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Abstract The accuracy of fluctuating pressure test in wind tunnel is affected by the tube system. By

employing contradistinctive experimental method, systematic study was conducted to investigate

the effects of the tube system on fluctuating pressure. The analyzed tube system parameters include

tube length, inside diameter, curvature, deflection angle, thickness, material, restrictor length,

restrictor inside diameter, and restrictor place. It is found that all the tube system parameters men-

tioned above except tube curvature have non-negligible effects on fluctuating pressure. Based on the

research results, test methods were presented for the fluctuating pressure measurement in low-speed

wind tunnel, which can obviously improve the data accuracy but not lose test efficiency. The effec-

tiveness of the method is verified by the wind tunnel test.
� 2018 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

19

20 1. Introduction

21 The fluctuating pressure test in wind tunnel is the main
22 approach to gain the unsteady aerodynamic loads. In low-
23 speed wind tunnel tests, the dynamic pressure sensor some-
24 times cannot be placed on the model surface directly because
25 of the size, especially for the thin model such as the control
26 plane of the aircraft. In this situation, the sensor is commonly

27placed inside the model, and a tube system is used to connect
28the pressure measurement point and the sensor.1 In this way of
29measurement, fluctuating pressure has been distorted while
30transferred to the sensor by the tube system,2 which leads to
31a great reduction of data accuracy. To solve this problem,
32the first step is to analyze the relationship between fluctuating
33pressure and parameters of the tube system, such as length,
34inside diameter, curvature, deflection angle, thickness, and
35material.
36The effects of the tube system on fluctuating pressure can be
37described by the Frequency Response Function (FRF) of the
38tube system,3 which is the ratio of the pressure at the inlet
39and outlet in frequency domain. Bergh and Tijdeman4 derived
40the theoretical formulas of FRF. It can also be obtained by the
41experiment. The FRFs of different tube systems were ana-
42lyzed5–16 by the theoretical or experimental method, and the
43tube system design method was established based on the
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44 optimistic algorithm and restrictor.17–22 According to the
45 design method, the tube system is divided into several sections,
46 and the length and inside diameter of every section are calcu-
47 lated by optimization algorithm. The short section with small
48 inside diameter is always called restrictor. The designed tube
49 system could remarkably improve the accuracy of magnitude
50 of fluctuation pressure.
51 In the engineering application, some shortcomings are
52 found for the tube system optimization design method. First,
53 in the FRF theoretical formulation and optimization design
54 method mentioned above, only two parameters—tube length
55 and inside diameter—can be considered. But in the practice
56 of wind tunnel test, other tube parameters may dramatically
57 affect fluctuating pressure, such as tube curvature, deflection
58 angle, thickness, and material. Second, the optimization design
59 method for the tube system may enlarge the error of phase,
60 though it could improve the accuracy of magnitude. The rea-
61 son is that the magnitude of FRF is chosen as the optimization
62 objective but the phase is not concerned by the optimization
63 design method. It will have no problem if every single channel
64 of fluctuating pressure is analyzed independently. If the relativ-
65 ity between several channels is concerned, the phase error leads
66 to an absolutely wrong result.23,24 For example, when the
67 dynamic load on the control plane is calculated through sur-
68 face integral of fluctuating pressure, the accuracy of the result
69 is greatly dependent on the phase of fluctuating pressure.
70 Third, the optimization design method for the tube system
71 could only be effective in a limit frequency range, and the
72 range is proportional to the complexity of the tube system.
73 Fourth, the tube system designed by the optimization method
74 is always so complex that it is difficult to manufacture and a
75 non-ignorable error may be induced between the ideal results
76 and actual measurements.19

77 In this paper, systematic study is conducted to investigate
78 the effects of tube system parameters on fluctuating pressure
79 by contradistinctive experimental method. The analyzed tube
80 system parameters include tube length, inside diameter, curva-
81 ture, deflection angle, thickness, material, restrictor length,
82 restrictor inside diameter, and restrictor place. Then in order
83 to eliminate the effects of the tube system and improve the data
84 accuracy, test methods are presented for the fluctuating pres-
85 sure measurement in low-speed wind tunnel. The results of
86 the wind tunnel test are given to verify the effectiveness of
87 the methods.

