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and Wei Peng2

SUMMARY

An integrated aerodynamic three-hole pressure probe (THP) based on a fiber-op-
tic tip sensor array for high-velocity flow field vector measurement is developed
and demonstrated in wind tunnel testing. The sensor array consisting of three
miniature pressure fiber-tip sensors is integrated into three pressure conduits in-
side top area of the THP, which serves to mitigate pneumatic pressure loss and is
expected for a more reliable analysis of flow characteristics. Fast real-time data
acquisition is implemented by a compact self-developed multichannel white light
interferometry (WLI) interrogator. Well-calibrated maps of the fiber-optic THP
are developed in a subsonic free-jet wind tunnel to derive the velocity vectors
in a yaw angular range of G15� at Mach numbers of 0.2 Ma (�70 m/s), 0.5 Ma
(�170 m/s), and 0.8 Ma (�300 m/s) while related flow characteristics are
analyzed. This work is desired to provide a potential candidate for turboma-
chinery experimental investigation in fluid mechanics community.

INTRODUCTION

The development of high-pressure compressors and turbines has always played a pivotal role in the mod-

ern aeroengine manufacturing industry (Royce, 2015; Backman and Williams, 1992). The turbomachinery,

however, as a key component of the aeroengine, faces great challenges in the design process due to its

harsh operating environment and complex flow field conditions (Uzol and Katz, 2007). The interaction of

rotating and non-rotating components in turbomachinery, secondary flows, or blade wakes shedding usu-

ally induces highly fluctuating flow fields. Sources of the non-constancy have to be understood by some

technical means before designing turbomachines. The magnitude and direction of the velocity fields within

the turbomachinery environments may present important variations over a certain timescale and help to

explain the characteristics of the flow fields. With the development and optimization of computational fluid

dynamics (CFD), some flow regimes can be learned numerically (Wang et al., 2014), but the experimental

investigation is still of interest for the scientific community and industrial fields. Experiments on turboma-

chinery occupy an important position in obtaining the compressor cascade performance as well as propel-

ler blade flow, etc. (Zachos et al., 2011; Ragni et al., 2011). Measurement techniques and instrumentation

have been proposed for turbomachinery applications, either non-intrusively or intrusively, including parti-

cle image velocimetry (PIV) (Westerweel et al., 2013), laser Doppler velocimetry (LDV) (Li et al., 2019), laser

two-focus method (L2F) (Mousavi and Fahimeh, 2020), hot-wire anemometry (HWA) (Bailey et al., 2010), and

multi-hole pressure probes (MHPs) (Heckmeier et al., 2019; Telionis et al., 2009; Argüelles Dı́az et al., 2009;

Crowder et al., 1997). In turbomachinery measurements, the lack of sufficient optical access prevents the

use of PIV, LDV, and L2F which are mainly driven by free-space optical techniques. Moreover, the absence

of adequate mechanical robustness and vulnerability to gas contamination are also issues for HWA.

MHPs, so-called fast-response aerodynamic probes (FRAPs), are known for offering reasonable cost, good

repeatability, and durable gauging techniques that readily adapt to both turbomachinery environments

(Heckmeier et al., 2019) and flight testing (Telionis et al., 2009). It serves the purpose of extracting the ve-

locity components in magnitude and direction in an airstream by reading the port pressures. Using anMHP

that has been appropriately calibrated in a known flow field, the velocity vector can be extracted by

acquiring the port-pressure readings and comparing them with the calibration maps (Argüelles Dı́az

et al., 2009). Thus, the precise measurements of pressure and correct plotting of calibration maps are
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crucial to realizing velocity vector analysis with high accuracy. Port pressures derived from the MHFs are

traditionally guided by pressure tubes and then measured through the connection of remote pressure

transducers, which may lead to the problems of pneumatic loss, long response time, and low efficiency

(Crowder et al., 1997). When the airflow passes through a long transmission distance, internal fluid friction

and wall friction generate a portion of energy loss due to the presence of viscous drag, intuitively expressed

as pressure loss or pressure drop (White, 2011; Anderson, 2010). It eventually results in the issues of mea-

surement inaccuracy (Andersen and Binder, 1967; Tropea et al., 2007). To reduce the pneumatic transmis-

sion distances, the transducers in a few studies are mounted in close proximity to the ports of MHPs,

thereby acquiring some accurate pressure fluctuations andmore reliable flow field information (Gossweiler

et al., 1995; Johansen et al., 2003; Schettini et al., 2018).

