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ABSTRACT 
 

In this study, dynamic calibrations of an accelerometer-based drag balance were 
performed to recover applied forces from measured acceleration signals. The system 
response function was determined using two types of force input. Impulse and ramp 
loads were applied to the system through impact hammer and known mass drop tests, 
respectively. Each calibration technique was validated by recovering the applied load 
using the dynamic response functions obtained from the other technique. The results 
showed that the recovered forces were in good agreement with the applied force inputs 
within the margin of error. 
 
1. INTRODUCTION 
 

Impulse facilities such as shock tunnels can be used to simulate hypersonic flow at 
lower costs, compared to other hypersonic facilities. However, owing to the operating 
characteristics of impulse facilities, very short test time up to the millisecond order is 
taken (Park et al. 2015~Park et al. 2008), which may restrict the force measurements. 
The conventional force measurement technique requires stabilization time for the strain 
gauge to achieve force equilibrium. However, it is difficult for an impulse facility to reach 
the stabilization time at the conventional force balance. Therefore, various force 
measurement techniques have been developed to overcome this problem, including the 
accelerometer-based force balance (Joshi and Reddy 1986). The accelerometer-based 
force balance is a technique in which a mounting system that allows the test model to 
move freely during a short test period is utilized. The acceleration of the model is 
measured using an accelerometer and converted to aerodynamic force. The mounting 
system has been fabricated using rubber bush (Satheesh and Jagadeesh 2009, Sahoo 
et al. 2003, Sahoo et al. 2007) or ball bearing (Joarder and Jagadeesh 2004) to minimize 
the restriction of free motion. Because of the minimum restriction exerted on the mounting 
system, it can be assumed that the damping effect is minimally influenced within the very 
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short test time in the shock tunnel. Hence, the measured acceleration can be directly 
converted to aerodynamic force using Newton's second law of motion. However, if a 
considerable restriction is exerted by the mounting system, which cannot be neglected, 
then the measured acceleration can be converted to aerodynamic force through the 
calibration of the balance. The calibration process includes determining the dynamic 
response characteristics of the system, which exists when an external force is applied. 
The determined system response characteristics are used to recover the system output 
(acceleration) back to system input (external force) using the inverse technique (Mee 
2003). 

In this study, the dynamic calibration of an accelerometer-based drag balance 
designed for drag measurement in a shock tunnel was performed. Two calibration 
techniques were applied to determine the system response functions of the force balance. 
The background of the calibration techniques is discussed in Section 3. Each calibration 
technique was validated by recovering the other type of load. 
 
2. DRAG BALANCE SYSTEM 

 
An accelerometer-based drag balance was designed to measure aerodynamic 

drag in a KAIST K1 shock tunnel for a short test time. The shock tunnel consisted of a 
shock tube, Mach 6 Nozzle, test section and dump tank. Detailed information regarding 
the shock tube can be found in Jo et al. 2019~Kim et al. 2019; the shock tunnel in Kim 
et al. 2017 and Lee et al. 2020. The drag balance had a weakly restrained support system 
to make the test model exhibit quasi-free flight along the axial direction. Fig. 1 shows a 
schematic of the balance system. The system consisted of a cone model (length of 36 
mm and diameter of 24 mm), sting (length of 85 mm and diameter of 6 mm), 
accelerometer (length of 16 mm and diameter of 7 mm, Model 353B16, PCB 
Piezotronics), linear ball bush (inner diameter of 6 mm), and aerodynamic shield (outer 
diameter of 20 mm). The test model and sting were made of aluminum (Al-6061), which 
possessed adequate strength and weight, to improve the system response. The cone 
model and accelerometer were attached to the front and rear of the sting, respectively. 
The acceleration of the test model was recorded using an oscilloscope outside the test 
section connected to the accelerometer. 

 

 

Fig. 1 Schematic of accelerometer-based drag balance system 
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3. DYNAMIC CALIBRATION 
 

3.1 Balance calibration 
When an aerodynamic load was applied on the drag balance during the shock 

tunnel tests, the model slid to the axial direction through the linear ball bush, and the 
model acceleration was measured. However, because of the frictional force acting 
between the sting and the linear ball bush, the measured acceleration history could not 
be directly converted to aerodynamic force history. Frictional forces can be included in 
the system response to aerodynamic forces. Therefore, the history of aerodynamic drag 
was determined by considering the dynamic response of the drag balance system. The 
process of converting acceleration to aerodynamic drag involved the system dynamic 
calibration process, which was used to derive the system response function. If the drag 
balance system is assumed to be a linear time-invariant system, the system response 
can be represented using the convolution integral (Prost and Goutte 1984, Satheesh and 
Jagadeesh 2009). 
 

𝑦(𝑡) = ∫ 𝑔(𝑡 − 𝜏)𝑓(𝜏)𝑑𝜏
𝑡

0
            (1) 

 
For the drag balance, f is the applied drag to the model, y is the measured 

acceleration of the model, and g is the system response function. If the system response 
function (system characteristics) is determined, the deconvolution method can be used 
to recover the applied aerodynamic drag history from the measured acceleration history. 
The system response function can be determined by applying a known force on the 
model and deconvolving the applied force and measured acceleration. Impulse and 
ramp-type forces were applied to obtain the system response function for the balance 
system. Next, the response functions of each calibration technique were validated by 
recovering another force input using system response functions determined from the 
other calibration technique. 
 

