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ABSTRACT 

This paper discusses the existence of noise observed in measurements taken using a stress wave force 
balance for magnetohydrodynamic drag measurements in an ionised argon expansion tube test flow. 
There is compelling evidence to suggest that the noise appearing in the strain gauge signal is a result of 
electrical interference generated by the ionised test flow. Since the magnetohydrodynamic drag force 
will generate a signal on a similar order of magnitude to this electrical noise, extracting accurate drag 
estimations is impractical. This paper analyses a set of new sting designs which aim to increase the 
signal to noise ratio by reducing axial stiffness of the bar. The materials tested include brass, aluminium, 
nylon and poly-carbonate. Results indicate that the signal to noise ratio can be improved by a factor of 
90 when comparing the signal from the original solid brass design to a new hollow poly-carbonate 
design. 

INTRODUCTION 

It was first demonstrated in the 1950’s and 1960's that a magnetic field can be used to manipulate the 
flow field in front of a vehicle entering a planetary atmosphere at high speed (Bush 1958, Resler and 
Sears 1958, Levy et al. 1964, Smith and Wu 1964). This is because, at high enough velocity, there is 
sufficient energy imparted on the gas to cause ionisation of the flow. Charged particles in the flow 
experience a Lorentz force as they pass through a magnetic field, which induces currents in the post 
shock flow. The net effect of the presence of the magnet is an increase in shock stand off distance and 
total drag force (Nowak and Yuen 1973, Seemann and Cambel 1966, Bityurin et al 2003, Gulhan et al. 
2009, Kim and Boyd 2012). Ongoing work at the University of Queensland (Smith et al. 2019, Gildfind 
et al. 2018, Gildfind et al. 2019) aims to build on the existing body of literature in this field through a 
series of expansion tunnel experiments in X2 and X3, which differ from the more commonly used arcjet 
facilities in a number of key areas. Expansion tunnels can generate test flows of flight equivalent 
enthalpy without ionising the freestream, which is important for matching electrodynamic boundary 
conditions to true flight, where flow upstream of the bow shock is non-conductive. Additionally, other 
parameters, such as total pressure, Mach number, or binary reaction rates can be scaled if desired. 

The accelerometer measurements conducted by Smith et al. (2019) have shown that MHD drag can be 
measured in an expansion tunnel with an accelerometer. However, it was found that a significant 
limitation of the experimental arrangement in X2 is the the short duration of steady test time available. 
Depending on the condition, steady test times can be as low as 40 µs, and in all the conditions tested by 
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Smith et al. (2019), a steadily increasing MHD drag force was observed. Results indicate that MHD 
drag requires more time than other flow quantities to become steady. However, to verify these findings, 
a stress wave force balance (SWFB) has been developed to repeat these measurements in X2. 

The SWFB is a well established technique for taking aerodynamic drag measurements (Sanderson and 
Simmons 1991, Smith and Mee 1996, Mee and Daniel 1996), however has not been applied to MHD 
drag measurements. Since the MHD drag forces generated in these flow conditions are much lower than 
aerodynamic forces typically measured with this technique, strain gauge signals are also much lower. 
Additionally, these flow conditions are highly ionised, which leads to higher levels of electrical noise 
in the strain gauge signals. In previous experiments of aerodynamic drag, this electrical noise has been 
negligible, however for upcoming MHD experiments, different methods must be explored for reducing 
its significance. This paper investigates the use of new sting designs with lower axial stiffness which 
increase signal to noise ratio. 

STRESS WAVE FORCE BALANCE THEORY AND CALIBRATION METHODS 

During short duration test flows, such as those obtained in impulse facilities, there is insufficient time 
available for a conventional force balance to reach equilibrium, therefore other methods must be used. 
In the moments following a sudden applied load to a test model, transient stress waves propagate 
through the model and support structure, resulting in a complex stress time history. These stress waves 
can be detected with a strain gauge, and if the model and the support structure behave as a linear 
dynamic system, then the relationship between the applied load and the measured strain at any point on 
the structure can be represented by the convolution integral given by: 

𝑦𝑦(𝑡𝑡) =  � 𝑔𝑔 (𝑡𝑡 − 𝜏𝜏)𝑢𝑢(𝜏𝜏)𝑑𝑑𝜏𝜏
𝑡𝑡

0
 

where 𝑦𝑦 is the strain response measured by the system, 𝑔𝑔 is the impulse response function, and 𝑢𝑢 is the 
applied load.  

