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I. Abstract 
 

In the JAXA 2m x 2m Transonic Wind Tunnel, the thermal zero shift of strain-gage balance output caused by an unfavorable 
increase of flow temperature during a run influences the measurement accuracy of the balance. Temperature change in the 
balance and thermal gradients across the balance cause the thermal zero shift of the balance. Balance outputs for zero are 
conventionally corrected by the linear estimation from the no-wind data just before the run and the renewed no-wind data 
immediately after the run. In the correction method, the error increases at the beginning of the run, because the abrupt change in 
stagnation temperature causes balance outputs for zero to shift drastically. To reduce and correct the thermal zero shift of 
strain-gage balance output in force measurement, a preheating and checkpoint correction method is established. Variations of 
strain-gage balance output for zero are investigated during a run to confirm the effectiveness of the new method. Several series 
of wind tunnel tests with an ONERA-M5 calibration model and an AGARD-B calibration model are conducted to compare the 
new correction method with the conventional one. Results show that the error of the drag measurement from run to run is 

reduced to ±2 drag counts. Moreover, the new correction method is improved by using a six component internal balance with 
strain-gages combined with thermocouples to be applied to various kinds of models and sequences of test conditions. 
Key Words: Transonic Wind Tunnel, Balance, Thermal zero shift, Data accuracy 

 

概要 

 
JAXA2m x 2m 遷音速風洞においては風洞試験中に気流の温度上昇によって生じる天秤出力の温度ドリフトが空気

力測定試験における計測精度に大きな影響を与えている。温度ドリフトを引き起こす原因としては天秤自体の温度変

化と天秤内の温度分布が考えられる。従来のドリフト補正方法では、天秤のゼロ点出力は風洞試験前のゼロ点出力と

風洞試験後のゼロ点出力を直線で結んで、その直線上の電圧をゼロ点出力とする方法であった。この補正方法では、

風洞試験開始時の気流の急激な温度上昇によって天秤のゼロ点出力が急激に変化する為、補正誤差を生じる。空気力

測定試験における温度ドリフト量を減らし、正確に補正を行う為に、予備加熱・チェックポイント補正方法を提案し

た。風洞試験中の天秤のゼロ点出力変化を調べ、提案した新ドリフト補正方法の有効性を確認した。さらに、新ドリ

フト補正方法と従来のドリフト補正方法の補正誤差を比較する為に ONERA-M5 標準模型および AGARD-B 標準模型

を用いて再現性の確認試験を行った。その結果、新補正方法を用いることにより一連の風洞試験における軸力のバラ

ツキ誤差が±2 カウント以内であることが確認された。さらに予備加熱・チェックポイント補正方法を用いて様々な

模型や試験条件に適用する為に温度センサ付内装式六分力天秤を製作し、運用方法および処理方法の改善を行った。 
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II. Introduction 
 

The JAXA 2m x 2m Transonic Wind Tunnel (JTWT) has one of the largest test sections of transonic facilities in Japan, and is 
the only facility in this country which produces continuous transonic flows. The wind tunnel has been used for tests of most of 
aircraft and launch vehicles developed in Japan and for fundamental aerodynamic researches. To develop aircraft and launch 
vehicles with high performance, there have been more needs of wind tunnel users for high measurement accuracy of 
aerodynamic force, especially axial force (drag). The measurement accuracy of a six-component internal balance has to be 
improved to satisfy users’ needs. In the JTWT, however, an unfavorable increase of flow temperature during a run causes a 
thermal zero shift of strain-gage balance output, and influences the measurement accuracy of the balance. 

 
In the JTWT, drag coefficients of an ONERA-M5 calibration model (Figure 1) with an attack angle and a beta angle of 0 

degree are plotted against Mach number in Figure 2. The difference between data at the beginning of the run and repeatability 
check data which was measured at the end of the run at Mach numbers of 0.6 and 0.7, are approximately 15 drag counts. This 
value corresponds to about 0.5% of the full-scale load of the drag element. Variations of stagnation temperature and drag 
coefficient of the model with an attack angle and a beta angle of 0 degree are shown in Figure 3, when the airflow is maintained 
for about 30 minutes at a Mach number of 0.8. As the stagnation temperature increases, the drag coefficient changes gradually. 
These variations depend mostly on the increase of flow temperature during the run. Thus, one of the major error sources in force 
measurement in the JTWT is the thermal zero shift of the strain-gage balance output. 

