristics (temperature, pressure, velocities, etc.) in as much
detail as possible. At the same time, the deployment of complex diagnostic methods is often impossible.
Therefore, it is most practical to use movable probes that move in the f low and make measurements at sepa-
rate points. The use of such scanning measurement methods is a complex task that requires the solution of
many mechanical and thermophysical problems. The techniques of scanning probe measurements for deter-
mining thermal characteristics in the f lows of various media are described. A review is given concerning the
development of probe-based investigation methods since the 1960s. Joint probe developments concerning the
probes made by the scientific group of the Engineering Thermophysics Department of the National Research
University Moscow Power Engineering Institute and the Joint Institute for High Temperatures, Russian
Academy of Sciences, for two-dimensional and three-dimensional temperature and velocity measurements
in water and mercury f lows are presented in detail. The experience in the development and use of scanning
probes is summarized in three main designs, such as a hinged probe, a probe with eccentricity, and a longitu-
dinal probe. Descriptions, methods of application, and the features of their operation are considered for these
designs. The results obtained by using the probes of various designs in the course of experiments with water
and mercury are considered. The choice of a required technique is substantiated depending on the preset con-
ditions of the problem, such as the geometric characteristics of the investigated area, the presence of a mag-
netic field, the influence of thermal and gravity factors.

Keywords: probe measurements, probes of various designs, velocity and temperature fields, microthermocou-
ples, liquid f low, invasive measurement method
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All the existing methods of temperature measure-
ment in different tasks can be divided into three types:
invasive (the methods that require direct contact),
semiinvasive, and noninvasive methods. The noninva-
sive methods include infrared thermometry, absorp-
tion and emission spectroscopy, laser-spark f luores-
cence, refractive index measurements, etc. In the case
of semiinvasive methods, one commonly uses thermo-
sensitive labels and granules, thermoscopic bars and
pyroscopes (Seeger cone). An extensive review of tem-
perature measurement tools is presented in [1].

Despite all the obvious advantages of remote and
indirect temperature measurements, there are situa-
tions wherein one cannot do without invasive meth-
ods, for example, when it is necessary to measure the
temperature in a f low of opaque liquid. In such cases,
it is advisable to use such sensors as thermocouples
and resistance thermometers. They can be inserted
into the wall to make measurements; however, limited

information concerning the wall temperature rather
than the temperature of the f low as a whole can be
obtained. In addition, the introduction of thermocou-
ples or other sensors into the wall can distort the
obtained results to a great extent owing to the violation
of the homogeneity of the wall material. In the case of
such problems, the probe measurement technique is
more preferable than the others.

PROBE TECHNIQUE FOR MEASURING 
TEMPERATURE FIELDS

Temperature fields are measured using stationary or
movable probes, at the end of which temperature sen-
sors, such as thermoelectric converters and thermal
transducers, are mounted. The transducer's sensing ele-
ment (a thermocouple junction, thread or resistance
temperature detector film) contacts with the studied
377
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Fig. 1. Schematic diagram of a “thermocouple tower” probe (the sketch is restored from the data of [2]. (1) Thermocouples and
(2) plate.
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fluid directly or through an intermediate element, e.g.,
a thermal housing, sleeve, protective deposit, etc. 

Commonly, for the manufacture of thermocou-
ples, small-diameter wires made of materials having a
Fig. 2. Schematic diagram of a probe introduced into the
flow through the side wall (the sketch is restored from the
data of [5]). (1) Probe; (2) thermocouples; (3) potentiom-
eter; u, v, and w are the components of the velocity vector;
B is the magnetic field induction; a is the characteristic
size; z is the longitudinal axis.
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low thermal conductivity are used. The structural ele-
ments of the probe are placed in isothermal planes.
The effect of radiation is reduced via reducing the size
of a sensitive element (thermocouple junction) by cov-
ering it with materials having a low emissivity and with
the help of shielding.