An aerodynamic cylindrical probe topped with piezoresistive Wheatstone bridge type pressure sensor

chips was developed by Gossweiler et al. to confirm the rapid decay from impeller outflow of a radial

compressor (Gossweiler et al., 1995). Johansen et al. embedded a micro-electro-mechanical system

(MEMS) sensor array in the head of an MHP to resolve the instantaneous velocity vector (Johansen et al.,

2003). Schettini et al. designed a smart probe for flow angles measurements where five pressure trans-

ducers welded on a specific PCB are housed in the probe to sense the pressure at the tip ports (Schettini

et al., 2018). However, these electronic pressure transducers are deficient in terms of electromagnetic inter-

ference and miniaturization for sensing sizes. Fiber-optic sensors are expected to transcend the limitations

of traditional electronic transducers and become new alternatives, thanks to their distinctive merits such as

small size, geometrical flexibility, ease of distribution and networking, and immunity to most electromag-

netic distortion (Zou et al., 2021; Bai et al., 2020; Liu et al., 2016; Lawson et al., 2016; Cipullo et al., 2012).

Some recent developments on fiber-optic flow sensors have focused on the measurement of the velocity

magnitude in the airflow field. Examples include fiber-optic anemometers based on dual-channel Fabry-

Perot (FP) interferometers (Wang et al., 2019), as well as a single-channel differential-pressure FP sensor

and a diaphragm-based sensor with built-in fiber Bragg Grating (FBGs), both coupled for use with Pitot

tubes (Liu et al., 2020b; Fujiwara et al., 2020). There are also precedents expecting to combine fiber-optic

pressure sensors with MHPs for future wind tunnel applications, such as multiple MEMS optical transducers

(Zhou and Sheplak, 2020) and differentially dynamic FP pressure sensors (Heckmeier et al., 2019). And the

development of newMHPs based on fiber-optic sensing technology for more reliable measurement of flow

field vectors remains a continuous research topic.

In this paper, a miniaturized aerodynamic three-hole pressure probe (THP) based on a fiber-optic tip

sensor array for high-velocity flow field vector measurements has been successfully applied in a subsonic

free-jet wind tunnel. The sensor array consisting of three miniature pressure fiber-tip sensors is

integrated into three pressure conduits inside the top area of the probe to construct a miniaturized aero-

dynamic THP. Using the integrated aerodynamic THP with a built-in fiber-optic tip sensor array, the pres-

sure measurements of the airstream will occur right at the top area of the probe rather than flowing

through long pressure tubes to reach the sensors. The design serves to mitigate pneumatic pressure

loss caused by the viscous drag of the airflow over long transmission distances, promising high-precision

calibration and more reliable measurements of the flow field. Furthermore, the minimization of flow dis-

turbances created by intrusive probes is also very important for the accurate measurement of flow field

parameters. Miniature ultra-thin circular gold diaphragms manufactured mainly from MEMS technology

form the basic pressure sensing units of the fiber-tip sensors in the sensor array, while helping to create

sensing structures with an outer diameter (OD) of just �125 mm. The smaller size of the single fiber-tip

sensor benefits the miniaturization of the aerodynamic THP top area, thereby reducing intrusive

perturbation to the testing airflow field and facilitating the exploration of actual flow. And the high uni-

formity of the gold sensing diaphragms produced by the MEMS manufacturing process is also a key factor

in supporting simultaneous and consistent response as well as stable operation of the three fiber-tip sen-

sors in practical velocity vector and related flow field characteristics studies of applied turbomachinery

community. Fast real-time data from the sensor array are acquired by a compact self-developed multi-

channel white light interferometry (WLI) interrogator consisting of a modulated grating Y-branch

(MG-Y) tunable laser, a field-programmable gate array (FPGA) control and acquisition module, and three

photodetectors (PDs). And the calibration map plotting and velocity vector measurements are imple-

mented at Mach numbers of about 0.2 Ma (�70 m/s), 0.5 Ma (�170 m/s), and 0.8 Ma (�300 m/s) in a

flow yaw angular range of G15� while other related flow characteristics are also analyzed. With the advan-

tages of probe miniaturization, high acquisition and demodulation rates, and large measurable range, the
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fiber-optic integrated aerodynamic THP offers potential application value for pneumatic turbomachinery

studies in most electromagnetic interference environments.

