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Abstract. The acrodynamic load signals acquired though the cassette force balance is transient
while the model was tested in an impulse combustion wind tunnel. Therefore, it is necessary to
explore the dynamic properties of the force balance. Firstly, it is simplified as a
springs-damping-beam system, and then, the dynamic equation is deduced. Secondly, the me-
chanical properties of the force balance are researched through the finite element method. The
output histories of the balance under step and sine loading are acquired. Results show that the
mean elastic output of the balance approximates to the load exerting on it. Furthermore, the in-
ertia compensation could not only improve the accuracy of mean output significantly, but also
could reduce the transient error between output and input sharply.

1. Introduction

The shock [1,2] and impulse tunnel [3~5] are the most important ground test facilities for the devel-
opment of the hypersonic technology. Since the test duration is extremely short which ranges from
tens of microseconds to hundreds of milliseconds, the vibration of the test model excited by the tran-
sient flow during start period could not settle down and the signals acquired are transient. Therefore,
the dynamic properties of the force measurement system should meet the test requirement of an im-
pulse wind tunnel. However, the formula of the balance is acquired through static calibration, without
considering dynamic calibration. Consequently, this will bring errors in force measurement.

In order to improve the accuracy of measuring force in a shock or impulse wind tunnel, many
scholars proposed some methods which include the accelerator force balance [6-12,14], the strain
wave force balance [4,13~14], the optical force balance [15,16], and the piezoelectric force balance
[17]. However, all the above balances are employed in shock tunnel whose test durations are lower
than 10 milliseconds and whose test models are less than 20kg. But with the development of the hy-
personic technology, the test duration can be over 100 milliseconds, such as the ®2.4m impulse com-
bustion wind tunnel built in the Chinese Aerodynamic Research and Development Center (CARDC)
and the JF12 shock tunnel built in the Institute of Mechanics, Chinese Academy of Sciences. Also, the
weight of the test model for the ®2.4m impulse combustion wind tunnel can be over 1,000kg. And
these two features make the stain gauge balance to be the only choice for the force-measurement sys-
tem. Wang [18,19] has acquired the aerodynamics load in JF12 through this method. This shows that it
is feasible to consider mean elastic output of the stain-gauge balance as the aecrodynamic load to some
degree. In order to further improve the accuracy of force measurement and research the transient
properties of the aerodynamic load during the test, the inertia compensation is compulsory. So, this
paper does transient research on the single and three components stain-gauge balance based on the
inertia compensation method.
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2. Summary of the cassette stain gauge force balance

The objects researched in this paper are the single and three components cassette stain gauge force
balance. As shown in Figure 1,the left one is a single component balance and the right one is the three.
They are consisted of the float frame, the fix frame and the measurement elements. The float frame
contact with a test model and the fix frame contact with the pedestal of a wind tunnel by screws. The
measurement elements of the balance bear deformations while the transient aerodynamic load exerted
on the test model. The stain of the measurement elements is acquired by the stain gauge and output by
the Wheatstone bridge. Finally, the aerodynamic load is calculated through the mean stain voltages
and the coefficient of the balance.

(Fx)

Figure 1 The structure of a single and three components cassette stain gauge balance (a) float frame (b)
fix frame (c) Fx measurement elements (d) Fy measurement elements (d) M, measurement elements

3. Modeling of the force balance
The simplification of the force balance is shown in Figure 2(a), both the support and measurement
elements of the balance are thin beams and whose weight are quite little compared with the float and
the fix frame and could be ignored. Consequently, they are reduced to the springs with one or three
components stiffness. Respectively, the fix frame is rooted and the float frame is hanging during the
test time. So, the balance could be further simplified into Figure 2(b), where, k1, kl,, klm, are equal
to k2, k2y, k2m,. The fix frame is reduced to ground and the float frame is reduced to a beam which
supported with k1 and k2.
The dynamic equation of the force balance deduced according to Figure 2(b) is following:
MG+Cq+Kg=F €))
Where, M. C. K are the globe mass, damping and stiffness matrix of the force balance, g is the vector
of nodal displacements, F is the vector of aerodynamic load. The equation shows that the aerodynamic
load exerted on the test model equal to the sum of the elastic, the damping and the inertia load. There-
by, the inertia load is taken into consideration in this paper while damping load is quite small and ig-

nored.
[ float frame |
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Figure 2 Simplified model of force balance

