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Abstract: Mechanical seals ensure the internal sealing of centrifugal pumps from the surrounding
environment. They are one of the most critical components in a centrifugal pump. For this reason, the
condition of mechanical seals should be monitored during operation. Mechanical seal friction power
is an important component of mechanical losses in centrifugal pumps and is used as an indicator of
wear and therefore seal condition. The soft sensor described in this paper is based on temperature
measurements at the seal and can be used for determining the frictional power performance. A
major factor in determining frictional power performance is the heat transfer between the mechanical
seal and the medium inside the pump. For calculating the heat transfer, the stationary temperature
fields in the rings of the mechanical seal are described by transmission efficiencies. The root mean
squared error was determined for steady-state operating conditions to assess the quality of the
soft sensor calculation. The frictional power performance can be determined by recording the
temperature at the mechanical seal mating ring and the medium. The algorithm detects when
the steady-state operating conditions change but does not map the dynamic changes between the
stationary operating conditions.

Keywords: mechanical seal; soft sensor; friction power performance

1. Introduction

Mechanical seals play a crucial role in the operation of centrifugal pumps. They seal the
medium inside of the pump from the surrounding atmosphere in the area where the shaft
passes through the pump housing. Monitoring methods have been developed recently due
to their importance for the operation of the pump. Y. Luo et al. demonstrated the ability to
detect damage to the mechanical seal of a centrifugal pump during operation [1]. This was
achieved by analysing the vibrations of the pump. It has been recognised that damage to the
mechanical seal causes higher-frequency vibration signals than those that normally occur
in the centrifugal pump during operation. J. Zou et al. analysed the power consumption
of a centrifugal pump driven by an asynchronous motor under different mechanical seal
conditions [2]. Their analysis was limited to the scenario of an increased leakage rate in a
mechanical seal. They showed that the characteristic curves of the centrifugal pump are
also affected by increasing leakage at the mechanical seal. Depending on the pump design,
the mechanical seal is responsible for most of the mechanical losses inside the pump. The
mechanical losses are part of the pump characteristic curves. The pump characteristic
curve can be used to determine the flow rate of the pump. Because of the importance of
the flow rate delivered by the pump as a process variable, there are many algorithms for
determining the flow rate using the pump curve. R. Susan-Resiga et al. have studied the
application of the affinity laws to the pump curve at a reduced pump speed [3]. They
showed that changing the pump speed over a wide range results in significant differences
between the calculated and observed pump curve. We included the mechanical power
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loss of the pump in a physical model for determining the set of performance curves for
radial centrifugal pumps [4]. As a result, the prediction of the pump characteristic curves
at a reduced pump speed was considerably improved compared to that under the affinity
laws. Frictional torque is currently measured using torque sensors that require integration
onto the mating ring of the mechanical seal to determine the friction power performance.
This method has been demonstrated in several papers [5-8]. Soft sensing methods can
be used to determine the frictional power of mechanical seals, overcoming the challenges
of implementing physical sensors. In their paper, Jiang et al. provide an overview of
the most important developments in the field of soft sensors in recent years [9]. They
present how soft sensors are developed and identify current challenges. They divide soft
sensor development into four phases: variable selection, preprocessing, modelling and
validation. Various methods can be employed for modelling. These can be categorised
into the following groups: multivariate statistical assumptions, data-driven assumptions,
machine learning, filtering methods, and first-principles methods [9]. First-principles
models and filtering methods are based on the physical relationships of the systems and
require comprehensive knowledge. This makes their application in complex systems
more challenging. Multivariate statistical, data-driven, and machine learning models are
capable of accurately describing complex systems. However, they require a significant
amount of data for characterisation and training. Dai et al. developed a denoising diffusion
probabilistic model for time series denoising (TimeDDPM) to handle the large amounts of
data required for model training [10]. TimeDDPM has the ability to generate new data sets
from existing samples to enhance LSTM training. Dai et al. demonstrated, in two examples,
that TimeDDPM can reduce prediction errors compared with other methods, such as a
simple LSTM without dataset extension. In addition to the required data volumes, the
measurement noise from the physical sensors is also a significant factor in the modelling.
Zhu et al. propose a method for noise filtering [11]. Ideal data, filtered for measurement
noise, are used to train kernel learning models. Zhu et al. demonstrated, in two examples,
that this approach can enhance prediction accuracy. However, it is stated that further
research is needed to generalise the improvements in the estimation error, specifically
regarding the influences of the incorrect modelling of the model error. Jiang et al. also
identified hyperparameters of the models as a challenge in soft sensor development [9].
Soft sensors can serve as substitutes for variables that are challenging to measure and as
backups in the case of sensor failure. Frafjord et al. describe two data-driven methods
for calculating differential pressure in a district heating network [12]. If the pressure
sensor fails, the system should still be controlled by using the soft sensor as a substitute.
Various convolutional neural network and long short time memory approaches, as well
as transfer function approaches, were analysed. It was demonstrated that the simplest
model structures yielded the best results, despite the complex interrelationships within
the district heating network. Recently, machine learning and data-driven models have
gained popularity. This enabled the accurate determination of target values, even in
complex systems. The challenges presented by low data volumes and noise behaviour were
addressed with innovative methods. The review by P. Nunes et al. also identifies collecting
and analysing data as a major challenge in condition monitoring [13]. Frafjord et al.
demonstrated that even in complex systems, simplified approaches can achieve decreased
errors [12]. Although many models perform well in the laboratory, their implementation
in industrial applications requires significant effort and a robust database, especially for
data-driven models [9]. However, Frafjord et al.’s results motivate the investigation of
simple modelling approaches for complex systems.