RESULTS AND DISCUSSION

Aerodynamic THP geometry and sensor integration

Although a variety of MHPs have been devised for decomposition of the flow velocity vector and related

flow characteristics measurement in turbine components, THPs are still the most well known and widely

used. THPs are frequently made up of a streamlined axisymmetric body pointing to the airflow field and

used for two-dimensional (2D) flow fields. As the name implies, it features three pressure sensing ports.

Similar to the Pitot tube, it also works by the stagnation of the flow around the probe when inserted into

any flow field (Tropea et al., 2007). The pressure distribution around the surface of the THP tip can be

described as the maximum pressure at the stationary point and the lower pressure at other surrounding

points. It indicates that the pressure at specific points on the tip surface can be related to the direction

and magnitude of the flow velocity. Based on the conservation of energy, the stagnation/total pressure

P0 at the stationary point can be expressed as the sum of static pressure Ps and the dynamic pressure Pd
when the mechanical loss is ignored (White, 2011; Tropea et al., 2007)

P0 = Ps + Pd = Ps +
1

2
rU2

N (Equation 1)

where UN is the flow velocity in the free stream, and r (kg/m3) is the density of the fluid.

Thus, the surface pressure of the THP tip is usually sampled at three points to determine the direction and

magnitude of 2D flow field vector. Through experimental and empirical analysis, and long-term evolution in

the field of aerodynamics, the three locations are typically designed on the axis of the probe tip and at two

equally spaced points on both sides of the probe tip surface (Argüelles Dı́az et al., 2010; Dı́az, 2003). When

the flow velocity vector is perpendicular to the central pressure port on the probe tip surface, that point

gives the conventional stagnation/total pressure. The yaw direction can be inferred by relating the differ-

ential pressure between the symmetrical pressure side ports to the inflow velocity vector through proper

calibration (Argüelles Dı́az et al., 2009, 2010; Dı́az, 2003). And the flow velocity magnitude can be inferred

from the subsequent data processing.

Generally, the port pressures of traditional THPs are transmitted to remote pressure transducers via long

pressure tubes of even several meters in length to explore the velocity vectors of airflow fields, which may

result in pneumatic pressure loss. Without considering complex local loss, the pressure loss during the test

often originates from the loss along the path caused by the viscous friction of the fluid flowing in the pipe-

line. The pneumatic pressure loss can be estimated by (White, 2011; Anderson, 2010)

Ploss =

�
a
l

d

�
r
v2

2
(Equation 2)

where Ploss, a, l, d, and v (m/s) are pressure loss, coefficient of frictional drag along the path, length of the

round pressure tube, the inner diameter (ID) of the tube, and the flow velocity, respectively. According to

Equation 2, the pressure loss increases with the increasing transmission distance for the same airflow envi-

ronment, which may eventually lead to unreliable aerodynamic analysis.

To mitigate the pneumatic pressure loss and improve response performance, the sensor array is integrated

near the pressure ports. The structure of the designed fiber-optic integrated aerodynamic THP is shown

schematically in Figure 1. The aerodynamic THP is composed mainly of an external stainless steel housing,

three internal stainless steel thin pressure conduits, and an integrated fiber-optic tip pressure sensor array,

as shown in Figures 1A and 1D. The aerodynamic THP has an oval-like construction at the tip of the probe.

