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A possible temperature measurement model for fuel cell
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Abstract. In this paper, an improved temperature measuring model for fuel cell temperature
measurement is proposed based on the existed nanothermometer model, which is regarded as
traditional temperature measuring model. With more realistic cases taken into consideration,
the results of the improved model are more practical and accurate compared with the traditional
one. Limited by the existed experimental conditions, this paper emphases on simulating the
different conditions of the temperature distribution inside SOFC. As a result, the experiments
are carried out with similar temperature distribution but under relatively lower temperatures,
which can come to similar conclusions as by simulation.

1. Introduction

Solid Oxide Fuel Cell (SOFC) is a most promising renewable energy technology based on the present
energy system. When the cell stack works normally, the non-uniform temperature distribution will
shorten the lifetime of the cell [1-3], thus, it is urgent to precisely acquire its temperature distribution
within Solid Oxide Fuel Cell (SOFC) to make corresponding adjustment for better working
environment.

According to the gradient magnetic field space coding technology used in nanoparticle
concentration imaging [4-7], there will be a series of zero magnetic field points to realize the spatial
location coding in the one-dimensional imaging region. Magnetic nanoparticles are at magnetization
saturation state outside these zero magnetic field points, only those nanoparticles at zero magnetic
field points can be induced with time-variant magnetization signals under the AC excitation magnetic
field, and then the signals are probed by receiving coils. The magnetization signals acquired can
provide us with temperature information.

It is better to ensure the reliability of SOFC when the temperature gradient is 10°C /cm [10], that is
to say, the temperature information within 1cm needs to be acquired to judge whether the temperature
gradient exceeds the safe limit, which can provide evidence for performance management of SOFC.
Thus, it requires the resolution of temperature distribution is at least 1cm when conducting
temperature imaging. As a result, in one-dimension temperature measurement, the distance between
two points is set as 1cm.

The traditional model considers that surrounding particles have no effect on the measured point.
However, the surrounding particles still have magnetization response under the AC magnetic field,
which can influence the measured point. Regardding the mixed magnetization harmonic signal as the
target signal to be measured,the traditional model is improved.

2. Temperature measurement model

2.1. Traditional model
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To simplify the temperature measurement model, the three-point condition is considered. Assuming
the location of the three points to be measured inside the fuel cell is shown as in figure 1, the space
distance among these points is 1cm, and the arrow indicates the positive direction of mixed magnetic
field. When acquiring the temperature at point O, the traditional model considers the gradient
magnetic field imposed is strong enough to saturate the nanoparticles at the point A and B, so ignoring
their influence on the measured point O.
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Figure 1.Magnetic nanoparticles arrangement inside SOFC

Extracting the first and the third harmonic amplitude of the magnetization response signal to invert
to the value of the corresponding temperature. Retrieving temperature is mainly based on Langevin
theory, according to which, for the ideal superparamagnetic nanoparticles with a single size, whose
magnetization and temperature have a functional relationship described as follows [8,9]:

M = NmgL(n) = Nm (coth(n) — 1)
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H . .
":T , N stands for particle concentration,

mg IS saturation magnetization of a single magnetic nanoparticle, H is excitation magnetic field, k is
Boltzmann constant and T is thermodynamic temperature.

The mathematical model of harmonic amplitude and temperature can be established by Fourier
expansion for Langevin equation. Assuming sinusoidal magnetic field is expressed as H = Hysin(wt),
the first and the third harmonic amplitude C; , C5 of the magnetization M are expressed as follows:
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After obtaining the amplitude C;, C; and the saturation magnetization M, of the magnetic
nanoparticle, the temperature of the measured magnetic nanoparticles can be obtained using
appropriate inversion algorithm.

2.2. Improved model.

In fact, the provided gradient field cannot eliminate the impact of surrounding nanoparticles
completely. When point O is imposed by sinusoidal magnetic field, the magnetic response of
nanoparticles at the three points can also produce periodic changes to affect measurement accuracy.

In order to improve the precision, an improved measurement model is proposed. The first harmonic
amplitude of magnetic nanoparticles at point A, O, B have certain functional relationship with
temperature, so the measurement of a mixed harmonic amplitude at point O can be expressed as:

C1 = CP + Cf + CF = fo(To) + fa(Ty) + f5(Tp) (2.3)

WhenT =T, =T, = Tg, (2.3) can be simplified as: C; = f;(T). If regarding the mixed first
harmonic signal C; as the harmonic signal at point O, the corresponding temperature value will be
obtained by the fitting relationship. However, the temperatures of three points cannot completely equal,
which will influence the measurement accuracy of this model.
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3. Simulation analysis

3.1. Simulation analysis of traditional model

The normal working temperature of SOFC ranges between 650°C and 850°C, in order to analyze how
large gradient magnetic field needed to meet the measurement accuracy requirements in traditional
model, the Cobalt with average size of 20nm is selected as the temperature sensitive element for its
high Curie temperature, the space interval among A, O and B is set as 1cm, and carrying out
simulations using MATLAB.

