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ABSTRACT 

 
     In this study, a drag balance was studied using the stress wave force balance 
technique to measure the drag in a shock tunnel, which had a test time in the order of 
milliseconds. The dynamic calibration of the balance was performed through finite 
element analysis. The system responses induced by the applied loads of various shapes 
and amplitudes were simulated, and the impulse response function was determined 
through deconvolution processes. The drag recoveries were performed using the 
impulse response function of the system. The factors that should be considered in the 
recovery process are summarized. 
 
1. INTRODUCTION 
 

The stress wave force balance is one of the techniques used for measuring 
aerodynamic forces, in which the test time is in the order of milliseconds (Sanderson and 
Simmons 1991). When an aerodynamic load is suddenly applied to the system, stress 
waves are generated, propagated, and reflected, which induces local deformation and 
vibration in the system. The stress wave force balance is used to analyze this stress 
wave behavior and recover the applied load from the vibrating strain signals using inverse 
techniques. Therefore, it is necessary to determine the dynamic response characteristics 
of the system accurately through dynamic calibration. 

In this study, finite element analysis was applied to simulate the behavior of the 
stress wave force balance for drag measurements, and the dynamic response 
characteristics of the system corresponding to forces of various shapes and amplitudes 
were obtained. The simulated aerodynamic load in the test facility was recovered using 
the obtained dynamic response characteristics. Furthermore, a summary of the findings 
obtained for the dynamic calibration process is presented in this paper.  

For a linear time invariable system, the dynamic behavior of the system can be 
modeled using a convolution integral (Sanderson and Simmons 1991~Vadassery et al. 
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2013). For the stress wave force balance, 𝑦𝑦, 𝑢𝑢, and 𝑔𝑔 denote the measured strain signal, 
applied external force and impulse response function of the system, respectively. 

 

  𝑦𝑦(𝑡𝑡) = � 𝑔𝑔(𝑡𝑡 − 𝜏𝜏)𝑢𝑢(𝜏𝜏)𝑑𝑑𝜏𝜏
𝑡𝑡

0
  (1) 

If the impulse response function of a system is known, the applied external forces 
can be recovered through deconvolution between the measured strain signal and 
impulse response function. The impulse response function of the system is determined 
through dynamic calibration. External forces having known shapes and amplitudes, such 
as a pulse load applied using an impact hammer, are applied to the system to determine 
the impulse response function of the system. The impulse response function can be 
obtained through deconvolution between the force input history and the resulting strain 
signal. As the impulse response function is determined using the deconvolution 
technique, slight errors can accumulate over time resulting in a significant error in the 
force recovery process. Therefore, in this study, the least square deconvolution method 
was utilized instead of the simple deconvolution based on Laplace transformation (Mee 
2003a, Mee 2003b). 

  

2. DRAG BALANCE 

Fig. 1 shows the schematic of the stress wave force balance used in this study 
for measuring the drag. The balance was designed for performing drag measurement in 
a K1 shock tunnel, consisted of a test model, stress bar, fixed-end support, and 
aerodynamic shield. The shock tunnel consisted of a shock tube, Mach 6 contoured 
nozzle, test section, and dump tank. Detailed information regarding the shock tube and 
the shock tunnel can be found in literatures (Park 2013~Kim and Park 2020) 

The test model was a simple sharp-pointed circular cone with an 18º semi-nose 
angle. The entire system was manufactured using a single material, Al-6061. The test 
model and stress bar were manufactured as a single integrated unit. The aerodynamic 
shield was applied by wrapping the stress bar to prevent unexpected flow-structure 
interactions. The entire system was fixed to the test section using the fixed-end support 
for convenience in the system setup. A semiconductor strain gauge (Model S/UCP-120-
090, Kulite) was used to detect micro-level strain with good accuracy and was mounted 
parallel to the stress bar. 
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Fig. 1 Schematic of drag balance 
 

3. FINITE ELEMENT ANALYSIS 
 

Finite element analysis was conducted using a commercial transient structural 
package in ANSYS R16.1. A program-controlled solver was used to perform the linear 
solution. Tetrahedral and hexahedral elements were utilized to simulate the dynamic 
behavior of the axis-symmetric parts of the drag balance and fixed support, respectively. 
A strain gauge was simulated using solid elements created on the surface of the stress 
bar, and the obtained strain signals from the simulated strain gauge were used for 
processing. The elemental size at the strain gauge was the smallest to achieve higher 
accuracy of the strain signal elements. The resulting mesh was generated and contained 
208,101 elements. Fig. 2 shows the generated mesh of the drag balance. A fixed support 
condition was applied to the front and the rear surface of the fixed-ended support to 
restrict the movement, similar to actual experimental conditions. The external force was 
applied to the point or surface of the test model. 