Port 2 is centrally located and Port 1 and Port 3 are arranged symmetrically on either side, both at an angle

of 45� with respect to Port 2, as shown in Figure 1B. The long axis of this oval is approximately 2.3 mm and

the short axis is about 1.0mm. TheODof the pressure ports is 0.6 mmwhile the ID is 0.4 mm. The integrated

sensor array near the probe tip of the aerodynamic THP serves to measure the port pressure values. Each

pressure fiber-tip sensor in the sensor array with an OD of�125 mmand a sensing area length of�160 mm is

embedded into a thin pressure conduit that is welded to the pressure port. And the cylindrical housing en-

casing the thin pressure conduits has an OD of about 3 mm at the top area of the aerodynamic THP. The

above components form the most forward area of the aerodynamic THP in contact with the airflow field.
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The lead-in single-mode fibers (SMFs, 9 mm/125 mm, YOFC) pass through the thin conduits and are con-

nected to the self-developed multichannel WLI interrogator. The interference spectra of the pressure

sensor array are shown in Figure 1C.

Moreover, the magnitude of the port pressures is closely related to the yaw angle b of the airflow. The flow

angular definition of the proposed fiber-optic integrated aerodynamic THP is shown in Figure 1B. The

angle defined between the probe axis and the velocity vector v is the yaw angle b, the pitch angle is consid-

ered to be 0 in the 2D plane. When the b-angle of the input airflow is positive, the pressure value derived

from Port 3 is considered to be higher than the one from Port 1. At this point, Port 1 is regarded to deviate

more from the streamline than Port 3. Proper calibration in a known flow field is essential for correct data

output from THPs, and the interpolated calibration maps are available throughout their lifetime unless the

geometry of the probes has changed (Azartash-Namin, 2017). Well-calibrated THPs can be inserted into an

unknown flow field, where the port pressures are recorded and compared with interpolated calibration

maps to determine the velocity vector and related flow characteristics. When using the THPs for decompos-

ing the flow velocity vector, the velocity components vx and vy are related to the yaw angle b as

vx = � v,sin b (Equation 3)

vy = v,cosb (Equation 4)

Sensor design and principle

During the testing, the integrated pressure sensor array of the developed aerodynamic THP will respond to

the pressures from the three ports. Side and top views of a typical single fiber-tip sensor in the sensor array

under an optical microscope are shown in Figure 1A. To minimize the size of the sensor, ultra-thin circular

gold diaphragms with a thickness of �250 nm and a diameter of �125 mm are prepared by MEMS lithog-

raphy and wet etching to form the basic pressure sensing units of the fiber-tip sensors, as shown in Figure 2.

Firstly, a glass substrate is ultrasonically cleaned in acetone, isopropanol, and deionized (DI) water for five

minutes, respectively. A thin film of gold (thickness of�250 nm) is deposited on the cleaned glass substrate

by magnetron sputtering (Q300TD, Quorum Technologies). The positive photoresist (S1805, Shipley) is

spin coated onto the gold film and soft baked at 90�C for 1 min. After exposure with photolithography

equipment and immersion in a developer solution, the developed substrate is etched with a mixture of

iodine, potassium iodide, and DI water in a mass ratio of 1:5:100 (I2:KI:H2O) to form the shape of gold

Figure 1. Structure, angular definition, and interference spectra of the fiber-optic integrated aerodynamic THP

(A) The schematic diagram of the fiber-optic integrated aerodynamic THP.

(B) Angular definition.

(C) The spectra of the fiber-optic tip pressure sensor array.

(D) The image of a typical aerodynamic THP.
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sensing diaphragms. Then, the etched substrate is rinsed with acetone to remove the photoresist. As

shown in Figure 1A, the formed gold diaphragms have uniform shapes and high surface flatness. The

entire MEMSmanufacturing process is clean and efficient, producing hundreds of well-shaped diaphragms

at a time.

Thereafter, a hollow-core fiber (HCF, 80 mm/125 mm, FiberHome) that fused at the endface of the SMF is cut

to a specified length of �160 mm under an optical microscope. The HCF endface dipped with UV adhesive

(3311, Loctite) is aligned with a gold sensing diaphragm. Exposed to UV irradiation, the UV adhesive be-

tween the HCF and the gold diaphragm is cured, joining the two interfaces together, as shown in Figure 2.

Owing to the poor adherence of gold film to glass (Pask and Fulrath, 1962), the gold diaphragm prepared

directly on the common glass substrate is easily peeled off by the endface of HCF coated with UV adhesive.

Finally, the sensor array consisting of three fiber-tip sensors is integrated into the head of the aerodynamic

THP near the pressure ports, where the pressure measurements of the airstream will occur right at the top

area of the probe to mitigate the problems of pressure loss.