Therefore, once the impulse response function is known for a given system, the applied load can be 
determined through deconvolution. Mee (2003) has described four different methods for obtaining this 
function, although only two are used in the current paper. The first method is referred to as the thread-
cut method and involves applying a step change in load to the system of the form: 

𝑢𝑢(𝑡𝑡) = �0, 𝑡𝑡 < 0 
𝑎𝑎, 𝑡𝑡 ≥ 0  

where 𝑎𝑎 is the magnitude of the step change. Then, the impulse response function can be determined 
from: 

𝑔𝑔(𝑡𝑡) =
1
𝑎𝑎
𝑑𝑑𝑦𝑦(𝑡𝑡)
𝑑𝑑𝑡𝑡

 

In practice, this can be achieved by suspending a known mass from the front of the sting (Fig. 1), and 
suddenly removing this load by cutting the support thread. Robinson (2003) states that the cut must be 
made quickly and cleanly and without tugging on the thread, to ensure that it is valid to assume a step 
change in load. In these experiments, the cut was made between the pulley and the mass, as this dampens 
minute vibrations which propagate from the scissors to the sting during the cut. 

 
Figure 1. Thread-cut calibration 
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Figure 2. Impact hammer calibration 

The second method of calibration is referred to as the impact hammer method and it involves applying 
an arbitrary force to the system using an impact hammer (Fig. 2), which measures the time history of 
the input force. If the input is known, then deconvolution can be used to determine the impulse response. 
This was done with a PCB 086CO4 hammer and impacts were applied as close to the centroidal axis of 
the sting as possible with loads typically less than approximately 10 N. This method must be used with 
caution, since digitisation error can cause accuracy to be lost when deconvolution is applied at 
frequencies where the impulse response is non zero, but the input is small (Mee 2003). Therefore the 
frequency contribution of the input and response should be considered. Mee (2003) states that if the 
calibration input is similar in frequency content to what would be expected during testing, then the 
calculated impulse response function should be adequate. 

For both calibration methods, tests were conducted without changing the clamping arrangement to 
ensure that boundary conditions were identical. During calibration, the stings were clamped using a G-
clamp to a magnetic base on the table approximately 75% along the length of the sting. 

INSTRUMENATION 

This experimental methodology requires time resolved strain measurements. Smith (1995) concluded 
that piezoelectric strain gauges were capable of accurately reproducing strain wave measurements in 
the material for the range tested (100 to 800 µε). In addition, it was found by Doherty (2013) that piezo-
electric film produced better signal-to-noise than the Kulite piezo-resistive gauges. Based on these 
observations, piezoelectric film gauges were selected for these experiments. The film used was 
Measurement Specialities Inc part number 1-1003702-7, which is 28 µm thick. Conventionally, metallic 
bars have been used for the stress wave force balances, however, due to the problems described below, 
bars made from electrically insulative materials have been investigated in the current work. Therefore, 
when a gauge is placed on an electrically insulated surface, a wire must be placed on the underside of 
the film and electrically connected with conductive epoxy. Figures 3 and 4 show these two 
arrangements, and Figure 5 shows the circuit diagram. Film width was selected somewhat arbitrarily at 
8 mm. Larger gauge area leads to a larger signal, however the measured strain is then averaged over a 
larger area of the sting. The length of piezofilm was determined by the circumference of the sting, and 
then by subtracting 1mm to prevent overlapping of the film once wrapped around the sting. 

 
Figure 3. Piezofilm arrangement for metallic sting 
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Figure 4. Piezofilm arrangement for non-metallic sting 

 
Figure 5. Circuit Diagram 

TUNNEL EXPERIMENTS 

Flow Condition 

The wind tunnel test flow is summarised in Table 1. This flow condition was designed to have strong 
ionisation in the shock layer so that the MHD effect would be significant. Finite rate numerical 
modelling of the shock layer showed electron number densities on the order of 1021 m-3. This condition 
has a usable test time beginning 50 µs after flow arrival and concluding 100 µs after flow arrival. 