 

 

Figure 1: ONERA-M5 calibration model installed in the test section. 

 

Figure 2: Drag coefficients of the ONERA-M5 calibration model against Mach number. 
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Figure 3: Variations of stagnation temperature and drag coefficient at the beginning of a run (M=0.8). 

 
In continuous-flow high-speed wind tunnels, the energy generated by the main blower is usually lost in the flow circuit. In the 

JTWT, with the energy loss, a stagnation temperature necessarily increases by approximately 20 to 40 K, because the range of 
temperature control depends on a relation between a rotational speed of the main blower and cooling water exposed to the 
atmosphere. With the increase in the flow temperature, a model and a sting supporting the model are warmed up, so that the heat 
generated is gradually conducted to the model side (front) and the sting side (rear) of the balance. The temperature change of the 
balance and thermal gradients across the balance cause the thermal zero shift. The thermal gradients in the axial force element 
are severe particularly, because beams of the element are normally thin for achieving high sensitivity (Figure 4). 

 

 

Figure 4: Typical balance design of the axial force element. 

 
In 1970’s, consideration of the cryogenic concept for a European transonic wind tunnel with a large Reynolds-number range 

raised the question of the feasibility of force measurements with multi-component internal strain-gage balance. 1 At National 
Transonic Facility, to minimize thermal behavior differences of force balances, a gage matching technique was developed.2 An 
individual thermal zero shift of each strain-gage was measured on a common test material. Strain-gages with nearly the same 
zero shifts have been matched to be bonded on the balance for bridge. Moreover, at NASA, they tried to calibrate the balance to 
solve the zero shift induced by temperature gradients. In the Transonic Cryogenic Tunnel at Langley, transient-temperature tests 
were conducted to measure the response of the balance and the variation of the temperature on the balance near the 
strain-gages.3, 4 
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Thermal gradients cause a thermal expansion of the balance, so that a distortion of the drag element induces the zero shift of 
the balance output. The amount of the zero shift caused by the distortion does not depend only on thermal gradients but also on 
model geometry, model weight, and mass distribution.5 At the Technical University of Darmstadt, a balance was build to be 
symmetrical to the vertical center line of the balance, so that the mechanical effect of the temperature gradient along the balance 
deforms the balance symmetricaly.1 The beams of axial force measurement were improved to rectangular bars due to a reduction 
of temperature differences between the gage areas. To reduce differences in sensitivity of axial force beams, the axial force 
beams were designed to be a constant stress distribution in the area. In addition, the tandem axial force system was developed, 
with which the error signals in the fore and in the after bending beam element due to temperature gradients have the same 
magnitude but opposite signs. By adding the signals of the fore and the after sensors, the error signals due to temperature 
gradients are cancelled out. However, a standard design of a balance, which is not absolutely affected by the abrupt temperature 
change, has not been established. Balance temperatures are conditioned until all local balance temperatures are within 1K. 
Balance calibration is performed in 20K steps. Moreover, to improve the data productivity, correction methods of thermal zero 
shift with the thermal gradients across the balance and analyses on the structural performance have been developed.6, 7, and 8 

 
In the JTWT, balance outputs usually start to be measured before the thermal gradients become uniform. Because it takes long 

time until the thermal gradients become uniform, the data productivity is decreased remarkably. The thermal zero shifts have not 
been corrected exactly for several kinds of balances used in this facility, because the behavior of the thermal zero shifts vary 
according to balance type, model shape, and flow condition. Strain-gage outputs for zero can not be measured during the run for 
a few hours. Accordingly, in the JTWT, balance outputs for zero are conventionally corrected by the data on a straight line 
derived from the no-wind data just before the run (N-data) and the renewed no-wind data immediately after the run (R-data) as 
illustrated in Figure 5.9 In this correction method, the error increases at the beginning of the run as shown in Figure 3, because 
the abrupt change in stagnation temperature causes balance outputs for zero to shift drastically. To reduce the correction error of 
zero shifts, the conventional data correction method has to be improved. 

 
In this report, a new method to reduce and correct the thermal zero shift of the strain-gage balance output is proposed. To 

confirm the effectiveness of the new method, variations of strain-gage output for zero are investigated during runs. Several series 
of wind tunnel tests with the ONERA-M5 calibration model and AGARD-B model are conducted to compare the new correction 
method with the conventional one. Moreover, the new correction method is improved by using a six component internal balance 
with strain-gages combined with thermocouples to be applied to various kinds of models and sequences of test conditions. 