To observe the performance of SOFC when working normally, the simulation temperature is set as
650°C, 750 °C, 850°C and 950 °C, it usually considers uniform temperature distribution in this model,
so the temperatures of three points are the same, the excitation AC magnetic field applied is 15 ~ 45
Oe, the step is 3 Oe and the AC magnetic field frequency is 375Hz; the gradient magnetic field needed
to achieve the resolution is defined as the basic gradient field G,, during the simulation, the gradient
magnetic field set as 1G,, 3Gy, 5Gg, 8 Go. The temperature errors are shown in figure 2.
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Figure 2. Temperature errors in traditional model. a,b,c,d is respectively the simulation result
at 650°C, 750°C,850°C,950°C

In figure 2, the temperature error under 5G, is obviously smaller than that under G,, and the
temperature error under 8G,, is close to that under 5G,, the measurement accuracy did not significantly
improve, so further increasing the gradient magnetic field on temperature measurement precision is of
little help. There are similar results under the four different temperatures.

Then we can conclude: to eliminate the interference of magnetic nanoparticles around the measured
point to ensure the temperature measurement error is reduced to less than 1%, the gradient magnetic
field needed must be more than 5 times of the basic gradient field.

3.2. Simulation analysis of the improved model

In improved model, the impact of surrounding nanoparticles on measured point is under consideration.
The temperature difference within 1cm is better not bigger than 10°C, and the maximum temperature
difference is 50°C, in actual work, temperature fluctuation cannot be avoided, the temperature gradient
can easily reach 20°C/cm. Thus, taking the normal working case and the limit case into consideration,
the simulated temperature difference within 1cm is set as 20 °C and 50 °C.
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Due to the low and high temperature state of SOFC when it works normally respectively are 650°C
and 850°C, which have typical representativeness to set them as simulation temperatures. It usually
considers non-uniform temperature distribution in this model.

According to different changing ways of temperature, there are two cases of temperature gradient
in non-uniform temperature distribution: casel. temperature of central point is higher than surrounding
points; case2. temperature of one point is higher than the temperature of central point, and the other’s
is lower than it. Considering two temperature gradients, when setting the temperature of the central
point O as 650°C, A-O-B temperature distribution still has four cases: 630°C-650°C-630°C, 630°C-
650°C-670°C, 600°C-650°C-600°C, 600°C-650°C-700°C. Similarly, there are also four conditions at
850°C: 830°C-850°C-830°C, 830°C-850°C-870°C, 800°C-850°C-800°C, 800°C-850°C-900°C. The
temperature errors are shown in figure 3 and figure 4.

0.025

o : ; os 0072 __’_’_’_,/‘
& - { a)
X 07 @ 1 & o002 (b) £ 05 z 0064.
S 06! s s 5 00s6| (1)
H 5 5 04 5 0048
2 05 —-— 2 0015 o H
2 05} G, pot - -
g g -G % s - £ 0040 -G
£ 04} 36, E oo 16 E 36, £ 0032 36,
] - ] g s g
5 o3 56 5 —-—50, 502 —A— 56 5 0024 —A— 56
2 i 2

=

2
0.005 2 01 £ o016

0.000 | mmt—o ~ 0.0 3 0.000 . ,
10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45

AC magnetic field strength(Oe) AC magnetic fiakd strength(Og) AC magnetic field strength(Oe) AC magnetic field strength(Oe)
22 16

20 044 0.080
g 29 (o) / Lol : _ 14} (0) 2 0072 (d)
H 2] | €12 5 0064
5:3" = 2 o010 g £ 0056 -
5 [ —— | § 10 —
c e’ -
12 -9 2 0.08] e -G, |

3G, 36, | éoe
g £ 006/ §
5,08 —-—5G g f =56, | 506

-G,
0.032 - 3G,
0.024 —h— 56,

882
Measurement e

°

°

2

s

Figure 3.Measurement errors at 650°C. a. Figure 4. Measurement errors at 850°C.a.
630°C-650°C-630°C, b. 630°C-650°C-670°C, c. 830°C-850°C-830°C, b. 830°C-850°C-
600°C-650°C-600°C,d. 600°C-650°C-700°C. 870°C,c. 800°C-850°C-800°C, d. 800°C-

850°C-900°C.