4. Simulation analysis

4.1 Static virtual calibration
To explore the elastic output of the force balances, it is necessary to calibrate them first. In this paper,
the finite element method is applied to acquire the formula and the coefficients of the balance. The
positions of the stain gauge are shown in Figure 3. For the single component balance, there are only
four stain gauges as shown in Figure 3(a). Meanwhile, for the three components balance there are 24
stain gauges, where 11~18 detect the drag Fx, 21~28 detect the lift Fy, and 61~68 detect the pitching
moment M,. Respectively, all the electric circuit are full Wheatstone bridge. The static calibration
formula of balance is:
F-UseX (2)
For the single component balance, U=2/4x10°%(-p1+12-u3+u4), while for the three components one,
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Figure 3 Stain and accelerate detect points of balance (a) single component balance (b) three compo-
nents balance

4.1.1. Static calibration result of the single component balance. Figure 4(a) shows the finite element
model of the single component force balance which embrace 24,000 nodes and 3,500 elements. It is
made of Nil8Co8Mo5TiAl whose density is 8,000kg/m*, Young’s Modulus is 187.25GPa and Pois-
son’s Ratio is 0.27. The boundary condition is consists with operating and the drag loading on the up-
per surface is 1,000N. Figure 4(b) shows the stain result in y direction of the balance, and the stains of
points 1~4 are -1.016 X107, 1.005X 107, -1.001X 10 and 1.016 X107, Substitute these data into
equation (2) and the coefficient of balance is 0.49472.

Meas remenel

10.39x10*
577107
1.15<10
-1.17>10*
-5.79<10*
-10.41x10"

a (b)
Figure 4 Virtual calibration of single component balance (a) finite element model (b) result of static
structural analysis

4.1.2. Static calibrate result of the three components balance. Figure 5(a) shows the finite element
model of the three components balance which embrace 111,400 nodes and 17,000 elements. The
boundary condition is consistent with its operating, too. And the drag, lift load and the pitching mo-
ment loading on the upper surface are 1,000N, 5,000N and 1,000Nm, respectively. Figure 5(b) shows
the analysis result. The stain matrix U and the coefficient matrix X we get through equation (2) are as
following:

477.235 -0.0003 -1.6861 2.10 7.56x10° 7.26x107

2
U =|-0.02065 511.695 -0.015| X =| 8.28x10° 9.77 6.05x10°
13.707  -0.02 486.585 -5.90x102  4.01x107* 2.05

As shown in coefficient matrix X, xi3 and x¢1 are much larger than other cross interference coefficients
except principal coefficients. This illustrates that the cross interference between the drag and the
pitching moment is more strong. Meanwhile, the other coefficients xi, x21, x23 and x3, are relatively
small, this demonstrates that the interference between the drag or the pitching moment and the lift is
relatively weak. In a word, the coupling between the drag and the pitching moment is more serious
than that between the lift and the drag or the pitching moment.
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Figure 5 Virtual calibration of three components balance (a) finite element model (b) result of static
structural analysis

4.2 The load of transient analysis

Figure 6 shows the total pressure of the test section and the drag voltage output during the Sm standard
model test in the impulse wind tunnel. As shown in this figure, the total pressure of the test section
climbs after the wind tunnel start up, and last a time of 400 ms. Therefore, the step load must be taken
into consideration while researching the mechanical properties of the force balance.
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Meanwhile, the drag signal variation with the time shows that the sine load is another input form.
To ascertain the frequency of input load, the modal analysis is conducted to acquire the natural fre-
quency of the force balance. Furthermore, the finite element models are the same as virtual calibration.
The results are characterized in Figure 7 and Table 1. For the single component force balance, the vi-
bration in drag direction is the first mode and the corresponding natural frequency is 94.21Hz. For the
three components balance, the vibration in drag, lift and pitching direction are the first, second and
fifth mode and whose natural frequencies are 381.54Hz, 601.02Hz and 1467Hz, respectively. As
known to all, the frequency is negative correlate with mass. In other words, the frequency of the
force-measurement system will lower than the balance alone. Therefore, the frequency of input is half
times of the natural frequency correspondingly.