 
 

 

Figure 5: Conventional data correction method. 
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III. Facility Description 
 

A. Wind Tunnel 
 

The JTWT is a closed-circuit and continuously operating facility (Figure 6). The test section is 2m wide, 2m high, and about 
4m long. The Mach number range is from 0.1 to 1.4. For subsonic flows, the Mach number is controlled by the rotation of the 
main blower. For transonic flows, a suction blower is used to bleed the test section of airflow to avoid flow choking. 
 
The stagnation pressure (P0) can be varied from 50 to 140 kPa, and the stagnation temperature (T0) can be varied from 308 to 

338 K within the accuracy of ± 1 K. However, the range of temperature control depends on outside air temperature, because the 
cooling system is a heat exchanger using water. The maximum Reynolds number is about 20 million per meter (Table 1). We 
usually have two runs in a day. One run is for about two hours in the morning, and the other run is for about three hours in the 
afternoon.  

 

Table 1: Specification of the JTWT. 

Mach Number 0.1 to 1.4 

Max. Reynolds Number 20×106 1/m 

Stagnation Pressure 50 to 140 kPa 

Stagnation Temperature 308 to 338 K 

Test Section Size 2×2×4.13 m 

Construction 1960 

 

Figure 6: Schematic of the JTWT. 
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B. Strain-gage balances 
 
  Internal stain-gage balances are used extensively to measure the aerodynamic loads on a test model during wind tunnel tests. 
The rear side of the balance is usually supported by a sting attached to a sting-strut system in the test section. The front side of 
the balance is fixed in the body of the model, as the balance center corresponds to the model center. The balance is usually 
constructed of high-strength steel with a single piece to obtain desired stress levels in the balance itself. A Multi-component 
force balance uses multiple bridges to measure loads acting on the balance. A typical balance is designed with six-bridge 
responds to three forces and three moments, which are axial force (Fx), side force (Fy), normal force (Fz), rolling moment (Mx), 
pitching moment (My) and yawing moment (Mz) (Figure 7). Balance outputs are converted to forces and moments with the 
calibration coefficients, which are previously calculated from outputs of the bridges against different types of loads. 
 

Three internal strain-gage balances are available for force measurement in the JTWT. Table 2 shows the forces and moments 
ranges of the balances. The balance#2 (Figure 8) and the balance#3 are almost the same configuration, but the capacity of side 
force and lift elements are different. The balance#1 (Figure 9) has different taper joints and relatively small ranges of six 
elements. One of the balances is selected according to the ranges of forces and moments which a test model senses. 

 
 
 

Table 2: Balance list. 

Number Name Diameter(mm) Fx(N) Fy(N) Fz(N) Mx(Nm) My(Nm) Mz(Nm) Made 

1 TB-M6-01 52.6 680 4000 8000 230 570 230 1980 

2 TB-M6-02 50 1000 5000 10000 200 800 400 1990 

3 TB-M6-03 50 1000 6000 12000 200 800 400 1994 

 
 
 

 

 

Figure 7: Balance Axis system, Forces and Moments. 

 

Figure 8: Balance#2. 

 

 

Figure 9: Balance#1. 
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C. Data acquisition system 
 

The data acquisition system consists of servers, workstations, two measurement modules, and digital voltmeters as shown in 
Figure 10. These are connected by IP network, which is separated from the external network by the network gateway server 
(NGS). The measurement managing server (MMS) manages the overall system and controls two modules with A/D and D/I 
interfaces, the digital voltmeters connected across a GPIB network, and the ESP control workstation. Data acquired by the 
measurement modules, digital voltmeters are stored in the MMS simultaneously according to the measurement request from the 
measurement managing workstation (MMWS). Stored data are converted to engineering units and final results in the data 
reduction workstation (DRWS). 

 
Each element of strain-gage balances is provided with the DC excitation voltage by each power source (Table 3). Balance 

outputs and excitation voltages are measured by digital voltmeters (Table 4). These data are connected with tunnel condition and 
model attitudes data, which are measured by individual sensors and acquired by the measurement module1 through the D/I 
interface, to be stored in the MMS during a series of wind tunnel tests. 