88 2. Methods for contradistinctive experiment

89 In order to analyze the difference between the pressure col-
90 lected with and without the tube system, two Pressure Mea-
91 surement Points (PMP) (denoted as PMP-1 and PMP-2) with
92 the same pressure are set at first. PMP-1 is connected to a
93 dynamic pressure sensor (denoted as Sensor-1) directly, while
94 PMP-2 is connected to a dynamic pressure sensor (named
95 Sensor-2) by a tube system. The difference between the signals
96 collected by the two sensors may reflect the effect of the tube
97 system on fluctuating pressure.
98 In the experiment, the two small holes on the organic glass
99 plate are used to form PMP-1 and PMP-2, which is verified by
100 having the same pressure. The results of the verifying experi-
101 ment are presented later in this paper. A loud speaker is used
102 to create fluctuating pressure. The schematic diagram of the

103contradistinctive experiment is shown in Fig. 1. Fluctuating
104pressure signals are collected and analyzed by ENDEVCO
1058510B-1 dynamic pressure sensor and LDS-Dactron Foucs Ⅱ
106dynamic analyzer. The main parameters of the 8510B-1 sensor
107are as follows: measuring range of 0–1 psi (1 psi = 6894.76
108Pa), sensitivity of 200 mV/psi, and resonance frequency of
10955 kHz.
110The swept frequency excitation in range of 0–165 Hz is
111applied to generate fluctuating pressure. The signals of
112Sensor-1 and Sensor-2 are collected synchronously at sampling
113rate of 375 Hz for 4096 points. These two pressure signals col-
114lected by Sensor-1 and Sensor-2 are denoted as p1ðtÞ and p2ðtÞ.
115Their Fourier transform are denoted as P1ðfÞ and P2ðfÞ corre-
116spondingly. In the symbols, t represents time, and f represents
117frequency.
118The FRF of the tube system is provided as follows:
119

H2;1ðfÞ ¼ P2ðfÞ
P1ðfÞ ð1Þ

121121

122Twenty time average is used to improve the smoothness of
123the FRF. The analyzing frequency is limited in range of 0–165
124Hz.
125The magnitude and phase of FRF can reflect the effects of
126the tube system on fluctuating pressure. If jH2;1ðfÞj (magnitude
127of FRF) is greater than 1, it means that the magnitude of fluc-
128tuating pressure has been amplified. On the contrary, the mag-
129nitude of fluctuating pressure has been minified. In theory,

130/2;1ðfÞ (phase of FRF) is less than 0 rad, which means that

131the pressure signal is delayed by the tube system. Absolute

132phase is denoted as j/2;1ðfÞj. The effects of the tube system

133are small if jH2;1ðfÞj and /2;1ðfÞ are close to 1 and 0 rad corre-

134spondingly. On the contrary, the effects are great.
135PMP-1 and PMP-2 are desired to have the same pressure.
136The conformity is verified by the experiment, in which PMP-
1371 and PMP-2 are directly connected to Sensor-1 and Sensor-
1382 respectively without the tube system. The results of verifying
139experiment are given in Figs. 2 and 3. Fig. 2 shows jH2;1ðfÞj,
140/2;1ðfÞ and Coh2;1ðfÞ (coherence function between the two pres-

141sure signals25). Fig. 3 shows the comparison between signals
142collected by Sensor-1 and Sensor-2 in time domain. According
143to the results, jH2;1ðfÞj and Coh2;1ðfÞ are very near to 1, and

144/2;1ðfÞ is very near to 0 rad. In conclusion, the conformity is

145perfect, and the two small holes on the organic glass plate
146can be used as PMP-1 and PMP-2 with the same pressure.

1473. Effects of various parameters on FRF

1483.1. Effects of tube length

149By the contradistinctive experiment method, FRFs are
150obtained for tubes with different length (denoted as L). The
151PolyVinyl Chloride (PVC) tube with 1.2 mm inside diameter
152and 2.2 mm outside diameter (denoted as 1.2 � 2.2) is used
153in the experiment. This type of tube is often used in the low-
154speed wind tunnel for fluctuating pressure test. This type of
155tube is used as the default type later in this paper if not spe-
156cially specified.
157For tubes with different length, the magnitude and phase of
158FRF are shown in Figs. 4 and 5. According to the results, the
159length of tube has great effects on the magnitude and phase of
160FRF. As length increases, there are decreases in terms of the
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