Given the critical role of mechanical seal temperature in operational performance and
early failure detection, several studies have focused on the analysis of heat flows and tem-
perature fields within mechanical seals. The studies’ findings can aid in the development of
a soft sensor. T. A. Shihab et al. demonstrated that the selection of an appropriate material
combination for mechanical seal rings can effectively reduce the sliding face temperature
during dry running compared with alternative material combinations [14]. They calculated
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the temperature fields in the mechanical seal analytically. Therefore, the half-infinite model
was used. Their conclusion was that the lower sliding surface temperatures were due to
the lower coefficient of friction (COF). In the initial phase, the analytical model reproduces
the temperature-time behaviour of the sliding surface with deviations. However, the
calculated temperature at the sliding surface in a steady-state shows good agreement. R.
L. Phillips et al. investigated the heat flows at a mechanical seal [8]. The frictional torque
of the mechanical seal was also measured using a torque sensor. The seal was installed in
a centrifugal pump. The local Nusselt number was determined at several positions. The
results were compared with the literature data. They found that surrogate models, such
as those that use cylinder geometries to calculate the Nusselt number, do not adequately
represent the actual Nusselt numbers observed in mechanical seals. The work of G. S. Buck
has shown that the predominant consideration in determining heat flows within mechanical
seals is the heat transfer to the surrounding fluid [15]. In his analysis, G. S. Buck used a one-
dimensional model of the heat flows transferred from the sliding surface to the surrounding
fluid. The concept of the model is based on the fin theory described in [16]. Transmission
efficiencies are used to account for the effects of the multi-dimensional temperature field. Z.
Luan and M. Khonsari (2007) also used this approach [17]. N. Brunetiére and B. Modolo
have analysed a mechanical seal using numerical simulation [18]. They determined the
local and averaged Nusselt number for the primary and mating ring of a mechanical seal.
To determine the average Nusselt number, they defined an equation. They showed that the
Nusselt number is influenced not only by the Reynolds and Prandl numbers, but also by
the ratio of the thermal conductivity between the pumped medium and the materials of the
mechanical seal. M. Mosavate et al. studied the influence of thermal radiation and different
geometries and materials on the thermal behaviour of mechanical seals and fins [19]. They
show that thermal radiation influences the temperature distribution in mechanical seals.
In addition, metallic materials such as Hastelloy exhibit good performance in mechanical
seals, particularly at elevated temperatures.

A new approach to determining the frictional power performance of a mechanical
seal is presented in this paper. The model for the soft sensor is based on a first-principles
approach, describing it through the conservation of energy. This task demands an under-
standing of the heat transfer that occurs between the mechanical seal and the surrounding
medium. The objective of our model is to ensure that it can be easily implemented in
mechanical seals in centrifugal pumps, based on a small amount of data and the simplic-
ity of the model. This model does not require the use of complex simulation methods
or measurements.

2. Development of Soft Sensor Technology for Determination of Frictional Power
Performance of Mechanical Seals

2.1. Derivation of Mechanical Seal Heat Flow Model

Figure 1a shows the design of a mechanical seal made up of several components used
in a centrifugal pump. The mating ring is the stationary element of the mechanical seal
and is sealed to the pump housing by means of an O-ring. The primary ring rotates with
the pump shaft and is pressed against the mating ring by a spring via the pump impeller
disc. An elastomer prevents leakage between the pump shaft and the primary ring. When
the primary ring is rotating and the pumped mediums are present, the gap between the
primary ring and the mating ring increases. Only a small amount of leakage escapes from
the pump due to the small size of the gap, in the range of one micron [20]. G. S. Buck and Z.
Luan and M. Khonsari (2007) use the analytical description of heat flows in fins to calculate
the temperature of the sliding surface (¢y). They define transmission efficiencies (E) for
different mechanical seal geometries in accordance with Equation (1) [15,17]. Equation (1)
establishes a relationship between the heat flow (Q) through the mechanical seal and the
heat flow expected at a temperature difference between a reference temperature and the
temperature of the medium inside the pump. This is calculated from the heat transfer
coefficient between the mechanical seal and the surrounding medium («), the area of the
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mechanical seal in relation to the surrounding medium (A), and the difference between the
reference temperature (¢,f) and the temperature of the medium inside the pump (dy1).
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Figure 1. (a) Design of a mechanical seal with its components in the application in a centrifugal pump;
(b) heat flow model of a mechanical seal with a specification of the surface temperatures (¢;), the heat
flows in the rings of the mechanical seal (Qij)/ the convective heat flows between the mechanical seal

and the medium inside the pump (chi), the frictional power of the mechanical seal (PR), and the
characteristic width (W;) and length (L;) of the rings of the mechanical seal.

The model used to derive the heat flows in the mechanical seal is shown in Figure 1b.
The model was developed based on the form coefficient method. This method has been
described, for example, by B. Gliick [21]. The form coefficient method balances heat flows
at specific points. Heat flows or temperatures can therefore be calculated for stationary
temperature fields in bodjies.

The sliding surface temperature (dy) increases due to the friction power (Pr). It is
assumed that the heat flows generated in the rings can only be dissipated to the medium
inside the pump with the temperature, ¢y;. All other surfaces should be considered to

be insulating. In the mating ring, heat flows from surface 0 to surface 2 (Qqp) Where a
temperature sensor can be mounted. There is also a heat flow from the sliding surface
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to surface 1 (Qlo) where heat is transferred to the medium. Heat flows from surface 2
to surface 1 due to the temperature gradient (Qy,). Heat flows in the primary ring from

the seal face to face 3 (Q30) where the heat transferred to the seal ring is dissipated. It is
assumed that the sliding surface temperature in the mating and primary rings is the same,
as suggested by G.S. Buck [15]. In addition to the form coefficient method being used,
transmission efficiencies are also calculated for stationary temperature fields [15,17,21].