One of the initial stages of the development of the
probe technique consists in the use of fixed immovable
temperature sensors that are in direct contact with the
flow [2–4]. For example, the authors of [2] used a
probe design called a “thermocouple tower” (see Fig. 1)
to measure radial temperature distribution in the case of
KOH solution flowing in a round pipe. Figure 1 shows
that the design has been developed in such a way as to
conduct detailed measurements in the near-wall area.
Using this probe, temperature profiles were measured
both in the absence and in the presence of a magnetic
field and at different angles between the direction of the
magnetic field and the plane of the thermocouples. The
authors of this technique have succeeded in fixing the
deterioration of heat transfer with the imposition of a
transverse magnetic field as well as other magnetohy-
drodynamic effects.

There is a similar technique but with the possibility
of moving temperature sensors: a probe is inserted
through the side wall of the channel into the f low of a
heat-carrier [5, 6]. This technique allows one to mea-
sure the temperature distribution along over the radius
(channel width) in a given section (Fig. 2) as well as to
measure velocity fields, pressure fields, etc. In addi-
tion, using a similar technique, one can perform the
studies at once in several sections along the length of
THERMAL ENGINEERING  Vol. 66  No. 6  2019
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Fig. 3. Hinged probe (the sketch is restored from the data of [18]). (1) Movement indicators; (2) microscrew; (3) centering surface;
(4) bellows; (5) external electrodes.
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Fig. 4. Schematic diagram of a hinged probe (the sketch is
restored from the data of [20]). 
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the channel, since miniature sensors introduced
through the wall do not make any significant distur-
bances in the f low. However, the use of this method is
not sufficient for more detailed measurements in the
cross section of the channel.

In parallel with the above-mentioned studies, the
researchers at the Engineering Thermophysics
Department of the National Research University
Moscow Power Engineering Institute developed their
own novel probe technique. The studies were carried
out with several types of heat-carriers f lowing in chan-
nels having different configurations and different geo-
metric characteristics [7–17]. Further, we consider
movable probes belonging to the main used types in
more detail.

HINGED PROBE OF A LEVER TYPE
Some studies with the use of hinged probes were

published by the authors of [7, 18, 19], wherein the
measurements were carried out in a f low of liquid
metal. The used probe represents a lever that rotates
around the hinge in such a way that, when one end of
the lever moves with the help of a coordinate mecha-
nism, its second end with a sensor (thermocouple) can
be placed to a preset point of the experimental section
(Fig. 3) [7].

Among foreign papers published at the same time,
one should mention a publication [20], whose authors
used the probe of the same design as the authors of [7,
18] to measure the f low velocity but replaced the ther-
mocouple by a Pitot tube (Fig. 4).

Further, we consider in more detail the hinged
probes that we used directly in this work. As in [7, 18–
20], we take a design that represents a lever capable of
turning around a hinge as the basis. The longer lever
arm represents a rod having a variable cross-section,
THERMAL ENGINEERING  Vol. 66  No. 6  2019
on the tip of which a sensor is mounted (Fig. 5a). As
the sensor, a thermocouple is usually used, the bead of
which is attached using special adhesive compositions
at the end of a stainless-steel capillary with an outer
diameter of 0.3 mm, so that the thermocouple wires
pass inside the capillary. The choice of adhesive
composition depends on the aggressive properties of
the used medium and on the temperature of the f low.
The capillary, inside which there are thermocouple
wires, is glued or welded into a capillary with a larger
diameter (0.7 mm). The whole structure is fixed on
the probe rod that is inserted through a bellows joint
into the tested section towards the f low. Separately, it
should be noted that, for the years in the course of
which hinged probes were used, a lot of their modifi-
cations were developed with the use of different sen-
sors to measure the f low temperature, velocity, etc.
(Figs. 5b–5d).

The short arm of the lever is connected to the coor-
dinate mechanism, which allows one to move the
microthermocouple over the pipe section. The length
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Fig. 5. Schematic diagram of a lever-type measuring probe. (a) Thermocouple for temperature measurement; (b) conduction
velocity sensor [9]; (c) correlation velocity sensor [9, 10]; (d) sensor for measuring transverse velocity correlation [8]. 
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of the probe rod is chosen in such a way so that the rod
length is 15–20 times larger than the section of the
channel. Thus, when the rod is rotated, the thermo-
couple moving along the radius remains in almost the
same plane perpendicular to the axis of the channel.