The miniature fiber-optic tip sensor array inside the pressure conduits serves to measure the pressure intro-

duced by the three ports of the developed aerodynamic THP. Each single fiber-tip sensor in the sensor

array can be regarded as a low-finesse diaphragm-based FP interferometer (DFPI), where the two reflec-

tions can be estimated by a two-beam interferometric model. The interference spectrum can be expressed

as an intensity-modulated signal

I = I1 + I2 + 2
ffiffiffiffiffiffiffi
I1I2

p
cos

�
4pnL

L
+p

�
(Equation 5)

where I is the intensity of the interference spectrum, I1 and I2 are intensities of the two reflections, n is the

refractive index of the medium filled in FP cavity, L is the FP cavity length, L is the working wavelength, and

p is the additional phase of half-wave loss.

The main pressure sensing element of a single fiber-tip sensor is made by the gold diaphragm, with

Young’s modulus E of 79.5 GPa and Poisson’s ratio m of 0.42. When the sensing diaphragm is exposed

to external pressure, the circular diaphragm deforms, resulting in FP cavity length variations, which can

be determined by (Giovanni, 1982)

Figure 2. Fabrication process of a typical single fiber-optic tip pressure sensor

(A) Deposit gold film.

(B) Spin coat positive photoresist.

(C) Exposure and development.

(D) Wet etch with I2:KI:H2O.

(E) Remove photoresist.

(F) Sensor assembly.

(G) Assembly complete.
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DL =
3ð1 � m2Þr4

16Eh3
DP (Equation 6)

where P is the applied pressure, r and h are the effective radius and thickness of the sensing diaphragm,

respectively.

Each single fiber-tip sensor in the pressure sensor array has a linear measurable range, which can be

described as (Giovanni, 1982)

Plinear =
8Eh4

5ð1 � m2Þr4 (Equation 7)

With the effective radius of the diaphragm being 40 mm and the thickness being �250 nm, the theoretical

linear sensitivity of the fiber-tip sensor is about 318.25 nm/kPa. And the linear pressure measurable range is

about 0–235.66 Pa. Beyond this linear range, a nonlinear response interval may be reached at high Mach

numbers (or high wind pressure). But the three FP cavity lengths can still respond to the three pressure

values within the elastic deformation range of the gold diaphragms and as functions of wind pressure.

Calibration of aerodynamic THP

Experimental calibration for an aerodynamic THP can be implemented in a known flow field using the

probe rotation method. The THP is first inserted vertically into a closed wind tunnel (Roux, 2004) or a

free jet (Gossweiler et al., 1995) so that Port 2 is aligned with the direction of the airstream, and Port 1

and Port 3 are symmetrical with respect to the flow direction. The yaw angle of the THP at this position

is defined as 0�. The pressure from Port 2 is equal to the total pressure of the airflow, while the pressure

from Port 1 is similar to that from Port 3. The THP rotates in the airflow field and is calibrated in certain

angular steps over a range of yaw angles at different Mach number environments, depending on the

required accuracy and measurement range. The pressure values introduced from the three ports of the

aerodynamic THP are related to the flow characteristics, such as velocity vector, yaw angle, total pressure,

static pressure, and density of the airflow field. The extensive calibration data for the aerodynamic THP can

be simplified and exploited by using dimensionless calibration coefficients, which are defined below

Kb =
P3 � P1

ðP2 � P1Þ+ ðP2 � P3Þ (Equation 8)

K0 =
P0 � P2

ðP2 � P1Þ+ ðP2 � P3Þ (Equation 9)

K13 =
P1 � P3

P0 � Ps
(Equation 10)

KK1 =
P2 � P1

P0 � Ps
(Equation 11)

KK3 =
P2 � P3

P0 � Ps
(Equation 12)

where P1, P2, P3, P0, and Ps are the pressure values from Port 1, Port 2, and Port 3 of the aerodynamic THP,

total pressure, and static pressure of the flow field, respectively. Kb is yaw angle coefficient of the airflow, K0

is total pressure coefficient, K13, KK1, and KK3 correspond to static pressure coefficients. And the above co-

efficients can be obtained by measuring P1, P2, P3, P0, and Ps in a known flow field.