Generally, heat flows from surface j to surface i (Qij) can be represented below based on
the form coefficient method [21]:

Qi = kij (8; — ;). 2)

The form factor (kl-]-) includes factors for conduction (e.g., thermal conductivity, A) and
convective heat transfer (e.g., the heat transfer coefficient, a). When convective heat trans-
fer occurs, k;jj : R? — R applies, as the heat transfer coefficient depends on the medium
temperature and the flow state of the convective flow. The heat transfer coefficients for
mechanical seals have already been studied, as described in the introduction. These can be
represented by the Nusselt number (Nu), as follows [22]:

oL
Nu .= —.
=

)

A characteristic length (L) and the thermal conductivity of the medium are used
to standardise the heat transfer coefficient. As shown by N. Brunetiére and B. Modolo,
there are correlations that can be used to describe the averaged Nusselt number (Nu) for
mechanical seals [18]. Contrary to Equation (3), the averaged Nusselt numbers apply to the
whole area considered. In general, Equation (4) [22] can be used to describe the functional
relationships of the averaged Nusselt numbers:

— Pr\°
= cRe" P — ) . 4
Nu := cRe" Pr (Prw> 4)

Depending on the geometry and considering the heat transfer conditions, the coef-
ficients ¢, m, h, and b vary. Re is the Reynolds number, Pr is the Prandl number of the
medium at its temperature, and Pryy is the Prandl number of the medium at the tempera-

ture of the solid wall. Instead of describing the heat flows, Ql-]-, with the form coefficients in
accordance with Equation (2), Equations (5) and (6) are introduced:

Qz’j = a;; (% — 9). ®)
al-]- = DCAI'EZ‘]‘ (6)

The form coefficient is now kijéai]-. The advantage of this representation is that it
explicitly includes the heat transfer coefficient, so that the Nusselt number approaches can
be applied. The transmission efficiency from surface j to surface i (E;;) now describes the
influence of geometry on the specific heat flows. This is calculated as follows:

¥ — b .
Eji=—Vi#£2 )

9 — O

It can be seen from Equation (7) that the transmission efficiency, Ep, is excluded from
the definition. This is because there is no heat transferred from the mechanical seal to the
medium at face 2. Figure 1b shows that Q,; = Q1,. From this context, Eyg can be derived:

% =
Eypi= 1

o ®)
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Furthermore, the temperature at the sliding surface can be calculated from Q20 = le
in accordance with Equation (9), taking into account Equation (10):

B0 = (a0 +1)02 — apdu )
a2

ap == —= 10

0= s (10)

2.2. Development of the Soft Sensor for Friction Power Performance Determination

The model shown in Figure 1b is also used to derive the soft sensor for determining
the frictional power (Pr) of a mechanical seal. Friction power can be represented as the
sum of all heat flows transferred to the pumped medium, as shown in Figure 1b:

Pg := Q0+ Q12 + Q3o (11)

The frictional power can be calculated, in accordance with Equation (12), when
Equation (5) is taken into account in Equation (11). Here, A denotes the column ma-
trix from Equation (13). It contains the form coefficients. The column matrix, ©, in
Equation (14) summarises the temperatures required for the calculation. See Appendix A
for the complete derivation.

Pr=A0 (12)
A = [(a10 + a30), a12, —(a10 + a12 + azo)] (13)
0 := [, 05, O]" (14)

All temperatures in @ can be measured by sensors with little effort, except the sliding
surface temperature. However, Equation (9) can be used to calculate the sliding surface
temperature. Equation (12) also requires the calculation of each form coefficient. The
number of calculation steps can be significantly reduced by replacing the form factor matrix
(A) and reducing the temperature matrix (@). This can be achieved with a small number of
transformations. In this way, the form factor matrix can be reduced to an equivalent form
coefficient (2aeq):

faeq := (@10 +a30) (ap + 1) + ara. (15)

The advantage of defining the equivalent form coefficient is that it eliminates the need
for matrix operations in Equation (12), thus simplifying the calculation of the frictional
power, as shown below:

PR = aaeq(ﬂz - l9M). (16)

See Appendix B for the full derivation of the equivalent form coefficient. Note that the
heat transfer coefficient also applies to the equivalent form coefficient, so @aeq : R? - R,
as described in Section 2.1. The condition of the flow around the mechanical seal can be
described by the speed of the primary ring (n). With little effort, the temperature of the
pumped medium and the temperature of the mating ring can be measured in addition to
the speed. For the visualisation of the equivalent form coefficient, a dimensional analysis
was performed in accordance with the description of H. Schade et al. [23]. Equation (17)
gives the equivalent dimensionless form coefficient (Aaeq), where 7 is the dynamic viscosity
of the medium, ¢y is the specific heat capacity of the medium, and Dgg is the outer diameter
of the mating ring.

_ _faeq
neyDer’

Aaeq : (17)

It can be deduced that Azeq o Nu due to the dependence of the equivalent form
coefficient on the heat transfer coefficient. This allows a regression function to be defined in
accordance with the structure shown in Equation (4). Algorithm 1 below summarises the
soft sensor principle described. The index f denotes the discrete time steps. Algorithm 1
incorporates a low-pass filter to attenuate sensor signal noise. The damping characteristics
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are controlled by the damping factor, d;. The soft sensor requires input variables, namely
the measured signals for speed, medium temperature, and mating ring temperature at a
discrete time step, t (1gyp, l9vaeXp, ﬂé,exp). The outer diameter of the counter ring (Dgg) is
used as the characteristic length to calculate the Reynolds number (Re):

nnDcgr?
Re:= ——CR (18)
v
This kinematic viscosity is known as v. For all medium parameters of the column

matrix M, M : 9 — Pr;cy; p; A;v; 17 applies.