The coordinate mechanism represents two micro-
metric screws, which allows one to move the end of the
probe in two mutually perpendicular planes (horizon-
tal and vertical ones) and to place it at any point of the
cross section. Two electronic displacement indicators
allow for the probe head to be placed into a preset
position with an accuracy amounting to 10 μm. After
Fig. 6. Determination of the coordinate and the tempera-
ture of the wall. 

–0.08

–0.04

0

0.04

0.08

–1.0 –0.8 –0.6 –0.4 –0.2

θ

r/r0

Wall
the installation of the measuring probe at the experi-
mental pipe section, a preliminary calibration of the
coordinate mechanism of the probe is performed with
the use of optical devices.

With the help of an electronic endoscope, it is visu-
ally monitored so that the probe is guaranteed to touch
the wall just with a thermocouple in die positions. Fur-
ther, the position of the wall is determined from the
fracture of the temperature profile (Fig. 6). In Fig. 6,

 is the dimensionless radius of the tube (here r is the
current coordinate of the probe measured from the wall,

 is the radius of the tube) and θ is the dimensionless
temperature that is expressed as

where t is the temperature in the current section, tL is
the bulk mean temperature of the liquid, λ is the ther-
mal conductivity of the heat-carrier, qw is the heat f lux
density on the wall, and dh is the hydraulic diameter of
the channel.

For the f low of any configuration, the position of
the probe sensor is determined with respect to the area
of constant heat f lux and to the area of constant mag-
netic field in case they are present.

One of the reliable ways to determine the wall coor-
dinate, alongside with taking into account a fracture in
the temperature profile, consists in using the symme-
try of the temperature distribution or other character-
istics with respect to the center of the section (Fig. 7).
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Fig. 7. Centering of a probe using the symmetry of temperature pulsation fields  and the liquid dimensional temperature t.
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Fig. 8. Movable thermocouple (the sketch is restored from the data of [21]).
In some cases, an electro-contact method can be
used in order to detect the contact between the wall
and the probe tip, i.e., when the thermocouple touch-
ing the wall closes the electrical circuit.

We should separately mention an improved version
of the probe that allows one to perform measurements
in both the longitudinal and transverse directions. The
same team of authors that participated in [18] carried
out studies with the use of the probe in a sodium-
potassium flow [21]. The authors have developed a
device (Fig. 8) for moving the sensor, which includes a
jack-type mechanism for longitudinal movement and
a wedge-type mechanism for lateral movement. The
probe of this design has made it possible to obtain a
considerable amount of information while simultane-
ously maintaining a high sealing level of the experi-
mental pipe section and observing safety under opera-
tion with toxic media.

LONGITUDINAL PROBE 
WITH ECCENTRICITY

With the help of lever probes, it is possible to make
measurements in only one preset fixed section. In
order to measure local characteristics over the entire
length of the f low, special longitudinal probes are
THERMAL ENGINEERING  Vol. 66  No. 6  2019
required. The first longitudinal probes with eccentric-
ity [11, 12] were designed to study the statistical char-
acteristics (the intensity of temperature pulsations,
autocorrelation functions, frequency spectra, etc.)
depending on the longitudinal and transverse coordi-
nates. The main parts of such a probe are two coaxial
tubes that can rotate around their own axes and move
along the f low either as a single whole or as one with
respect to another (Fig. 9). There are holders glued to
each of the tubes with the use of epoxy resin; bared
microthermocouple beads are fixed at the ends of the
holders using the same method as that used in the
hinged probes. Such a design allows one to move
simultaneously both thermocouples along the f low
over the entire length of the heated section as well as to
move the first thermocouple with respect to the sec-
ond one up to a distance of 50 mm. With the help of a
hinge, one can move sensors (thermocouples, etc.)
over the cross section of the pipe and provide a maxi-
mum approach with respect to the wall. Just as in the
case of hinged probes, the moment of contact is deter-
mined by a fracture on the temperature profile.