 

 

Fig. 2 Computational mesh 
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3.1 Simulated shock tunnel data 
In this study, shock tunnel data was simulated through finite element analysis. 

Fig. 3 shows the simulated shock tunnel data. Fig. 3a depicts the assumed drag history 
(hypothetical history) applied to the test model, which was used as input to the finite 
element analysis. The amplitude and the shape of the drag were assumed arbitrary. Fig. 
3b shows the simulated strain at the strain gauge elements corresponding to the drag 
input depicted in Fig. 3a. The input load was applied to the test model vertex. The 
simulated strain was assumed to be the strain signal obtained experimentally, and the 
drag was recovered from the strain. 

 

 

Fig. 3 Simulated shock tunnel data; (a) drag history; (b) strain signal output. 
 
 
3.2 Recovery using step load 
The step load represents the load with a constant level offset after a sudden 

increase, and the critical parameters of the step load were the load amplitude and rise 
time. Fig. 4a depicts the step load input for a rising time of 10 μs and the resulting strain 
signal output. A simple step load with a maximum amplitude of 6 N was applied to the 
test model vertex.  
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It was confirmed that the strain signals had an offset of approximately -1 μm/m 
with high-frequency vibrations. The impulse response functions were determined through 
the deconvolution process using the results depicted in Fig. 4a, and the obtained 
functions were used to recover the strain signal in Fig. 3b. In this study, the least square 
deconvolution algorithm was used to deconvolve the signals (Hu and Milenkovic 1990). 
Fig. 4b shows the comparison between the original drag and recovered drag, and the 
differences are insignificant. Significantly extended rise time was observed for the 
recovered drag compared to the original drag. This trend occurred because of the signal 
smothering caused by the least square deconvolution process. 
 

 

Fig. 4 Drag recovery using step load; (a) step load response; (b) drag comparison. 
 
 

3.3 Recovery using pulse load 
The pulse load represents the load that was applied for only a short duration. The 

parameters used to describe the pulse load were more than those of the step load, such 
as the pulse shape, load amplitude, and pulse duration. Fig. 5 shows the simulated 
results of the pulse input and the drag recovery results. The pulse load shown in Fig. 5a 
is a sine-shaped load for a pulse duration of 360 μs. The pulse shape obtained from the 
applied hammer was similar to the sine shape. Therefore, the pulse inputs were modelled 
as a sine shape. A sine pulse with a maximum amplitude of 0.56 N was applied to the 
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test model vertex. The impulse response functions were obtained according to the pulse 
results through the same process as the step loads and recovered drags. 

The difference between original and the recovered drags increased with time for 
the pulse load case. In this case, the load data was concentrated for a significantly 
shorter period than for step loads. Therefore, the impulse response function for the pulse 
loads was much sensitive to the deconvolution error (Mee 2003b). The accumulated error 
(Fig. 5b) possibly originated from the deconvolution errors during the process of 
determining the impulse response function. 
 

 

Fig. 5 Drag recovery using pulse load; (a) pulse load response; (b) drag comparison. 
 
 
4. CONCLUSIONS 
 

In this study, the drag balance based on the stress wave force balance technique 
was studied, and dynamic calibration was performed through finite element analysis. 
Based on the results of the pitot pressure measurement of a test facility, aerodynamic 
drag applied to the test model was assumed, and the resulting strain was simulated. 
Dynamic calibration was simulated by applying step and pulse loads to the system. The 
input histories and the resulting strain signals were deconvolved to obtain the impulse 
response function. Furthermore, the recovered drag values were compared, and the 
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parameters used for the simulation yielded accurate drag recovery results. 
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