Algorithm 1: Soft sensor for determining the frictional power of a mechanical seal.

define d iz M
define ¢, m, h, b

nt = néxpdf +nt(1—dy)

O = O enpddt + Opa (1 — d)
8 = bl o o d; + 04(1— dy)

Calculation of Re!, Pr!, Prw!, cif, of, AL, vt, #t

t
Aseg! = c(Re)" (Pr")" (Pl: ;t)

aaeqt = Aaeqt'rlt'cé‘DGR
PRt = ﬂaeqt(ﬂZt - 19Mt)

3. Evaluation of the Accuracy of the Soft Sensor Determination
3.1. Soft Sensor Validation Test Bench

To validate the soft sensor algorithm (Algorithm 1), a test bench was developed.
Mechanical seals of various sizes can be tested. Figure 2a shows the structure of the test
bench. The mechanical seal is located in a pressure chamber. Linear bearings allow the
pressure chamber to be moved. By pulling the pressure chamber against a carrier, the
preload on the primary ring can be adjusted. The change in preload is measured by a
distance sensor. Water is used as the medium in the pressure chamber. The temperature
of the medium is measured by a PT1000 temperature sensor. The pressure in the pressure
chamber can be varied. This is measured by a pressure sensor. The primary ring is mounted
on a shaft with two bearing supports. A motor with variable speed allowed via a frequency
converter drives the shaft. A torque transducer measures the power delivered by the
motor to the shaft. This records the torque and speed. The power consumption of the
bearing is measured in addition to the power consumption of the mechanical seal (Ps). This
determination of the power consumption of the bearing is based on experimentation and is
expressed by a regression function. The power losses of the bearings are subtracted from
the measurement signals of the power consumption.

The power of the mechanical seal (Ps) consists of the friction power (Pg) and the
ventilation power (Py) resulting from the power transfer between the mechanical seal and
the medium [24]:

Ps := Pr + Py. (19)

Due to speeds n < 3000 rpm and low-viscosity media such as water, it holds
Pr > Py [24], and, as a good approximation, it is PSQPR. Figure 2b shows the cou-
pling of the PT1000 temperature sensor to the mating ring. A coupling paste facilitates heat
transfer between the temperature sensor and the mating ring with a surface temperature,
. The coupling paste has a thermal conductivity of A = 74%. The temperature sensor is
attached to the mating ring using superglue. The thermal conductivity of the superglue can

W
be assumed tobe A = 15&’ Placing a temperature sensor on the surface of the mechanical

seal causes a localised temperature change due to variations in the thermal conductivity
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against the base material [25]. In order to assess the impact of the sensor on the surface
temperature in its vicinity, the coupling factor (Bg) was calculated using Equation (20) [25].
To calculate Bs, the temperature measured by PT1000 (8s), the ambient temperature (&,mp,)
and the actual surface temperature at the measuring point (¢,) are required. The coupling
factor for the sensor coupling is assumed to be Bs = 5e .

B — B

Bg:= —2— =
s 19amb - 192

(20)

pressure
sensor

bearings

linear
bearing

temperature
sensor
N power
pressure - measurement
chamber [ - X
mechanical seal
carrier
:;;t:;rce 1 linear
bearing

Superglue (A = 15 %) ‘

Pt1000 Sensor

Coupler paste (A = 74%) ‘

Mating Ring

Mating Ring ‘

(b)

Figure 2. (a) Structure of the test bench for the validation of the soft sensor algorithm; (b) mating
ring of the mechanical seal where coupler paste and superglue are used for attaching the PT1000
temperature sensor.

A PT1000 sensor was also used to record the ambient temperature (¢4y,). The sam-
pling frequency for all measured quantities was fg = 500 Hz. The Gaussian law of error
propagation was used to calculate the maximum relative errors for the variables Pr and Ad.
A9 is the temperature difference between the temperature of the mating ring (¢,) and the
temperature of the medium in the pressure chamber (¢y). The maximum relative errors of
all variables are summarised in Appendix C. To validate the soft sensor approach, three
mechanical seals were measured. Table 1 shows the parameters of the three mechanical
seals. These are labelled as test objects (POs). The table contains ring material information
in addition to the geometric parameters. It can be seen that the mechanical seals have
different dimensions. They also have different material combinations. All of the seals are
made of silicon carbide (SiC). This has been further optimised by the manufacturer, in
particular for the improvement of emergency running characteristics [26]. The optimised
material is called “SiC1”. It can be seen that PO001 and PO002 have the same dimensions.
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These two seals differ in the material of the mating ring. In case of PO002, the material of
the mating ring is called “SiC2”.

Table 1. Parameters of the three mechanical seals under analysis: PO001, PO002 and PO003.

Parameter POO001 PO002 PO003
inner diameter (d;) 38 mm 38 mm 50 mm
outer diameter mating ring (Dgr) 54 mm 54 mm 69 mm
outer diameter primary ring (Dgr) 46 mm 46 mm 58 mm
characteristic length mating ring (Lgg) 11.3 mm 11.3 mm 10.5 mm
characteristic length primary ring (Lgr) 5mm 5mm 5.4 mm
characteristic width mating ring (WgR) 5 mm 5mm 4.5 mm
characteristic width primary ring (Wgr) 3.5 mm 3.5 mm 3.9 mm
material mating ring SiC1 SiC2 SiC1
material primary ring SiC1 SiC1 SiC1
heat conductivity mating ring (Aggr) 120ﬂ 100ﬂ 1 ZOE
heat conductivity primary ring (Agr) 120% 120% 1 20%
mK mK mK

In addition to the different material properties of SiC1 and SiC2, closer inspection
of the sliding surfaces also reveals different surface morphologies. These are shown in
Figure 3 below. The left-hand-side photograph shows a view of the slide surface of PO002.
The material is SiC2. The grooves are the result of the lapping of the surface, and only
minor other surface changes can be detected. The right-hand-side photograph depicts the
slide surface of PO001. The material is SiC1. In contrast to SiC2, one can observe spherical
indentations, distributed over the entire surface.

Figure 3. Surface images of the sliding surface of the PO002 seal made of the material SiC2 (left-hand
side) and PO001 made of the material SiC1 (right-hand side).