This design has several disadvantages, such as diffi-
culties in the manufacture as well as a hazard of probe
depressurization (owing to the presence of two stuffing
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Fig. 9. Probe with eccentricity. (1) Seal and (2, 3) thermocouples.
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Fig. 10. Longitudinal probe for measuring the temperature fields (drawing recovered from [22]). (1) Pipe; (2) sealing nut; (3) seal;
(4) rod with a longitudinal groove; (5) probe blades; (6) grooves.
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box seals (see Fig. 9)) when operated in toxic media
and in the environment of heat-carriers.

Due to these difficulties, the amount of experi-
mental data measured using this probe is relatively
small. However, with the help of this probe, informa-
tion was obtained for the first time concerning the
length of the pipe section wherein the thermal stabili-
zation of the statistical characteristics of temperature
fluctuations is observed in the f low of mercury [11].
This has made it possible to substantiate the choice of
the length of a heated pipe section in the course of fur-
ther experiments.

There is a modification of an eccentricity probe
wherein only one thermocouple is installed for
detailed measurements in the near-wall area. Further,
temperature measurement results using the modern-
ized probe [13, 14] are presented.

LONGITUDINAL COMB-TYPE PROBE
One of the commonly used longitudinal-type probes

is represented by a comb-type probe. The authors of
[22] measured temperature distribution in a mercury
flow using a longitudinal temperature probe (Fig. 10)
that represents a set of thermocouples mounted on a
plate at fixed distances from the wall and has transla-
tional and rotational degrees of freedom. Owing to such
a design of the probe, data were obtained based on
which the authors have been able to draw conclusions
concerning the axial symmetry of the temperature field
and the stabilization of the temperature profile along
the length of the pipe and to be certain that there is no
influence of natural convection.

Figure 11 shows a scheme of the probe that is used in
the authors' experiments on studying the flow develop-
ment along the length of the experimental pipe section.

The measuring element of the probe consists of five
copper-constantan thermocouples with 50–70-μm
diameter junctions (Fig. 11a), fixed with epoxy resin in
glass capillaries with a diameter of 0.13 mm, which pass
into capillaries made of stainless steel with a larger
diameter (0.3 mm), and then 0.8 mm, thereby forming
a holder. It is possible to manufacture the holder in such
a way that the position of the extreme thermocouples is
fixed for constant contact with the wall as was done
when using the holder with ten thermocouples
(Fig. 11b). The thermocouple holder is mounted on a
rod. To fix the probe in the radial direction, centering
rings ground in the inner surface of the pipe are used.

The coordinate mechanism provides the probe
movement along the length of the heating zone and
the rotation thereof around the longitudinal axis.
Owing to this, it is possible to obtain a detailed tem-
perature field in a preset section. The hermetic con-
nection between the movable rod with a fixed f lange is
performed using a stuffing box seal. The coordinates
of the thermocouple junctions are determined via a
preliminary optical calibration using a cathetometer.
THERMAL ENGINEERING  Vol. 66  No. 6  2019
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Fig. 11. Longitudinal probe “comb” in the pipe of the working section (a) with five thermocouples and (b) with ten thermocouples. 
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Fig. 12. Scheme for estimating the uncertainty of tempera-
ture profile measurements using a longitudinal probe.
(1) True profile and (2) measured profile. 
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It should be emphasized that, despite the presence
of the centering rings, uncontrolled movements of the
holder and the thermocouples of the “comb” in the
radial direction are possible. These movements are
small, but the uncertainty in the coordinates of ther-
mocouples connected with the movements could be a
source of a distortion for the temperature profiles. To
estimate this uncertainty, the method shown in Fig. 12
was developed [15].

Based on preliminary calibration data, the authors
believe that thermocouple beads are located at the
points with coordinates R1–R5 (R is the radial distance
from the channel axis). If one assumes that the probe
has shifted in the radial direction by a distance of ∆R,
then all the junctions of the thermocouples shift by the
same distance and, therefore, they measure the tem-
perature values that are marked in Fig. 12 with black
dots. By connecting the measured temperature values
with coordinates R1–R5, wherein, as it was mistakenly
assumed, the junctions of the thermocouples are
located, one obtains a distorted profile 2 instead of the
true temperature profile 1 (see Fig. 12). The calcula-
tions have shown, under shifting the thermocouples by
∆R = ± 0.1, ± 0.2, ± 0.3 mm, the temperature profiles
exhibit stretching (f lattening) by 1.5, 3.2, 5.0%,
respectively. The calculations were based on the tem-
perature profiles obtained as a result of thorough mea-
surements using a lever probe (see Fig. 5).