Table 1. Flow condition for SWFB measurements 

Reservoir gauge pressure 4.85 MPa lab air 

Driver pressure 110.3kPa 

Driver gas 80% helium, 20% argon 

Shock tube 9463 Pa argon 

Acceleration tube 10.1 Pa lab air 

Orifice plate 85mm 

Primary diaphragm  1.2 mm steel scored to 0.2 mm 

Secondary diaphragm 13 µm aluminium foil 

Velocity (m s-1) 5795 ± 60 

Pressure (Pa) 92 ± 29 

Temperature (K) 194 ± 27 

Density (kg m-3) (2.25 ± 0.43) ×10-3 

Test Time (µs) 54 
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Model Arragment and Expected Results 

The model was a 65 mm diameter hemispherical forebody enclosing a 38.1 mm diameter NdFeB 
spherical permanent magnet, or steel ball. The magnet or steel ball was glued to a brass sting which was 
cantilevered from the far end (Fig. 6). With this experimental arrangement, there is no contact between 
the magnet/steel ball and the forebody. Therefore, the magnet/steel ball is completely shielded and 
isolated from the flow. Signals measured by the piezofilm sensor can therefore be attributed to electrical 
noise, the MHD force applied to the magnet, or aerodynamic forces applied to the forebody. However, 
in the case of aerodynamic forces, stress waves must travel through the model support structure and 
then back through the support for the sting, resulting in a delay between flow arrival and the arrival of 
these waves. To determine the magnitude of this delay, an impact hammer was used to apply a load to 
the forebody whilst the steel ball was mounted on the sting, and the response of the strain gauge was 
recorded. The results of this test indicate that it takes approximately 230 µs for stress waves from the 
forebody to reach the strain gauge. Therefore the usable test time of the gauge is limited to 230 µs after 
flow arrival. 

 
Figure 6. Schematic of SWFB model 

Steel Ball Results 

As mentioned in the previous section, when the steel ball model is attached to the sting, no signal is 
expected to be seen until 230 µs, which represents the arrival of the mechanical stress waves resulting 
from the aerodynamic pressure. However, during preliminary testing with the steel ball model at this 
flow condition, an unexpected signal was recorded at flow arrival. Figure 7 shows this signal with the 
forebody both grounded and ungrounded, and zero time corresponds to flow arrival. The ungrounded 
case corresponds to the switch being open in Figure 5, and the grounded case corresponds to the switch 
being closed. There are two main features of Figure 7 which indicate that this signal is purely due to 
electrical interference with the flow. First and most importantly, the signal begins at flow arrival, 
whereas it takes 230 µs for the mechanical stress wave to reach the sensor from the forebody. Secondly, 
there is a clear reduction in the magnitude of the noise in the case when the forebody is grounded, 
indicating that a change in the electrical circuitry leads to a change in the output of the transducer. 
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Figure 7. Comparison of electrically connected model to electrically isolated model 

Whilst there was a reduction in the amplitude of the noise, it was not significant enough to make the 
magnet measurements feasible. This is because the magnitude of the signal was still found to be on the 
same order of magnitude as the expected MHD drag measurement signal, which is predicted to be 
approximately 200mV. In addition, the requirement for deconvolution makes this problem worse since 
the frequency content of the noise signal is not representative of the frequency of stress waves travelling 
in the sting. This distorts the signal further, making it impossible to use this technique in the current 
form. Figure 8 shows the signal from experiment number x2s4234 after deconvolution, and in the same 
time base as Figure 7. Since the expected load is on the order of 1 N, it is clear that this is an unacceptable 
level of noise. Due to the presence of the extraneous signal, the magnet model was not tested, and 
instead attention was focused on minimising the electrical noise through design modifications to the 
sting. 

 
Figure 8. Deconvolution of experiment number x2s4234 

Possible reasons for electrical noise 

One explanation for this noise is the formation of a Debye sheath, which occurs at the boundary between 
a plasma and an electrically conductive surface. This sheath forms due to free electrons leaving the 
plasma and entering the solid surface, resulting in a local electric field. If this electrical potential is able 
to form, then static charge would be present on the model which could pollute the transducer signal. 
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However, if the Debye sheath is not able to form due to electrical grounding of the forebody, then 
transient currents flowing through the structure to ground would form, which could induce noise in the 
piezofilm circuit. 

To explore the issue further, the sting was removed from the tunnel and placed on the concrete floor 
underneath the tunnel, whilst the model forebody and support structure were kept identical. Figure 9 
shows the results of these experiments both with the forebody grounded and ungrounded. In the case 
when the model is grounded, it is clear that there is a signal spike at flow arrival. However, when the 
forebody is not grounded, this spike appears 80 µs later. It should also be noted that a sudden drop in 
signal is also seen in the ungrounded experiments in Figure 7. This may potentially correspond to the 
time of flight of the shock between forebody and dump tank wall (which is grounded). Therefore it 
seems that this spike corresponds to arrival of the plasma with the circuit ground, indicating that there 
may be a flow of current from the plasma to ground when this happens. Since the charge amplifier is 
referenced to ground, it could be affected by this current.  