It can be seen from figure 3 and figure 4 that only imposing the basic gradient field G, on the
magnetic nanoparticles, the measurement error is large for adjacent particles being not completely
saturated. While the gradient field set as 3Gy, the measurement error is significantly reduced.
Although the measurement error under 5G,, is also reduced, the accuracy improvement is not obvious.
And respectively analyzing the four cases in 650°C and 850°C, there is another conclusion: when the
temperature gradient reaches to 50°C/cm, the error is larger than that is 20°C/cm.

When the temperature fluctuation is within 50°C, setting the gradient field as 3G, ensures the
measurement error less than 0.2%.Limited by series of realistic conditions, strong gradient field is
hard to produce, thus, compared with traditional model, the improved model leads to smaller
measurement error with relatively lower gradient field, which is favour of realization in practice.

4. Experimental verification
Fe;0, has similar magnetic properties as Co, but much larger magnetization response, it is used as
temperature sensitive element in experiments to observe the experimental results obviously. It is
difficult to complete the experiments under normal working temperature of SOFC in the lab, and it
cannot keep the temperature constant, so similar cooling experiments can be carried out under
relatively lower temperatures.

4.1. Uniform temperature distribution

In this condition, we assume the temperature of point A, O, B are the same. Applied by gradient field,
the same amount of nanoparticles are placed at these points, after bath heating and then natural
cooling(365K-room temperature), using two models to get the corresponding temperatures, compared
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with the measuring values obtained by optical fiber thermometer, then we can get the corresponding
temperature errors.

In figure 5, in the upper scheme, the blue line indicates the temperature measured by thermometer
and the red line indicates the temperature calculated by traditional model, the bottom scheme shows
corresponding temperature errors. Similarly, the temperature information in figure 6 is obtained by
improved model.

We can see that the maxim temperature error can reach up to 7.17K by traditional model and it is
only 0.56K by improved model. Thus, under this condition, the measurement result obtained by
improved model is more accurate.
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4.2. Non- uniform temperature distribution
In this condition, we assume the temperature of point A, O, B are different. As mentioned above, there
are two cases of temperature gradient in non-uniform temperature distribution, thus, two groups of
experiments were designed. In experiment 1, point O is naturally cooled (365K -room temperature),
point A and B are at room temperature; in experiment 2, point A is at room temperature, point O and B
are naturally cooled (365K -room temperature, 415K -room temperature).

These two experiments are carried out and then respectively analysed by traditional model and
improved model. Test results are shown as followed.
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Figure 8. Temperature measurement by
improved model(experiment 1)

From figure 7 and figure 8, we can see that in the experiment 1, traditional model has the maximum

temperature error of 19.68K and improved model has the maximum temperature error of 3.00K.
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From figure9 and figure10, we can see that in the experiment 2, traditional model has the maximum
temperature error of 5.48K and improved model has the maximum temperature error of 1.02K.

Thus, we can conclude : the whole errors in experiment 2 is smaller than that in experiment 1,
which indicates that linearly temperature variation is good for temperature measurement, and in the
case of uniform or non-uniform temperature distribution , the improved model can exactly improve the
measurement accuracy.

5. Conclusions

Using the magnetic nanoparticles, we propose an improved temperature measurement model on the
basis of the existed nanothermometer model to optimize the measuring accuracy when obtaining the
internal temperature distribution of SOFC at normal operating temperature (650°C~ 850°C).We
analysed these two models by simulation and make corresponding experiments.

By simulation, we conclude that the traditional temperature measurement model needs more than
5G, to ensure temperature measurement error reduce to below 1%, but in improved model, when the
gradient magnetic field is 3Gy, the measurement error can be controlled below 0.2%. This greatly
reduces the design requirements of the gradient magnetic field coil and the power supply, which
contributes to practical application.

In the experiments, using Fe;0, nanoparticles as a temperature sensitive element, and analogy
different conditions of temperature distribution inside SOFC, then obtaining the temperature
measurement errors by the two measuring models, compared to the traditional model, the improved
one can indeed improve the temperature measurement accuracy.

In conclusion, the improved temperature model is more practical and has higher measurement
accuracy, which is appropriately regarded as a possible temperature measurement method in fuel cell.
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