3.2. Comparison of Equivalent Dimensionless form Coefficient between Numerical and
Experimental Results

The temperature field of the mechanical seal must be resolved to calculate the trans-
mission efficiencies. The temperature fields were calculated using the two-dimensional
steady-state heat conduction equation, Equation (21). The equation is derived from the
three-dimensional transient heat conduction equation [22]. The equation assumes a uniform
temperature distributed around the mechanical seal, i.e., that the thermal conductivity, A,
of the mechanical seal is constant. The heat conduction equation was solved using Matlab’s

PDE Modeler. s 28 3 26

Figure 4 shows the calculated transmission efficiencies from Equations (7) and (8) for
the three mechanical seals. To calculate the transmission efficiency, the averaged surface
temperatures were used. A constant friction power of Pr = 100 W was applied to each of



Appl. Syst. Innov. 2024, 7, 39

10 of 21

the rings as a boundary condition at the sliding surface. A constant medium temperature
of ¥y = 20 °C was also assumed. As suggested by Luan and Khonsari (2007) [17], the

WV A
heat transfer coefficient and thermal conductivity, the characteristic lengths (L) and widths

(W) from Table 1 also contribute to the parameter. At the surfaces to the medium (surfaces
1 and 3), a constant heat transfer coefficient was considered. Depending on the parameter

- N . L Jua s
transmission efficiencies are plotted against the parameter —/ ——. In addition to the

L jaW .
W / 5 a was varied. The convective heat flows (Qc ;) at the surfaces were considered

due to the assumed constant medium temperature and heat transfer coefficient, neglecting
the time dependence of the temperature field, as shown in Equation (21).

PO001 PO002

300 1.0

09 £y
250 o <Ey;
B E3

200 %7 + By

£l]

0.1 1.0 100 100.0 0.1 1.0 10.0 100.0

£l

Figure 4. Numerically calculated transmission efficiencies (Eqg, E12, E3o as black curves and Ej
as red curve) of the three mechanical seals analysed with different heat transfer coefficients and a

constant friction power of P = 100 W, plotted against the parameter % v/ % in accordance with
Luan and Khonsari [17].

The transmission efficiency, Eyg (red graph), converges to zero as the heat transfer
coefficient increases. It differs from the other heat transmission coefficients shown as it
does not exhibit values greater than one for small heat transfer coefficients. The limiting
case of Equation (8) shows that the following:

lim E20 = ©0. (22)
a—0

Since the only source of heat dissipation in the model is heat transfer between the
medium and the mechanical seal, this seems logical. Moreover, all the mechanical seals
show that Ejgp ~ E3p. The mating ring length to width ratio ((L/W)zg) for seals PO001
and POO002 is approximately 1.6 times that of the primary ring ((L/W);). For PO003,
(L/W)gr = 1.7(L/ W) Given that E1y ~ E3p, comparable transmission efficiencies can
be achieved in the mating ring with lower heat transfer coefficients than in the primary
ring. As shown in Figure 1b, this is due to the larger area of A; compared with that of Aj.
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The differences in transmission efficiency between PO001 and PO002 can be considered
small. The mating ring material is different for these two seals.

In addition to resolving the temperature field, the model for calculating the averaged
Nusselt number (Nu) must be known to calculate the equivalent dimensionless form co-
efficient. K. Ayadi et al. compared several models for the determination of Nu with
their own model [27]. These are divided into analogue model approaches [28,29] and me-
chanical seal approaches [30,31]. By varying the Nu approach, the equivalent form co-
efficient was calculated for the three mechanical seals. Equation (15) was used to calcu-
late the equivalent form coefficient. All equations used to calculate Nu were taken from
K. Ayadi et al. [27]. These include the approaches of K. Becker [28], F. Tachibana and
S. Fukui [29], Z. Luan and M. Khonsari (2008) [31] and J. Doane et al. [30]. The approach
presented by N. Brunetiere and B. Modolo was also used [18]. For all three mechanical
seals, the calculated equivalent dimensionless form coefficients (Aaeq) are plotted against
the Reynolds number in Figure 5. The individual graphs were labelled according to the
first authors’ surnames of [18,27-31]. The equivalent dimensionless form coefficient is sig-
nificantly influenced by the approach used for characterising the heat transfer. Since the
equivalent dimensionless form coefficient depends on the heat transfer coefficient and thus
on the average Nusselt number, the function from Equation (4) can be used. Factors h and b
from Equation (4) were set to h = 1/3 and b = 0.25. The fitted coefficients of the approach
functions for the equivalent dimensionless form coefficients as a function of the approach
functions of the averaged Nusselt numbers are shown in Table 2. In addition to the coefficients
of the calculated approximate functions, the coefficients of equivalent functions determined
from measurements of the three mechanical seals (Approach) are also given.

PO001 PO002
103 103
- Becker, Tachibana
Becker, Tachibana
‘_‘g Ayadi ‘_‘g Ayadi
<F102 < 10°
Brunetiére Brunetiére
Luan Luan
10! 10!
10* 10° 10° 107 10* 10° 10° 107
Re[] Re[]
PO003
103
Becker, Tachibana
‘;,cr 102 Ayadi
&
<
,,,,,,,,
Luan
10!
10* 10° 106 107
Re[-]

Figure 5. Calculated equivalent dimensionless form coefficients (Aaeq) of the three mechanical seals
analysed as a function of the approach functions for the calculation of the averaged Nusselt number
(Nu) for the determination of the heat transfer coefficient («) of different approach functions, denoted
by the surname of the first authors Ayadi [27], Becker [28], Tachibana [29], Doane [30], Luan [31], and
Brunetiere [18].
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Table 2. Coefficients of the approximate functions of the calculated equivalent dimensionless form
coefficients as a function of the approach function used to determine the averaged Nusselt numbers
from the sources [18,27-31] and the approach function derived from the measurements (Approach).

PO001 PO002 PO003
Approach Function
c m c m c m
Ayadi [27] 0.155 0.498 0.154 0.495 0.187 0.445
Becker [28] 0.051 0.607 0.052 0.600 0.111 0.505
Tachibana [29] 0.049 0.601 0.050 0.595 0.084 0.518
Doane [30] 0.009 0.729 0.009 0.722 0.021 0.622
Luan [31] 0.008 0.701 0.007 0.706 0.009 0.652
Brunetiere [18] 0.027 0.576 0.026 0.574 0.035 0.519
Approach 1.718E — 3 0.810 2.512E — 3 0.773 5.240E -7 1.376

The coefficient m in the models of Doane [30] and Luan [31] is different from that in
the other models. For the experimental determination of the equivalent dimensionless form
coefficients, the differential pressures across the mechanical seal (Ap) and the primary ring
preload (s) were kept constant. In the interval 7exp € {0 rpm; 3000 rpm}, the speed of the
primary ring (7exp) was varied. The experimentally determined equivalent dimensionless
form coefficients were determined using Equation (23), where PR exp is the measured
frictional power, ¥ exp, is the corrected surface temperature at the measuring point, y1,exp
is the measured medium temperature in the pressure chamber and 71ep, is the measured
primary ring speed.