Figure 13 shows, as an example, the development
of the temperature field along the length of a heated
section of a round pipe.
THERMAL ENGINEERING  Vol. 66  No. 6  2019
COMPARISON OF THE RESULTS OBTAINED 
USING PROBES OF DIFFERENT DESIGN

For each probe type, a different movement pro-
gram exists. The general stage consists in the measure-
ment of the operating conditions before the beginning
of probe measurements in each section.

In the case of a lever probe, each time when the
probe thermocouple moves to a new measurement
point, input/output temperatures of the experimental
section are measured, and the oscillogram of the
probe thermocouple readings is registered (Fig. 14a).
In the lower part of Fig. 14a, an example of the tem-
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Fig. 13. Longitudinal temperature field, °С, in a round pipe.
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Fig. 14. Trajectory of the passing through the pipe section by the probes of different types and the examples of obtained tempera-
ture fields. (a) Hinged probe; (b) probe with eccentricity; and (c) longitudinal probe. 
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perature fields obtained using a hinged lever probe is
shown. The empty space on the graph of the tempera-
ture field can be explained by the fact that the tem-
perature measurements were carried out using a cor-
relation velocity sensor [9, 10], the design of which
makes it difficult to approach the wall in some sections
of the channel.

Figure 14b shows the movement trajectory of the
sensor of the probe with eccentricity. The probe is
installed in the working area not in the center in such
a way as to investigate the viscous sublayer in detail
passing along a preset route marked with a dotted line,
therefore the grid of points is thickened therein. Just as
it is in the case of a hinged probe, it is necessary in the
course of the measurements to register the tempera-
ture at the inlet and outlet of the channel as well as the
oscillograms of the thermocouple probe readings.

The longitudinal comb-type probe (Fig. 14c) auto-
matically moves along the length of the experimental
section, passing through several sections. In each sec-
tion, the probe rotates around its axis, and thermo-
couple readings are registered at each turn (up to ten
thermocouples were used in the authors’ experi-
ments). Thus, the entire cross section of the pipe is
examined (see the bottom of Fig. 14c).

In the study of hydrodynamics and heat transfer for
a liquid f lowing in the channels of different shapes and
under the action of various factors, such as application
of a heat f lux or of a magnetic field (electrically con-
ductive liquid), detailed information is required con-
cerning the main characteristics of hydrodynamics
and heat transfer depending on the length and the
cross section of the channel. Therefore, the use of dif-
ferent probes allows one to get closer to obtaining the
most complete information. For different reasons, it is
not always possible to implement such an approach in
practice. By comparing the results of the measurement
of the parameters performed using different methods,
one can obtain additional information about which
methods of measurement are more worthwhile to use
in the specified conditions, in the channels of different
shapes, etc.
THERMAL ENGINEERING  Vol. 66  No. 6  2019
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Fig. 15. Comparison of the intensity distributions of temperature pulsations (1) obtained using a hinged probe and (2) that
obtained using a probe with eccentricity. (1) qw = 20 kW/m2, Re = 6000; (2) qw = 22 kW/m2, Re = 7500.
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As an example, data obtained using different meth-
ods are compared. The probe shown in Fig. 9 has been
developed, in particular, for detailed measurements in
the near-wall area of f lows [13, 14], including a viscous
sublayer. Figure 15 shows the distribution of the inten-
sity of temperature f luctuations σ along the dimen-
sionless pipe radius  obtained using an eccentricity
probe compared with that for a hinged probe. In order
to compare the intensities of the temperature pulsa-
tions, the data were made dimensionless using a tech-
nique described in [13] according to the following
relationship:

where  is the dynamic temperature calculated
according to the following formula:

Here  is the dynamic velocity;  is the
shearing stress on the wall; and ν, ρ, and  are the
kinematic viscosity coefficient, density, and heat
capacity of the liquid, respectively.