Network Gateway Server

          PSI8400 ESP Control WS

GPIB

Data Acquisition Room

Measurement Management Server

Hub
1000BASE

＆100BASE-T

Amplifier

Analog
Signal

Digital
Signal

Data Reduction WS
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Optical Cable

Instrumentation Room

     Measurement Module2

Analog
Signal

Digital
Signal

Office Room

Scanner

     Measurement Module1

about 100m

Measurement Management WS

Digital Multimeter

NI ENET100

GPIB

Power Source

Network

Figure 10: Schematic of data acquisition system. 

 

Table 3: Specification of power sources. 

Output Voltage 2～13V 

Set Value ±0.1%F.S. 

Stability ±50PPm/deg 

 
 

Table 4: Specification of digital voltmeter. 

Range 200mV, 2V, 20V, 200V, 1000V 

Integral Time 20～2000msec 

Accuracy ±(0.0069％ of reading +3.5µV) 
at Range:200mV, Integral Time:200msec 

Resolution 0.1µV at Range:200mV 
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IV. New data correction method 
 

The zero shift caused by the temperature change in one strain-gage is represented as follows:10 

( ) t
KR

R
gs

s
Δ
⎭
⎬
⎫

⎩
⎨
⎧

β−β+
α

=
Δ  

where ΔR is the apparent resistance variation, R is the resistance value, α is the temperature coefficient of the resistance, Ks is 
the gage factor, βs is the linear expansion coefficient of the spring material, βg is the linear expansion coefficient of the 
strain-gage, and tΔ  is the temperature change. The thermal zero shift depends on the sensitivity change in the strain-gage and 

the difference of the thermal expansion between the strain-gage and the spring material. The temperature sensitivity and the 
difference have to be matched to reduce the thermal zero shift. The material and the resistance value of the strain-gage are 
usually selected according to the spring material. However, thermal gradients across an internal strain-gage balance cause zero 
shifts of balance outputs, because the thermal gradients of the beams, on which strain-gages of the drag element are pasted, 
cause temperature differences among four gages to form Wheatstone bridge. Furthermore, the thermal gradients across the 
balance induce a distortion caused by a thermal expansion of the balance. 

 
The thermal zero shifts have not been corrected exactly, because thermal gradients depend on balance types, model shapes, 

and flow conditions. To reduce the correction error, balance data for aerodynamic characteristics have to be measured after 
thermal gradients become uniform. It takes, however, long time until the thermal gradients become uniform completely, so that 
the data productivity is decreased remarkably. Accordingly, the thermal zero shifts are supposed to change linearly after the 
thermal gradients start to become uniform, although the balance outputs for zero can not be estimated while the thermal 
gradients are growing. The thermal zero shifts changing linearly can be estimated precisely. Thus, a new data correction method 
is proposed. 

 
Figure 11 illustrates a typical balance output for zero and a corrected output for zero against time by the new data correction 

method. At the beginning of the run, to make thermal gradients of the balance uniform earlier, the airflow is maintained for 
approximately 30 minutes at a high Mach number. (This is called ‘preheating’.) After preheating, the strain-gage output for zero 
goes back to the value before the run gradually, and these data changing monotonically can be corrected easily. In the new data 
correction method, the zero output at the last checkpoint is supposed to be identical to the renewed no-wind data (R-data). At all 
of the checkpoints, balance outputs are measured under the same flow condition and in the same model attitude, so that these 
balance outputs should be identical to the output at the last checkpoint. The data between the checkpoints are corrected for the 
zero shifts by straight lines with the checkpoints. 

 

 

Figure 11: New data correction method. 
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V. Experimental description 
 

Several series of wind tunnel tests are conducted with the balances to investigate the effectiveness of the new data correction 
method. Objectives of the wind tunnel tests are to confirm that the thermal zero shifts change monotonically after preheating and 
that the new correction method, which uses checkpoints and R-data, can be effective. Furthermore, we observe relations between 
strain-gage outputs for zero and temperature differences at both ends of the beam for axial force to estimate the thermal zero 
shifts precisely by the new data correction method. 
 

A balance and a balance cover are used to observe balance outputs for zero during a run as shown in Figure 12. Figure 13 
illustrates that the balance cover is supported by a sting only. The balance is not connected with the balance cover to sense no 
aerodynamic forces during the run. A heat insulation sheet is installed to prevent heat conduction from the sting to the balance 
cover. Data are acquired for three balances respectively. 

 

 
 

 

Figure 12: Balance cover and balance mounted in the test section. 

 

 

Figure 13: Balance cover, balance and sting description. 