Pr exp 1
A = ’ . 23
el (192,exp - 19M,exp) n (19M,exp) ", (ﬁM,exp) ‘Dgr ®3)

The material data of dynamic viscosity () and specific heat capacity (cy) of the
medium in the pressure chamber were determined as a function of the measured medium
temperature (Ovexp). The corrected surface temperature at the measurement point (92 exp)
was obtained by rearranging Equation (20).

An approximation function with the structure of Equation (4) was fitted to the measure-
ment data points. Table 2 also shows the coefficients of the approximation functions of the
three mechanical seals. Figure 6 shows the approximation function (labelled “Approach”,
blue curve) together with the calculated equivalent dimensionless form coefficients as a
function of the approach models used to determine the averaged Nusselt number (black
curves, labelled “Models”) for the three mechanical seals PO001, PO002 and PO003. For
Re < 8 x 10%, the approximation function (Approach) is different from the calculated Aqeq
value for PO001. J.C. Doane et al. state that for Re < 1 x 10?, a laminar model should
be used for the determination of the averaged Nusselt number [30]. The models used to
determine the averaged Nusselt number are all for turbulent flow only. This means that
no laminar models were considered in the calculation of the equivalent dimensionless
form factor. In Figures 4 and 5, the differences in E;j and Aaeq between PO001 and PO002
were judged to be small. The mating ring material differs between these two POs. Table 1
shows the thermal conductivities used to calculate Aaeq. The measurements also show
a small deviation. As shown in Table 2, the exponent m of the approach in accordance
with Equation (4) is well approximated by the models of ]J.C. Doane et al. [30] and of Z.
Luan and M. Khonsari (2008) [31]. This can also be seen in Figure 6. In the logarithmic
display of Figures 5 and 6, the exponent m is used to determine the slope of the curves.
PO003 behaves differently to PO001 and PO002. However, PO003 has a larger deviation of
the exponent m compared with the calculations. To summarise, the differences between
Aaeq calculated using transmission efficiencies and the measured Aaeq value are obvious.
Deviations depend on the Reynolds number.
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Figure 6. Comparison of the calculated equivalent dimensionless form coefficients of the approach
functions (black curves, labelled ‘Models’ [18,27-31]) with the experimentally determined approach
(blue curve, labelled ‘Approach’) plotted against the Reynolds number for the three mechanical seals,
PO001, PO002 and PO003.

3.3. Quality of Soft Sensor Calculation for Stationary Operation of Mechanical Seals

The soft sensor algorithm described in Algorithm 1 can be analysed under different
operating conditions using experimentally determined approximation functions for the
three seals. The following tests have been carried out on PO001. To evaluate the quality of
the soft sensor, the root mean squared error (RMSE) is used according to Equation (24) [32].
PR exp is the measured frictional power and I is the frictional power determined by the
soft sensor.

RMSE := (24)

N

N (PR,i - PR,eXp,i)2
=1

Figure 7a shows the RMSE plotted in black against mechanical seal differential pres-
sure (Ap). A preload of s = 5 mm was applied to the primary seal ring. During the
measurements, the speed of the primary ring was nexp, = 1480 rpm. Besides the RMSE, the
measured friction power (PR exp) is shown in blue. The differential pressure was varied
in the interval Ap € {0bar;5bar}. When Ap was varied, Prexp changed only slightly.
Given the numerous assumptions and the stationary model underlying the friction power
calculation in Algorithm 1, an RMSE < 20 W is considered a minor deviation. The RMSE
for varying Ap was always RMSE < 6 W. Equalisation were been drawn through the
measurement points for trend identification. The RMSE increases with the increase in Ap.
The RMSE was also analysed using varying s values. The results are shown in Figure 7b.
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RMSE (black) and PR exp (blue) are plotted against the preload (s). The speed of the primary
ring was also set to r1exp = 1480 rpm. The differential pressure across the mechanical seal
during the measurements was Ap = 0 bar. When s is varied, the RMSE also shows a weak
dependence. It shows RMSE values that are similar to those obtained by varying Ap. In
addition to the variation in Ap and s, the geometry around the mechanical seal was also
varied. The heat transfer between the mechanical seal and the medium is influenced by the
change in the geometry around the mechanical seal. For this purpose, fins were distributed
around the mechanical seal, as shown in Figure 7c. The fins extend up to half the unloaded
primary ring height. For the modified geometry around the mechanical seal shown in
Figure 7c, an approximation function for the equivalent dimensionless form coefficient was
again determined. The calculated curves of Aaeq are shown as black curves in Figure 7d.
These are called “Models”. The blue curve labelled “Approach” represents the experimen-
tally determined approximation function without fin geometry around the mechanical
seal, while the red curve “Approach Fin” includes fin geometry. The experimental curves
(Approach Fin) agree better with the calculated curves (Models). A possible reason is that
the fin geometries improve the turbulence around the mechanical seal and thus the heat
transfer. The average Nusselt number calculation models assume turbulent flow. It can be
concluded that the geometry around the mechanical seal has a major influence on the heat
transferred and therefore on Ageq.