3.2 Impact hammer 
     Impulse force was applied by tapping an impact hammer on the model (Model 
086C01, PCB Piezotronics), which could record the impulse force history. The model 
arrangement and impact hammer are shown in Fig. 2(a). The impact hammer was 
equipped with a plastic tip, and no extender was used. The impulse force was measured 
using the piezoelectric element inside the hammer and recorded using an oscilloscope. 
The oscilloscope was triggered by the sudden change in the voltage signal from the 
impact hammer. Both the impulse force input and acceleration output were measured at 
0.5 μs sampling period. Fig. 2(a) shows typical histories of the measured impulse 
hammer input and the acceleration output of the system. In the impulse force history, the 
force acting on the model should have been zero after the impulse force was applied, but 
weak electrical noise with high frequency was identified. The impulse force was 
approximately 0.46 ms and almost symmetrically shaped. The impulse force history 
showed a peak force of 62 N and rise time of 0.22 ms. In the acceleration output, a peak 
acceleration of 3742 m/s2 and rise time of 0.16 ms were obtained. The impulse response 
function of the system can be obtained through numerical deconvolution of the impulse 
force input and acceleration output. 
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The impulse response function was validated by recovering the other type of force 
input. Fig. 2(b) shows the original ramp force input and recovered ramp force. The 
original force was generated by applying a known mass to the model (Fig. 3(a)). The 
recovered ramp force was obtained by deconvolving the measured acceleration using 
the impulse response function. The original and recovered ramp forces were within the 
margin of error for most ranges; however, the difference increased from 4.5 ms. This 
difference occurred because when an impulse response function was acquired, the 
impulse force history included electrical noise, which was nonzero values. Low electrical 
noise accumulated during the deconvolving process and caused a difference at the end 
of the recovered force. This difference could be reduced by eliminating electronic noise 
through filtering data. 

 

 

Fig. 2  Impact hammer test; (a) Impulse load calibration result; (b) Recovered ramp 
input using impulse response function 
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3.3 Dropping mass 
The ramp force was applied by axially suspending the known mass from the model 

tip and cutting the wire attached to the model. The arrangements of the model and mass 
are shown in Fig. 3(a). The mass was attached to a pulley, which was used to apply the 
force axially. The maximum value of the ramp force was assumed to be equal to the 
weight of the mass. However, when the mass was dropped, frictional losses occurred as 
the pulley rotated. Therefore, the force input was determined by considering the loss. 
The oscilloscope was triggered based on the sudden change in the value of the voltage 
signal from the piezoelectric-based accelerometer. The acceleration output was 
measured at a 0.5 μs sampling period. Fig. 3(a) shows the assumed ramp force input 
and acceleration output of the system. The acceleration output history showed that the 
acceleration decreased gradually from 0.45 to 5 ms. The rate of decrease in the 
acceleration output was used to assume an applied force value. The rate of force loss 
was assumed to be proportional to the rate of decrease in acceleration. Therefore, the 
force applied during the calibration test was calculated as follows: 
 

𝑓𝑟𝑎𝑚𝑝(𝑡) = 𝑀𝑔 + 𝑓𝑙𝑜𝑠𝑠 = 𝑀𝑔 + (
𝑀𝑔

𝑦𝑟𝑎𝑚𝑝,𝑚𝑎𝑥
) (

𝑑𝑦𝑟𝑎𝑚𝑝

𝑑𝑡
) 𝑡            (2) 

 
Where M is the mass, which is suspended to the model, g is the gravitational 

acceleration, 𝑓𝑙𝑜𝑠𝑠 is the loss in force generated by the pulley, 𝑦𝑟𝑎𝑚𝑝 is the acceleration 

output of the ramp calibration test, and 𝑦𝑟𝑎𝑚𝑝,𝑚𝑎𝑥 is the maximum acceleration in the 

first-order regression function of the acceleration history. The assumed ramp force had 
a maximum value of 2.9 N at an acceleration trigger point of 0.45 ms and gradually 
decreased to 1.54 N at 5 ms. The total number of applied force data was set equal to the 
acceleration output to carry out numerical deconvolution. The ramp response function 
can be obtained through numerical deconvolution of the ramp force input and 
acceleration output. 

The ramp response function was validated by recovering the other type of force 
input. Fig. 3(b) shows the original impulse force input and recovered impulse force. The 
original force was generated by tapping the impact hammer on the model (Fig. 2(a)). The 
recovered impulse force was obtained by deconvolving the measured acceleration using 
the ramp response function. The original and recovered impulse forces were compared 
to validate the ramp response function acquired. A difference existed between both the 
original and recovered impulse forces within the margin of error. 
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Fig. 3  Dropping mass test; (a) Ramp load calibration result; (b) Recovered impulse 
input using ramp response function 

 
4. CONCLUSIONS 
 

In this study, different techniques for performing the dynamic calibration of the 
accelerometer-based drag balance were applied. The dynamic calibration with impulse 
and ramp force inputs were conducted through impact hammer and dropping known 
mass tests, respectively. The response functions were validated by recovering the other 
known force inputs. The results showed that both calibration techniques were suitable 
for performing force measurement using the drag balance. 
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