 
To observe the relation between temperatures on the balance and strain-gage outputs for zero, thermocouples are located on 

the balance#2 as shown in Figure 14. Thermocouples T1 and T2 are located on both sides of the beam, on which strain-gages of 
the axial element are pasted. Four thermocouples from T11 to T14 are located on both sides of the beams, on which strain-gages 
of the other elements (normal and side forces and pitching, rolling and yawing moments) are pasted. Balance data for six 
components and temperature data are acquired for each three balances every 15 seconds during a run. 
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Figure 14: Several thermocouples located on balance#2. 

 
 
 

VI. Experimental results 
 

A. Results of the balance#2 and the balance#3 
 

Time histories of balance#2 outputs for zero of all elements are shown in Figure 15. Outputs of Fx and Mx change drastically 
during preheating and go back to zero after preheating. Outputs of the other elements vary gradually, and their variations are 
0.2% or less. For these elements, the conventional data correction method is acceptable. However, when the conventional 
correction method is applied to Fx data, the maximum error reaches 0.5%. Balance outputs should be acquired after the peak of 
zero shifts of the balance to make the correction simpler (Figure 16). When the Fx data are corrected by the new correction 
method, the error can be decreased to 0.05% or less. The new data correction method, therefore, has proved to be very effective. 

 

 

Figure 15: Variations of balance outputs for zero of all elements during the run (Balance#2). 
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Figure 16: Balance outputs for zero of drag element during the run (Balance#2). 

Time histories of stagnation temperature and temperatures on the balance are plotted in Figure 17. While the stagnation 
temperature increases drastically, all of the measured temperatures on the balance increase gradually. To observe relations 
between thermal gradients across the balance and thermal zero shifts of the drag element, time histories of temperature 
differences between T1 and T2 on both sides of the beam for the drag element and drag outputs are plotted in Figure 18. The 
temperature differences between T1 and T2 change similarly to the drag outputs. This fact implies that the output for zero can be 
estimated from the temperature difference. Correlations between temperature differences and outputs for zero are investigated 
with a temperature-controlled bath by providing the balance with various kinds of temperature differences condition. In the 
result, a function to correct thermal zero shifts from temperature differences, however, can not be calculated precisely, because 
thermal zero shifts and measured temperature differences do not change quite simultaneously, and not only temperature 
differences in this part, but also thermal gradients on the whole balance affect on thermal zero shifts. Thus, although thermal 
zero shifts can not be corrected only with the temperature differences, temperatures on the balance during the wind tunnel tests 
need to be monitored to confirm that thermal gradients become uniform. 

 
A series of similar wind tunnel tests is conducted with balance#3. Thermal zero shifts and thermal gradients of balance#3 

change similarly to those of balance#2, because these two balances have almost the same configuration. 

 

Figure 17: Variations of stagnation temperature and thermocouples during the run (Balance#2). 
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Figure 18: Relation between temperature difference and balance output for zero (Balance#2). 

 
 

 
B. Results of the balance#1 

 
Time histories of balance#1 outputs for zero of all elements are shown in Figure 19. Outputs of the force elements (Fx, Fy, 

and Fz) shift by 0.2% or more, while outputs of the moment elements (Mx, My, and Mz) change gradually. Outputs of all 
components for the balance never go back to zero during the run, although the airflow is maintained for 30 minutes at a Mach 
number of 0.9. Thus, the correction error is 0.05% or less, in the case where the conventional method is applied to Fx data 
(Figure 20). When the Fx data are corrected by the new correction method, the error can be decreased further. 

 

 

Figure 19: Variations of balance outputs for zero of all elements during the run (Balance#1). 
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Figure 20: Balance outputs for zero of drag element during the run (Balance#1). 

To investigate temperatures on balance#1 during the run, thermocouples are located on balance#1 as shown in Figure 21. 
Thermocouples T1 and T2 are located on both sides of the beam, on which strain-gages of the axial element are pasted. Time 
histories of stagnation temperature and temperatures on the balance are plotted in Figure 22. While the stagnation temperature 
increases drastically, all of the measured temperatures on balance#1 increase gradually. To observe relations between thermal 
gradients across the balance and thermal zero shifts of the drag element, time histories of temperature differences between T1 
and T2 on both sides of the beam for Fx and balance outputs of Fx are plotted in Figure 23. The temperature difference (T1-T2) 
decreases gradually and has a peak just before the end of the run, although the airflow is preheated at the same Mach number as 
balance#2. It takes a longer time for temperatures to be identical in various locations of the balance, because balance#1 has a 
larger thermal capacity than balance#2. Moreover, the structure of the axial force element in balance#1 is different from that in 
balance#2. Strain-gages for Fx are pasted on both front beams and rear beams in balance#2 as shown in Figure 4, while in 
balance #1, both front beams and rear beams are thinner than those of balance#2, and there is only one beam for the axial force 
in the center as shown in Figure 24. Accordingly, thermal gradients across balance #1 do not become uniform easily. 