As can be seen from Fig. 15, the obtained results are
in good agreement between each other within the error
of measurements, except for the near-wall region,
where, owing to the size of the thermocouple bead of
the hinged probe, it is impossible to come close
enough to the wall. In the case of a probe with eccen-
tricity, such a problem does not arise owing to the tra-
jectory of its movement. Thus, in the course of mea-
suring with the use of a hinged probe, a space-aver-
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aged value of temperature f luctuations in the near-
wall region, rather than a local one, can be obtained.
This example suggests that it is possible in some cases
to confine oneself to the use of a hinge-type probe,
since it is easy in operation and allows one to study
substantially asymmetric f lows.

However, another situation is possible, when the
probe of one of the designs generates a disturbance in
the f low and distorts the f low pattern under study. As
already mentioned, the measurements of the main
hydrodynamic and heat-transfer characteristics along
the length are not less important than the measure-
ments over the cross section. However, it is necessary
to use comb-type probes that have a rather massive
structure with respect to the cross section of the exper-
imental pipe section. Figure 16 shows the distribution
of the dimensionless temperature over the perimeter of
the section (angle ϕ) obtained using longitudinal and
hinged probes.

In practice, the use of dimensional wall tempera-
ture for comparing the profiles and other distributions
in a f low is difficult, since it is not always possible to
maintain a constant f low temperature at the channel
inlet and outlet or to maintain the experimental con-
ditions in general. In the authors’ opinion, a more
convenient parameter can be represented by the
dimensionless wall temperature (inverse Nusselt num-
ber), which is expressed as

where tw is the wall temperature.

( )−= w L
w

w h

λ
θ ,

t t
q d
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Fig. 16. Distribution of the dimensionless temperature θw around the perimeter of a round pipe inclined at an angle of 30° with
respect to the horizon, in the section located at a distance of 37 calibers from the inlet into the channel, obtained (1) using a comb-
type probe and (2) using a hinged probe (2). (a)  = 15 kW/m2, Re = 104; (b) = 50 kW/m2, Re = 2 × 104;  and  are
the laminar and turbulent Nusselt numbers. 
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The results shown in Fig. 16a exhibit a good coin-
cidence on average, but there is a significant difference
in local values near the upper generatrix of the tube.
This, in the opinion of the authors, indicates that the
longitudinal “comb” probe (which is more cumber-
some than the hinged probe) introduces some distor-
tions into the structure of the heat-carrier f low. How-
ever, this does not mean that the comb-type probe is
absolutely not applicable. Thus, in the case of the dou-
bled f low rate, these data coincide with each other
even when heat f luxes are significant (see Fig. 16b).

CONCLUSIONS

(1) The scanning probe measurement technique
allows one to obtain complete information with any
detailed degree concerning the structure of liquid flows
in the channels having different shapes. To solve differ-
ent problems, the probes of different designs are used.

(2) The most universal probe is a lever probe. With
minimal modifications, it can be used for measure-
ments in channels with different shapes. Two-dimen-
sional fields obtained with its help serve as reliable data
for the verification of numerical methods, whose use
allows one to further obtain a complete picture of a
three-dimensional field.

(3) The probes with eccentricity are optimally suit-
able for studying near-wall areas in channels, the f low
wherein is symmetrical. Their significant disadvan-
tages consist in a geometrically restricted area of mea-
surements as well as in fundamental impossibility to
operate in the f lows that are substantially inhomoge-
neous over the cross section.

(4) The longitudinal probes are capable of giving the
most complete picture; however, their bulkiness com-
THERMAL ENGINEERING  Vol. 66  No. 6  2019
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plicates the interpretation of the results and requires an
independent confirmation of the obtained data.

(5) The determination of the universal applicability
range of probes having different design for various
applications is a complicated problem. In planning
experiments, it is necessary, if possible, to use probes
having different design as well as to compare the
obtained data with each other, with the results of inde-
pendent studies, and with known regularities.
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