6
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Figure 6 Total pressure and drag signal of impulse wind tunnel

Table 1 Natural frequency and mode shape of single and three components balance
single component balance three components balance

mode no. natural frequency mode description natural frequency mode description
1 94.21Hz Drag in direction Fy 381.54Hz drag in direction Fy
2 635.08Hz lift in direction Fy 601.02Hz lift in direction F,
3 796Hz sideslip in direction F, 903.2Hz sideslip in direction F,
4 1214.9Hz rolling in direction My 1115.3Hz rolling in direction My
5 1610.6Hz yawing in direction My 1467Hz pitching in direction M,
6 1951.7Hz pitching in direction M, 1951.7Hz yawing in direction My

(1) first step mode

(2) second step mode

) first step mode

(2) second step mode

(3) third step mode

(4) forth step

3) third step mode (4) forth step mode

(5) fifth step mode (6) sixth step mode (5) fifth step mode (6) sixth step mode

(a (b)
Figure 7 The mode shapes of force balance (a) single component balance (b) three components bal-
ance

4.3. The Rayleigh damping parameter calculation
There are many theories of the damping are advanced in the past few years [20,21], the Rayleigh the-
ory is widely used in the finite element method, it is depicted as following:

C=aM+pK 3)
Pan [22] calculate Rayleigh parameters a and £ in the following equation.
o] 2am 7 4
pl |- |l ®

.
J
Where, w; and w> are the start and stop frequencies of the interesting vibration, &; and &, are the

viscous damping coefficients which range from 0.03 to 0.05 for general mechanical systems. It is as-
sumed that &; and &, are equal to 0.04 in this paper. Then, Rayleigh parameter is determined and listed
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in Table 2.
Table 2 The damping parameters calculated through the Rayleigh method
Single component balance  Three components balance

Parameter Step load  1/2f'sine load Step load  1/2f'sine load
o 0 0 350 200
1y 100 50 1500 1500
a 0 0 142.65 88.7
B 1.275x10*  2.546x10*  6.88x10° 7.49x10°

4.4 The inertia load calculate method
It is an impossible task to acquire accurate inertia load since the float frame would bear flexible de-
formation more or less. However, the lower order modes show that the float frame mainly vibrate as a
whole. So it is feasible to substitute the accelerate of the float frame with some points. A1~A4 and
A1~A6 in Figure 3 are the accelerate detect points of the balance. And the inertia load computing
method is as following:
F [=M * A (5)

For the single component balance, m=7.728 kg, A=1/4x(A1x+A2:+A3,+A4y). And for the three

components balance,

m, 26.71
M=l m = 17.82 ’
3, 0.134

a ) (1/6 1/6 1/6 1/6 1/6 1/6)(AlL, A2, A3, A4 A5 A6 )

X

A=| a, |=|1/6 1/6 1/6 1/6 1/6 1/6| Al A2, A3, A4 A5 A6,

y

a,,) \1/4 174 —1/4 —1/4 0 0 )AL, A2, A3, A4, A5, A6,

z

4.5 Transient analysis result of the single component balance

Figure 8 illustrates the analysis results of the single component balance under step and half-frequency
sine loading. Figure 8(al) shows the input load, there is no load exerted in the period of time 0~50 ms,
and is exerted in the period of time 50~50.2 ms. The corresponding drag load increased from 0 to
1,000 N, and it is kept constant in the period of time 11~300 ms. Figure 8(a2) shows the elastic and
inertia load outputs. And Figure 8(a3) shows the sum of the elastic and inertia load. This figure shows
that the deviation reduced sharply after inertia compensation with the amplitudes is 1,035N.