 

 

Figure 21: Several thermocouples located on Balance#1. 

 
The thermal zero shift of the drag element never goes back to zero during the run, although the temperature difference 

(T1-T2) has the peak just before the end of the run. This fact means the thermal zero shift is not caused only by the temperature 
difference but also by the distortion of the beam. The maximum value of the thermal zero shift is only as half as the peak value 
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of the zero shift of balance#2, and a sensitivity of the thermal zero shift to the temperature difference is also as half as that of 
balance#2. It seems that they are partly attributed to the structure difference of the axial force element. Thus, it is better to use 
balance#1 with the conventional correction method in the case where the duration of the run is not so long, and the data 
productivity is given to priority more than the data accuracy. In the case where preheating time is secured sufficiently, thermal 
zero shifts can be corrected by the new method precisely even if either balance is used. 

 

Figure 22: Variations of stagnation temperature and thermocouples during the run (Balance#1). 

 
Figure 23: Relation between temperature difference and balance output for zero (Balance#1). 

 

 

Figure 24: Configuration of axial force element (Balance#1). 
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VII. Application of the new correction method to the calibration model 
 

A series of wind tunnel tests with the ONERA-M5 calibration model and balance#2 is conducted to compare the new 
correction method with the conventional one. For several runs at a Mach number of 0.74, lift coefficients (CL) are plotted 
against drag coefficients (CD) in Figure 25. At a lift coefficient of 0.0, the drag coefficient differences between the data 
corrected by the conventional method and the data corrected by the new method are significant. The repeatability in the three 
sets of data corrected by the new method is within a few drag counts. The accuracy of force measurement has improved 
remarkably. The three sets of data acquired after preheating and corrected by the conventional method are scattered, and 
different from the data corrected by the new method significantly. It can be seen that the checkpoint correction has to be applied 
to the data acquired after preheating. Drag coefficients of the ONERA-M5 calibration model with an attack angle and a beta 
angle of 0 degree are plotted against Mach number in Figure 26. The difference between two correction methods is meaningful. 
Particularly, the correction error with conventional method occurs at Mach numbers of 0.7 and 0.74, at which the balance starts 
to be heated as the increase in the stagnation temperature. The repeatability among four runs with the new method is also better 
than that with the conventional method. Thus, the new method is proved to be effective. 

 

 

Figure 25: Comparison of the new method with the conventional method at a Mach number of 0.74. 

 

Figure 26: Comparison of the conventional method with the new method for drag coefficients. 
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VIII. Improvement of the new correction method 
 

By using the new correction method (preheating and checkpoint correction method), the accuracy of force measurement has 
been improved remarkably. When this method is applied to various kinds of models and sequences of test conditions, however, 
two problems would be mainly occurred. To solve these problems, operation and correction method have to be improved. 

 
One problem is that, appropriate preheating time and thermal zero shifts after preheating for any model need to be grasped at 

any runs. Preheating has to be continued until thermal gradients become uniform. Variations of balance temperatures after 
preheating should be measured, because balance temperatures are the only way to estimate variations of balance outputs for zero 
during the run. Thus, to measure temperature distributions of a balance installed in a model during the run, a new balance 
(Balance#4) is made with strain-gages combined with thermocouples as shown in Figure 27, Figure 28, and Table 5. Fx and 
My elements, which are likely to be influenced by the thermal zero shift, are used strain-gages with thermocouples. The shape of 
Balance#4 is almost similar to Balance#1. 

 
 

 

Figure 27: Balance#4 made with strain-gages combined with thermocouples. 

 

 
Figure 28: Locations of strain-gages with thermocouples at an axial force element. 

 
 

Table 5: Specification of Balance#4. 