These non-dimensional calibration coefficients at multiple yaw angles and different Mach number environ-

ments are calculated as the basis for the interpolated calibration maps. The calibration maps are generally

plotted as a trend of the calibration coefficients varying with yaw angles (Rautenberg et al., 2019). Then, the

well-calibrated aerodynamic THP will be placed in an unknown flow field to collect the same data for com-

parison with the calibration maps during the flow measurements. For velocity vector reconstruction and

related flow characteristics analysis in an unknown airflow field, the pressure data at each test point are ac-

quired by the well-calibrated aerodynamic THP as P1, P2, and P3. Via calculating the present Kb based on

Equation 8 and substituting it into the prior interpolated calibration curves for this coefficient, the yaw angle

b can be known. Thus, the present K0, K13, KK1, and KK3 can be obtained by the substitution of b into the

interpolation curves of the corresponding coefficients. And the total pressure P0 will be determined accord-

ing to Equation 9. Similarly, the static pressure Ps can be calculated through Equations 10–12 when b and P0
are available. It is worth mentioning that Ps is analyzed by utilizing the three static pressure coefficients

curves (K13, KK1, and KK3) simultaneously to minimize some potential calculation errors. At certain yaw
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angles, situations where the pressure values measured by the two ports of the probe are similar may exist,

resulting in small differential pressure. This is detrimental to the inverse calculation of Ps based on Equations

10–12, because the very small numerator might magnify the error. Therefore, the static pressure in various

angle intervals is analyzed by employing different static pressure coefficient curves depending on the

measuring situation.

Furthermore, the accurate calculation of total pressure P0 and static pressure Ps is very important for the

reliable solution of the following velocity magnitude and density of the airflow field. The velocity coefficient

l, or dimensionless velocity, is often adopted to study the high-velocity flow of gases, which is related to

flow velocity v and critical sound velocity ccr (m/s) (Anderson, 2010; Tropea et al., 2007)

l =
v

ccr
(Equation 13)

The velocity coefficient can be obtained from an aerodynamic function that describes the ratio of the static

parameters of the airflow to the total parameters (Anderson, 2010; Tropea et al., 2007)

pðlÞ = Ps

P0
=

�
1 � g � 1

g+ 1
l2
� g

g� 1

(Equation 14)

where g is the adiabatic index, generally 1.40 for dry air. In adiabatic flow, the critical sound velocity ccr is a

constant related only to the total temperature of the airstream, which can be determined by (Anderson,

2010; Tropea et al., 2007)

ccr =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

g+ 1
gRT0

s
(Equation 15)

where T0 (K) is the temperature at the stationary point of v = 0 and is referred to as the total temperature.

Besides, according to the ideal gas equation of state in aerodynamics, the density of the airflow can also be

derived and approximated as (Anderson, 2010; Tropea et al., 2007)

r =
Pa +Ps

RT0
(Equation 16)

where Pa is the atmospheric pressure, and R is the ideal gas constant (R = 287.058 J/(kg$K) for dry air).

Calibration of the fiber-optic integrated aerodynamic THP in free jet

Before using the developed fiber-optic integrated aerodynamic THP in the experimental calibration, the

relationship between the FP cavity lengths of the sensor array and applied pressure should be determined.

The experimental setup for the fiber-optic tip pressure sensor array combined with the self-developed

multi-channel WLI interrogator is shown in Figure 3. The top area of the aerodynamic THP integrated

Figure 3. Experimental setup for the fiber-optic integrated aerodynamic THP combined with the compact self-

developed multichannel WLI interrogator
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with the sensor array is encapsulated in a pressure chamber and the internal pressure is supplied by a pres-

sure generator (113A, ConST). Real-time data acquisition and processing are realized by the self-devel-

oped multichannel WLI interrogator, mainly consisting of a broadly tunable MG-Y laser, an FPGA, and

three PDs. The MG-Y tunable laser (ATLS7500, AOC Technologies), one of the Vernier tuned distributed