Figure 8(bl) shows the input load, show the drag input load history. The frequencies of the drag
load are 47 Hz and the amplitude are 1,000 N. The load exerting time is divided into three stages. The
startup time falls into 0~50 ms, in which the loads are zero. The load exerting time falls into 50~250
ms. The end stage falls into 250~350 ms, in which the loads are changed to zero. Figure 8(b2) shows
the elastic and inertia load histories. And Figure 8(b3) shows the sum of the elastic and inertia load.
This figure shows that the deviation reduced sharply after the inertia compensation, too.
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Figure 8 Analysis results of single component balance under step (al)~(a3) and 1/2f'sine (b1)~(b3)
loading
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4.6 Transient analysis result of the three components balance
Figure 9 illustrate the analysis result of the three components balance under step and half-frequency
sine loading. Figure 9(al) shows the input load, it is seen that the input loads are not exerted in the
period of time 0~40 ms, and are exerted in the period of time 40~40.1 ms. The corresponding drag, lift
load and pitching moment are increased from 0 to 1,000 N, 5,000 N and 1,000 Nm, respectively, and
are kept in constant in the period of time 40.1~200 ms. Figure 9(a2) shows the elastic load output with
the amplitudes of 1,989 N, 9,146 N and 1,797 Nm. Figure 9(a3) shows the inertia load output. And
Figure 9(a4) shows the sum of above loads. This figure shows that the deviation reduced sharply after
the inertia compensation with the amplitudes of three components are 1,163N, 5,574N and 1,038Nm.
Figure 9(b1) is input load, where 0~20 ms is start period, 20~70 ms is loading period during which
the drag, lift load and the pitching moment are with the frequencies of 200Hz, 300Hz, 700Hz and the
amplitudes of 1,000N, 5,000N, 1,000Nm, 70~100 ms the input load are changed to zero. Figure 9(b2)
shows the elastic output with the amplitudes of 2,210N, 9,316N and 1,730Nm. Figure 9(b3) shows the
inertia load output histories. And Figure 9(b4) shows the sum of elastic and inertia load. As shown in
this figure, the frequency of the input and output is consistent with each other, also the transient am-
plitude is approximately the same in pitching moment, while has some deviation in the drag and lift.
And the amplitudes of the drag, lift and the pitching moment are 1,024N, 5,376N and 1,071Nm, re-
spectively.
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Figure 9 Analysis results of three components balance under step (al)~(a4) and 1/2f'sine (b1)~(b4)
loading

5. Discussion of analysis result

5.1 Modal analysis result

Comparing the modal analysis results of the single and three components balance, it is obvious that the
frequency of the single component balance is much lower than the three in drag direction. As known to
all, the natural frequency of a structure embraces a negative correlation with mass and an active corre-
lation with stiffness. Therefore, it is confident to declare the three components balance embrace a
higher stiffness than the single one in drag direction.

5.2 Transient analysis result

Table 3 lists the mean value deviations of the single and three components force balance with and
without the inertia compensation. For the single component balance, the deviations decrease one order
of magnitude. For three components balance under step loading, the reduction of drag and lift is
smaller than pitching moment. For the three components balance under sine loading, the reduction is
one order of magnitude, too. This result prove that the inertia compensation method can improve the
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accuracy of force measurement significantly while the mean value is regarded as the aerodynamic
load.

Figure 10 describes the transient deviations between the input and output, where figure (al) and (a2)
show the deviations of the step and sine loading on single component balance, (bl) and (b2) are the
deviations of the three components balance, respectively. For the single component balance, the tran-
sient deviations under step and sine loading are less than 50 N. For the three components balance un-
der step loading, the drag, lift load and the pitching moment deviations are less than 170 N, 500 N and
50 Nm. So as to the sine loading, these deviations are less than 180 N, 480 N and 150 Nm. This means
the transient deviation rates are less than 18, 9.6 and 15 percent. These results show that the transient
output are improved significantly, too. Furthermore, the deviations of the single component balance
are less than the three one. That is because the float frame of single component balance vibrate more
similar to a rigid body since the stiffness of it is lower than the three one in drag direction. And this
demonstrates that lower the stiffness will be good for the measurement and the inertia compensation.

Table 3 Mean value deviation before and after inertia component

single component balance three components balance
inertia component _step loading  sine loading step loading sine loading
F(N) EN) KON BN MEm RN KRN MNm)
No 1.29 7.15 14.51 12.61 2.21 -8.69 -20.6 -1.54
Yes 0.2 0.12 5.88 8.19 0.17 0.679 -1.03 0.34
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Figure 10 Transient deviations between input and output, step (al) and sine (a2) loading of single

component balance, step (bl) and sine (b2) loading of three components balance

6. Conclusion

This paper does research on the force balance including theoretical modeling, static virtual calibration,
model analysis, transient analysis and the inertia compensation. Following conclusions could be
drawn.

1. The dynamic equation and the simulation result prove that it is feasible to regard the mean value
of elastic output as the aerodynamic load of the test model to some degree. To further improve the ac-
curacy of force measurement, the inertia compensation is necessary.

2. The virtual static analysis results demonstrate that, the coupling between the drag and the pitch-
ing moment is more strong and between the lift and the drag or pitching moment is relatively weak.

3. The inertia compensation could reduce the transient deviation sharply for both the single and the
three components balance, also these results after compensation could meet the need of transient force
measurement

4. While meeting the requirement of safety and data analysis, lower the stiffness of a balance can
improve the transient force measurement accuracy.
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