10 110 20 110
O RMSE
O Pregy 4 100 Ml 1 100
’ :g_—e-——e——c—o”g_o |
o) L
o 4 90 14 1 90
=0 g =V g
2 80 = %10 o 180 =
%) (¢] 3 Q 3
S ~ S &
< 4 o B X 8 B
( 470 6 o 470
2 b P 4 °
o o 1 60 460
o o 2
0 50 0 . 50
1 2 3 4 5 6 7 8
s[mm]
(b)
103
g 10°
<t
» CJ
Primary Ring Models
1 == Approach
] 10 = Approach Fin
= 10* 10° 10° 107
‘ Re[-]

()

(d)

Figure 7. (a) Plots and equalisation lines of RMSE (black curve) and PRexp (blue curve) ver-
sus mechanical seal differential pressure (Ap) for PO001; (b) plots and equalisation lines of
RMSE (black curve) and PR exp (blue curve) versus the preload of the primary ring (s) for PO001;
(c) fin geometries distributed around the mechanical seal PO001 in order to influence the flow;
(d) calculated course of Azeq over Re with the models for determining the averaged Nusselt number
of [18,27-31] labelled “Models” (black curves), experimentally determined Aaeq value without fin
geometry labelled “Approach” (blue curve) and experimentally determined Aaeq value with fin
geometry labelled “Approach Fin” (red curve).
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3.4. Soft Sensor Behaviour with Variation in the Mechanical Seal Stationary Operating Conditions

A notable feature of the heat flow model derived in Section 2.1 is the assumption of
stationary temperature fields. However, the operating conditions of mechanical seals in
centrifugal pumps can change. This is especially true when the pumps are speed-controlled.
For example, the centrifugal pumps used in swimming pool technology are operated at
two fixed points of operation. At night, the pumps are throttled back to a lower speed
compared with the daytime operating point to save energy. The amplitude spectrum of
the measured frictional power (|F(Pgexp)|) and speed (|F (fiexp) |) of PO003 is shown in
Figure 8a. The spectra were generated for a step response of PO003. For the step response
from nexp = 1500 rpm to 71exp = 2100 rpm, the primary ring speed (1exp) was increased
abruptly. The spectra were not filtered. A Hanning window was used to window the data.
As Figure 8a shows, other frequencies are much more prominent in the spectrum of PR exp
than in neyp. Figure 8b also shows this behaviour. The amplitude spectrum of the measured
frictional power (|F (PR exp) |) and speed (|F (Adexp) |) of PO003 is shown. The variables are
therefore not dependent on each other in a linear way. The dominant frequencies are the
rotational frequency and its harmonics when analysing the spectra for constant speeds.

10! : : : - 10% T T T T 107!
10°}

4 10()

2 =
= “a

107 = 5
=5 Q.m
= =

10"

: t i i i - i i ; .
0 50 100 150 200 250 0 50 100 150 200 250
f[Hz] f[Hz]

(@) (b)

Figure 8. (a) The amplitude spectrum of the measured friction power (black line) and the amplitude
spectrum of the measured velocity (red line) for the step response of PO003; (b) the amplitude
spectrum of the measured frictional power (black line) and the amplitude spectrum of the temperature
difference between the mating ring and the medium temperature (red line) for the step response
of PO003.

Figure 9a shows the step response of PO003 as a function of time. The red line shows
the speed of the primary ring. The measured friction power (PR exp) is shown as a black
line, and the friction power (PRr) calculated using Algorithm 1 is shown as a blue line. The
differential pressure across mechanical seal was Ap = 0 bar during measurement. PR exp
follows with an overshoot and a slight delay in changing speed. Algorithm 1 also reacts
to the change in speed. Algorithm 1 will stabilise at its new stationary operating point
after seven seconds. This is due to the slow change in Ad. Algorithm 1 cannot model
the frictional power between the two stationary operating points. Compared with that at
the stationary operating points, the RMSE increases significantly. The RMSE for the step
response was found to be RMSE = 11.28 W.
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Figure 9. (a) Step response of the friction power (PRr) calculated using Algorithm 1 (blue line), the
measured friction power (PR,exp) (black line) and the measured speed of the sliding ring (rexp) (red
line) of PO003; (b) friction power (PR) calculated using Algorithm 1 (blue line), measured friction
power (PR exp) (black line) and measured slip ring speed (1exp) (red line) of PO003 with variations
in nexp over time; (c) friction power (PR) calculated using Algorithm 1 (blue line), measured friction
power (PR exp) (black line) and measured primary ring speed (1exp) (red line) of PO002 with variations
in nexp over time; (d) friction power (PR) calculated using Algorithm 1 (blue line), measured friction
power (PR exp) (black line) and measured differential pressure across the seal (Ap) (red line) of PO001
with variations in Ap over time.

In Figure 9b, it is shown that #1ex, varied in steps in an interval of 71exp € {500 rpm; 3000 rpm }
for PO003. The differential pressure across the seal was also Ap = 0 bar. The coloured
representation of Py, PRexp and 1exp is the same as that in Figure 9a. There was a fifteen-
second interval between two speeds. If the speed changes, Pr will be different from PR exp-
If there is a change in speed, there will also be a change in « and the amount of heat
dissipation into the medium will change. This behaviour is also shown in Figure 9c. There,
Nexp for PO002 varied in a stepwise manner over an interval of 7exp € {0 rpm; 3000 rpm }.
The differential pressure across the seal was Ap = 0.4 bar. The colouring of the curves
of PR, PRexp and fiexp also corresponds to that in Figure 9a. The RMSE for varying the
speed in Figure 9b was RMSE = 4.21 W and in that in Figure 9c was RMSE = 5.04 W.
As mentioned above, in centrifugal pumps, not only the speed can vary. The differential
pressure across the mechanical seal can also vary. For this purpose, Ap was varied over
time in Figure 9d for PO001. The speed of the primary ring during the measurement was
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nexp = 1480 rpm. The colour representation is again the same as that in Figure 9a. Ap is
now shown as a red line instead of nexp. Although abrupt changes in Ap cause abrupt
changes in PR exp, Algorithm 1 does not detect them. The RMSE for varying the differential
pressure in Figure 9d was RMSE = 6.81 W.