Number Name Diameter(mm) Fx(N) Fy(N) Fz(N) Mx(Nm) My(Nm) Mz(Nm) Made 

4 TB-M6-04 52.6 670 4000 8000 226 565 226 2006 

 
 
 

The balance and an AGARD-B model are used to observe variations of balance outputs of Fx, balance temperatures from T1 
to T4, and stagnation temperature during a run as shown in Figure 29. For balance outputs of Fx, data during preheating and 
checkpoint data at a Mach number of 0.9 with an attack angle and a beta angle of 0 degree are plotted. While the stagnation 
temperature increases drastically, the upstream strain-gage temperatures T1 and T4 are increasing. The downstream strain-gage 
temperatures T2 and T3 increase after some delay. Thermal gradients become uniform gradually. The increase in balance outputs 
of Fx becomes gradual after the thermal gradients become uniform, although outputs of Fx change drastically at the beginning of 
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preheating. It is found that the wind tunnel should be preheated until temperature differences between the upstream and 
downstream strain-gages become uniform and until variations of balance outputs of Fx become uniform. After preheating, 
thermal gradients do not change significantly, because the test is conducted within a Mach number range from 0.8 to 0.9. 
Accordingly, balance outputs for zero do not change drastically. Besides, stagnation temperature during all the run needs to be 
controlled to keep thermal gradients constant after preheating. Although the stagnation temperature previously increases 
gradually because of the cooling system performance, the stagnation temperature can be controlled by setting the stagnation 
temperature higher than before. 

 
Relations between changes in Mach number and changes in temperature distributions of the balance are investigated closely 

as shown in Figure 30. The temperature distributions on the balance change steadily according to the changes in the Mach 
number and the stagnation temperature. The reaching balance temperatures correspond to adiabatic wall temperatures (Taw) 
approximately. Taw on turbulent boundary layer is given by the following equations: 

∞∞
⎭
⎬
⎫

⎩
⎨
⎧ −γ
+= TM

2
1)0(r1T 2

aw
 

3
1

Pr)0(r =  

where γ is the ratio of specific heat, M∞ is the freestream Mach number, T∞ is the freestream static temperature, and Pr is the 
Prandtl number. Model surfaces except for a front edge and most part of sting surfaces are warmed up by the airflow, so that 
their temperatures change into Taw approximately. Temperature distributions of a balance attached to both the model and the 
sting also change into Taw gradually. Thus, stagnation temperature should be controlled to keep Taw constant according to 
changes in Mach numbers as lines shown in Figure 31. Accordingly, thermal zero shifts caused by changes in thermal gradients 
can be reduced further. Moreover, a run need to be conducted in a limited Mach number range, because stagnation temperature 
can not be controlled immediately for a drastic change in Mach number (for instance, from 0.9 to 0.4). Balance data for 
aerodynamic characteristics in a wide Mach number range should be acquired at a few runs in limited Mach number ranges. 

 

 

Figure 29: Variations of balance output Fx, balance temperature T1 to T4, and stagnation temperature during a run. 
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Figure 30: Relations among Mach numbers, balance temperatures, and adiabatic wall temperatures 

 

Figure 31: Relations between stagnation temperature and Mach number to keep adiabatic wall temperature constant. 

 
Another problem is that a correction error caused by variations of checkpoint data need to be reduced, because in the 

checkpoint correction method, balance outputs for zero are estimated by using the assumption that all checkpoint data are 
supposed to be the same aerodynamic force data. At a Mach number of 0.98, to which drag coefficients are highly sensitive, 
balance outputs of Fx after preheating are scattered within a range of 6 µV as shown in Figure 32. The variation of the drag 
coefficient corresponds to the time fluctuation of freestream Mach number in Figure 33, so that the variation of the balance 
outputs of Fx after preheating must be caused by the fluctuation of the Mach number. The fluctuation of Mach number can not, 
however, be reduced, because Mach numbers are generally well controlled within a range of 0.001. Accordingly, fluctuations of 
Mach number cause correction errors of thermal zero shifts, when a Mach number, to which aerodynamic forces are highly 
sensitive, is selected as a checkpoint Mach number. 

 
To reduce the correction errors, the sensitivity of balance outputs to Mach numbers at a checkpoint Mach number is calculated 

from a few balance outputs. Each checkpoint data can be corrected for fluctuations of Mach number with the sensitivity. 
Sensitivities are supposed to be calculated from data sets acquired at the end of the run, because thermal zero shifts hardly 
change at the end of the run. Figure 34 shows that by using checkpoint data corrected with the sensitivity, the correction error 
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of thermal zero shifts can be reduced to the half or less. Moreover, when tests are conducted in such Mach numbers, sensitivities 
of each Mach number should be calibrated in advance. 