It is clear from these plots that the location of the sting affects the results, and so too does the grounding 
of the forebody, and therefore there are likely a number of reasons for this noise. Regardless of the 
cause, it is likely that the problem is made significantly worse by the need for very high gains on the 
charge amplifier. Thus, an increase in signal from the mechanical stress waves from the MHD drag 
force would allow lower gains to be used, and a higher signal to noise ratio to result. 

 
Figure 93. Noise present when outside tunnel 

Proposed Solution 

The primary solution for mitigating the noise problem is increasing the strain gauge signal by reducing 
axial stiffness of the system, and thereby increasing mechanical strain. The charge generated by the 
piezofilm is proportional to the applied strain and the area of the gauge according to: 

 𝑄𝑄 = 𝜀𝜀𝜀𝜀𝜀𝜀 (1) 

where ε is the strain, A is the gauge area, and k is the gauge sensitivity. This can be simplified to: 

 𝑄𝑄 = 𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀 (2) 

where D is the sting diameter, and w is the gauge width in the longitudinal direction.  

This equation shows that a larger diameter leads to a larger signal, however, this would lead to a larger 
cross sectional area, which would lead to a higher axial stiffness and therefore a lower strain. Therefore, 
to maintain a large outer diameter whilst reducing cross sectional area, a hollow tube can be used rather 
than a solid rod. For a hollow tube, the strain can be determined by: 

 𝜀𝜀 =
𝐹𝐹

𝐸𝐸(𝐸𝐸(𝜀𝜀𝜀𝜀𝑡𝑡 − 𝜀𝜀𝑡𝑡2))
 (3) 
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where E is the Young's modulus, and t is the tube thickness. 

The following sections compare four different candidate sting designs to the existing brass one to 
evaluate whether a significant improvement in signal to noise ratio can be obtained using a different 
sting design. Table 2 shows the tested sting materials and their dimensions. Materials and dimensions 
were selected based on availability. Piezofilm was placed approximately 50% along the length of each 
sting. 

Table 2. Sting materials and dimensions 

Material Outer Diameter (mm) Inner Diameter (mm) Piezofilm length (mm) 

Brass 12.66 - 38.8 

Aluminium 7.9 7.188 23.8 

Nylon 6 - 17.9 

Poly-carbonate 12.7 9.5 38.9 

Poly-carbonate 19 15.9 58.7 

RESULTS AND DISCUSSIONS 

Material linearity 

One of the primary aims of this study was to determine whether the plastic materials would act linearly. 
To investigate this, calibrations were conducted with the thread-cut method and with the impact hammer 
method. To compare the methods, a calibration was done with one technique, and then used on a signal 
from the other technique to determine the applied load. When calibrating with the thread-cut method, 
the shape of each signal is roughly consistent between experiments, but the amplitude varies by 
approximately 20% (Fig. 10). The other materials were found to have similar repeatability and therefore 
both the lowest amplitude signal and the highest amplitude signal were used in each calibration to 
identify the bounds of all possible calibrations. 

 
Figure 40. Variation between thread cut tests for brass sting 

Figures 11 through to 15 present the results of these tests. In each case, Figure a represents calibration 
done using the thread-cut method and Figure b represents a calibration done with a hammer method. 
All signals were processed by a 100 kHz 6th order Butterworth filter prior to calibration. 
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(a) (b) 

Figure 11. Brass calibrations 

(a) (b) 

Figure 12 Aluminium calibrations 
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(a) (b) 

Figure 13. Poly-carbonate (large) calibrations 

(a) (b) 

Figure 14. Polycarbonate (small) calibrations 
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(a) (b) 

Figure 15. Nylon calibrations 

Results generally show that the hammer impact can be predicted well when calibration is done with the 
thread-cut method, however the thread cut is not well predicted when calibration is done with the 
hammer method. This can probably be explained by viewing the frequency domain of the hammer 
impacts for two different materials (Fig. 16). When calibration is done with the hammer, errors can 
result at frequencies where the impulse response function is non-zero and the input signal is either low, 
which leads to discretisation error, or close to the noise level, which leads to an erroneous frequency 
response function (Mee 2003). Figure 16 shows that when the hammer is used on the brass sting, the 
frequency content of the hammer drops below the noise at approximately 10.3 kHz. Therefore, 
frequency content in the frequency response function above 10.3 kHz will likely be erroneous. Since a 
true step requires accurate knowledge of the frequency space up to high frequencies, it is likely that the 
lack of information above this frequency is causing the thread cut force to be poorly reproduced. When 
the hammer is used on the polycarbonate sting, the frequency content of the hammer drops below the 
noise at 8 kHz, which is lower than the brass. This is consistent with the results shown in Figures 11 
through to 15 where the plastic stings reproduce the thread-cut worse then the the metal stings do. The 
frequency content is lower in the polycarbonate case because the pulse occurs over a shorter time period 
due to the higher material stiffness, and therefore it's spectrum shows a higher amplitude at higher 
frequencies. 
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Figure 16. Comparison between hammer impacts for brass and poly-carbonate (small) 