4. Conclusions

In this paper, a soft sensor algorithm based on temperature measurements is presented
that can be used to determine the frictional power performance of a mechanical seal. The
algorithm is based on a heat flow model. The model assumes stationary temperature
fields in the rings of the mechanical seal. Transmission efficiencies are used to describe
the temperature fields. This allows the stationary temperature fields in the mechanical
seal rings to be described by a few temperature measurements to determine the heat flows.
To apply the model, the heat flow model can be reduced to an equivalent dimensionless
form coefficient and compared with experimentally determined values. The following
conclusions can be drawn from these results:

- The calculation of the equivalent dimensionless form coefficient is highly dependent
on the model used to determine the averaged Nusselt number. A variety of mod-
elling approaches exist. The heat transfer coefficients determined by the models
exhibit considerable variability, which results in discrepancies in the calculation of the
dimensionless equivalent mould coefficient.

- By varying the differential pressure across the mechanical seal and the preload on
the mechanical seal primary ring, a small deviation between the algorithm and the
measurement could be demonstrated.

- Varying the geometry around the mechanical seal affects the heat transfer between
the mechanical seal and the fluid. The arrangement of fins around the mechanical
seal improves heat transfer and therefore increases the equivalent dimensionless
form coefficient.

- The soft sensor heat flow model is based on stationary assumptions. The algorithm
reacts slowly to changes in the stationary operating conditions. Rapid changes, e.g.,
sudden increases in pressure, will not be considered by the algorithm. This signif-
icantly increases the errors. The algorithm is not suitable for the representation of
dynamic changes in the operating conditions.

- The described algorithm is easy to implement compared with data-based or machine-
learning concepts of soft sensors. For this, only the equivalent dimensionless form
coefficient characteristics need to be known. It is not necessary to have large amounts
of data in order to train a model. There is no need for mechanical machining of the
mating ring, as is required when integrating a torque sensor.
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Nomenclature

A column matrix of form coefficients

A heat transfer area

A; heat transfer area of the surface i

Aaeq equivalent dimensionless form coefficient

ag form coefficient of the sliding surface

ajj form coefficient from surface j to surface i

Gaeq equivalent form coefficient

b exponent Prandl number ratio Nusselt approach
Bg coupling factor temperature sensor

c factor Reynolds number Nusselt approach

Cy specific heat capacity of the medium

ds damping factor low pass filter

d; inner diameter mechanical seals

DgL outer diameter primary ring

Dgr outer diameter mating ring

E transmission efficiency

E;j transmission efficiency from surface j to surface i
f frequency

fs sampling rate

h exponent Prandl number Nusselt approach

kij conventional form factor

LaL characteristic length of the primary ring

Lgr characteristic length of the mating ring

m exponent Reynolds number Nusselt approach
M column matrix of the medium parameter

n speed of the primary ring

Texp experimental measured speed of the primary ring
Nu local Nusselt number

Nu averaged Nusselt number

Ap differential pressure above the mechanical seal
Pr friction power

Prexp  experimental measured friction power

Pq power of the mechanical seal

Py ventilation power of the mechanical seal

Pr Prandl number of the medium at characteristic temperature of the medium
Prw Prandl number of the medium at temperature of the solid surface
Q heat flow

QC,,- convective heat flow

Qi]» heat flow from surface j to surface i

WaL characteristic width of the primary ring

WGR characteristic width of the mating ring

r radius

Re Reynolds number

RMSE  Root Mean Squared Error

s preload of the primary ring

x axial coordinate of the mechanical seals

o heat transfer coefficient

A thermal conductivity

AGL thermal conductivity of the primary ring

AGR thermal conductivity of the mating ring

4 temperature

Y; temperature of the surface i

B2,exp experimental measured temperature at the surface 2
Gamb temperature of the ambient

M temperature of the medium

experimental measured temperature of the medium
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temperature of the temperature sensor at the mechanical seal
of reference temperature

column matrix of the temperatures

Density of the medium

kinematic viscosity of the medium

dynamic viscosity of the medium

= tb‘@»—g%

Appendix A

The system of equations for determining the frictional power is derived from Equation (11):
Pg:= Qio+ Qu2 + Qo
The heat flows are defined as follows, based on the definitions in Equations (5) and (6):
Qi 1= A1E1(89 — By)

Q1 := aA1Ep (02 — 9\1)
Qs0 1= aA3E30 (0 — 9n1)

Pr is obtained by inserting the heat flows into the frictional power definition:
Pr = aA1E19(09 — Om) + aA1E12(0%2 — Om) + 2 A3Ezp (8o — Om)
By introduction of the form coefficients in accordance with Equation (6),
a0 := aA1Eq
app i= aA1Ep
azo := aAzEsp
the friction power can be written as follows:
Pr = a19(80 — On) + a12(02 — Bm) + azo(do — u)
When multiplied, the result is as follows:
Pr = (a10 + a30) % + a1282 — (a10 + 412 + a30)Owm
from which the vectors of Equation (12) can be deduced.

Appendix B

To derive the equivalent form coefficient (aaeq), the derived frictional power from
Appendix A is used in the following form:

Pr = a10(d0 — Bwm) + a12(92 — On) + a30(80 — Om)
The definition of the sliding surface temperature is inserted into this from Equation (9):
Pr = a10<(ﬂo + 1)192 —apOy — ﬁM) + a12(z92 — 191\/[) + a30((110 + 1)192 —agOy — 19M)

Now, only the temperatures ¢ and ¢ are available. Further elimination gives
the following:

Pr = a19((ag + 1) — (ag + 1)0\) + a12(%2 — Om) + azo((a0 + 1) — (a9 + 1)0m)

Pr = alo(ﬂo + 1)(192 — ﬁM) + a12(192 — 191\/[) + a30(a0 + 1)(192 — 19M)
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Pr = (a10(ao +1) + a2 +asp(ap +1)) (2 — dm)
Pr = ((a10 +a30) (a0 + 1) +a12) (%2 — Om) : Gaeq := (a10 +a30) (a0 +1) +ap

Appendix C
Measured Maximum

Quantity Relative Error

M 0.054%

n 0.224%

Ap 0.524%

5 1.024%

Bamb 0.084%

M 0.124%

L2 0.084%

Pr 0.325%

AD 0.149%
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