 

Figure 32: Variations of balance outputs Fx at a Mach number of 0.98, to which drag coefficient is highly sensitive. 

 
Figure 33: Relations between variations of drag coefficient and time fluctuations of Mach number. 

 

Figure 34: Improvement of drag coefficient variations by using checkpoints data corrected with sensitivity to Mach 
number. 
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IX. Conclusion 
 

To improve the force measurement accuracy, a preheating and checkpoint correction method to reduce and correct the thermal 
zero shift of the balance has been proposed. The application of preheating results in a monotonic change in the strain-gage 
output for zero. The output for zero, therefore, can be corrected easily, and the checkpoint correction is proved to be effective for 
the reduction of drag measurement error. Furthermore, there is a correlation between the strain-gage output for zero and the 
temperature difference at both ends of the beam for the drag element. 

 
The new correction method is improved to be applicable to various kinds of models and sequences of test conditions. To 

measure temperature distributions of a balance installed in a model during a run, a new balance is made with strain-gages 
combined with thermocouples. It is found that preheating should be continued until temperature differences between upstream 
and downstream gages become uniform and until variations of balance outputs become uniform. After preheating, temperature 
distributions on the balance gradually change into approximately adiabatic wall temperature (Taw) according to changes in Mach 
numbers and stagnation temperature, because temperatures of the model surface and most part of the sting surface change into 
Taw. Stagnation temperature should be controlled to keep adiabatic wall temperature constant according to changes in Mach 
numbers. Furthermore, to reduce the correction error caused by variations of checkpoint data, the sensitivity of balance outputs 
to Mach numbers at a checkpoint Mach number is calculated from a few balance outputs, and each checkpoint data are corrected 
for the fluctuation of the Mach number with the sensitivity. Results in several series of wind tunnel tests with an ONERA-M5 
calibration model and an AGARD-B calibration model, show that the repeatability of the force measurement from run to run is 

improved from approximately ±15 drag counts with the conventional method to ±2 drag counts or less with the new correction 
method. 

 
 

X. Acknowledgments 
 

  The authors would like to thank Mr. Nobuhiro Toda, Mr. Masamitsu Suzuki, and Mr. Seizou Suzuki in the Transonic Wind 
Tunnel Section for their help in conducting experiments. 

 
 

XI. References 
 
1. K. Hufnagel, and B. Ewald: Force Testing with Internal Strain Gage Balances, AGARD-R-812, 1997 
2. Alice T. Ferris: Cryogenic Strain Gage Techniques Used in Force Balance Design for the National Transonic Facility, NASA 
TM-87712, 1986 
3. Richmond P. Boyden, Alice T. Ferris et al.: Aerodynamic Measurements and Thermal Tests of a Strain-Gage Balance in a 
Cryogenic Wind Tunnel, NASA TM-89039, 1987 
4. J. F. Baljeu: Development of a multi-component internal strain-gauge balance for model tests in a cryogenic wind tunnel, 
NLR TR 88157 U, 1988 
5. R. Rebstock: Development of Correction Procedure for Signals of Cryogenic Balances, AGARD-R-812, 1997 
6. James Hereford, Peter A. Parker, and Ray D. Rhew: Impact of Thermal Gradients on Wind Tunnel Force Measurements, 
AIAA-99-0309 
7. Frank W. Steinle, Jr.: Calibration of Strain-Gage Balance for Thermal Effects, AIAA 2002-0882 
8. R. Karkehabadi, R. D. Rhew and D. J. Hope: Study and Analyses on the Structural Performance of a Balance, NASA 
TM-213263, 2004 
9. K. Suzuki, S. Nakamura and T. Fujita: Thermal zero shift correction method in the NAL 2mx2m transonic wind tunnel, 
National Aerospace Laboratory, Report TM-432, 1981 
10. W. Lance Richards: A New Correction Technique for Strain-Gage Measurements Acquired in Transient-Temperature 
Environments, NASA Technical Paper 3593, 1996 

This document is provided by JAXA.



This document is provided by JAXA.



This document is provided by JAXA.


	Ⅰ. Abstract
	概要
	Ⅱ. Introduction
	Ⅲ. Facility Description
	Ⅳ. New data correction method
	Ⅴ. Experimental description
	Ⅵ. Experimental results
	Ⅶ. Application of the new correction method to the calibration model
	Ⅷ. Improvement of the new correction method
	Ⅸ. Conclusion
	Ⅹ.Acknowledgments
	XI. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