In general, there are high noise levels in all signals, likely due to the relatively poor signal to noise ratio 
of the impact hammer at such low impact forces, and the subsequent processing by the deconvolution 
algorithm which tends to amplify the magnitude of the noise. Table 3 shows the initial rise time and 
estimated difference in amplitude of the signals between the two calibration methods. 

Table 3. Experimental rise time and percentage error in amplitude 

Material Rise Time (µs)  % Error in amplitude 

Brass 15 13 

Aluminium 40 15 

Poly-carbonate (Large) 130 10 

Poly-carbonate (Small) 60 5 

Nylon 150 5 

In general, Table 3 shows that the stings made of plastic match better in terms of amplitude, however 
have a slower response time, when compared to those of the metal stings. The slower rise time of the 
plastic stings does not necessarily imply that they cannot be used for experiments with short test times. 
It could be a limitation of the hammer technique for calibrations of these materials. As already 
mentioned, the pulse width is longer for the plastic stings and therefore the frequency content is not as 
high. However, this is not easily verified, and finite element analysis (FEA) will be required to 
investigate this further.  

Overall, the plastic stings have performed adequately for the purposes of this work, and the small poly-
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carbonate sting had the cleanest signals, the lowest error, and had the shortest rise time of the plastic 
stings. The brass had the lowest signal and the shortest rise time of all stings. 

SIGNAL AMPLITUDE 

With the linearity of the stings confirmed, it was of interest to determine which of the stings produced 
the highest signal. This is because it is assumed that the electrical noise from the tunnel is not a function 
of the sting design, and therefore an increase in signal will directly correlate to an increase in signal to 
noise ratio. Figure 17 compares the results from each of the materials, and Table 4 compares the peak 
voltage recorded by the system to the theoretical values. 

 
Figure 17. Comparison of signal amplitude (controlled for by gain) 

 

Table 4. Comparison of experimental improvement in signal to predicted improvement in signal 

Material Actual 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑚𝑚𝑝𝑝𝑚𝑚𝑝𝑝𝑚𝑚𝑚𝑚𝑝𝑝𝑚𝑚

𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑏𝑏𝑚𝑚𝑝𝑝𝑏𝑏𝑏𝑏
 Predicted 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑚𝑚𝑝𝑝𝑚𝑚𝑝𝑝𝑚𝑚𝑚𝑚𝑝𝑝𝑚𝑚

𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑏𝑏𝑚𝑚𝑝𝑝𝑏𝑏𝑏𝑏
 %error 

Brass 1.0 1.0 0.0 

Aluminium 19.18 13.51 42.0 

Poly-carbonate (Large) 72.54 85.5 15.2 

Poly-carbonate (Small) 86.8 87.05 0.3 

Nylon 76.56 70.33 1.3 

As can be easily seen from Figure 17 and Table 4, all of the newly designed stings significantly 
increased the magnitude of the piezofilm signal. In addition, the theoretical formulations demonstrated 
reasonable agreement to the experimental results, with the exception of the aluminium tube and the 
large poly-carbonate sting. The reasons for this cannot be easily determined without repeating the trials 
a large number of times. Potentially, there were manufacturing defects with these gauges. The small 
poly-carbonate sting has the highest amplitude when compared to the brass sting, and therefore makes 
a good candidate for testing in X2 in the future. 

CONCLUSION 

Experimental results have demonstrated the existence of electrical noise in strain measurements in the 
X2 expansion tunnel made in ionising argon flows. Due to the low signals present, the signal to noise 
ratio was considered too low to take drag measurements. Therefore, alternative sting materials were 
tested and results are promising. Signal levels have increased by a factor of 90 for the poly-carbonate 
sting and by a factor of 20 for the hollow aluminium tube, when compared to the original brass design. 
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These sting improvements are likely to significantly improve the signal to noise ratio of tunnel tests. 
Future plans will involve the testing of the aluminium tube and polycarbonate tube in the X2 expansion 
tunnel. In addition, finite element analysis will be used to confirm these experimental results 
computationally. 
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