Bragg reflector (VT-DBR) lasers, is employed as the light source. The output wavelength is controlled by

injection currents of three sections: the right reflection section (IRR), the left reflection section (ILR), the

phase section (IPH), and the output intensity is adjusted by fine-tuning the injection current of the semicon-

ductor optical amplifier (ISOA) section (O’Connor et al., 2008; Liu et al., 2021; Liu et al., 2019). Full-spectrum

wavelength scanning of the MG-Y laser at an interval of 8 pm from 1527 nm to 1567 nm and synchronized

data acquisition with a frequency of 100 Hz are both implemented by the FPGA, and the output intensity of

each wavelength is adjusted to a consistent 10.5 dBm. The output interference spectra of the fiber-tip sen-

sors in the sensor array when no wind pressure is applied are shown in Figure 1C. The spectra are simulta-

neously processed by the cross-correlation signal processingmethod (Jing, 2006; Han et al., 2004; Xie et al.,

2015) and the demodulated length of the three FP cavities can be expressed as functions of applied pres-

sure. The initial cavity lengths of the three fiber-tip sensors in the sensor array corresponding to Port 1, Port

2, and Port 3 are measured to be about 161.457 mm, 160.836 mm, and 167.819 mm, respectively.

Figure 4A shows the response of the pressure sensor array after an increase/decrease pressure cycle in the

range of 0–60 kPa (1 kPa per step). During the pressure increasing cycle, the FP cavity lengths decrease with

the increasing pressure because of the sensing diaphragms’ deformation. As the pressure decreases, the

FP cavity lengths recover and return to their original state at the zero point. The variations of the FP cavity

lengths with applied pressure mainly exhibit nonlinear response since most of the applied pressure is

beyond the linear measurable range. Fitted with power function curves, the pressure calibration equations

of the sensor array can be expressed as8<
:

L1 = 161:457 � 0:566P0:290

L2 = 160:836 � 0:309P0:416

L3 = 167:819 � 0:341P0:521
(Equation 17)

Figure 4. The pressure response characteristics of the fiber-optic tip pressure sensor array

(A) The nonlinear response of the sensor array between FP cavity lengths and applied pressure from 0 to 60 kPa.

(B) Sensitivity variations of the sensor array with the changes of the applied pressure.

(C) The evaluation of SDs in a 10-s time span at 30 kPa.

(D) Resolution variations of the sensor array with the changes of the applied pressure.
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Owing to the nonlinear variations, the sensitivities of the pressure sensor array also vary with the changes of

the applied pressure. As shown in Figure 4B, sensitivities decrease as the applied pressure rises, with a

maximum sensitivity of 477.03 nm/kPa and a minimum sensitivity of 28.33 nm/kPa. The pressure resolutions

of the three fiber-tip sensors can be evaluated by measuring the standard deviations (SDs) of the FP cavity

lengths (Liu et al., 2020a; Zhou et al., 2019). In Figure 4C, the changes of the FP cavity lengths are recorded at

a steady pressure of 30 kPa over a 10-s time span, where the SDs are approximately 0.26 nm, 0.24 nm, and

0.27 nm, respectively. The resolution of the FP cavity length is usually calculated at twice the SD, and the

pressure resolutions of the three fiber-tip sensors vary with the sensitivities, from the highest resolution

of 1.09 Pa (0.0018% F.S.) to the lowest one of 16.94 Pa (0.028% F.S.) (F.S., 0–60 kPa), as shown in Figure 4D.

Although the fiber-tip sensors target wind pressure measurements in the free jet of the wind tunnel, they

are also subject to temperature effects to some extent. The temperature response of the pressure sensor

array from room temperature 25�C to 60�C is investigated in a temperature control box, as shown in Fig-

ure 5A. The three fiber-tip sensors exhibit linear responses to temperature, where the temperature sensi-

tivities are 0.93 nm/�C, 0.69 nm/�C, and 0.84 nm/�C, respectively. The crosstalk is principally caused by the

thermal expansion of the main components constituting the fiber-tip sensors, such as HCFs, air trapped in

FP cavities, and UV adhesive layers when the surrounding temperature changes. Therefore, the pressure

and temperature responses of fiber-tip sensors need to be calibrated before the practical wind tunnel

testing. Besides, the temperature of the free jet in the wind tunnel generally does not raise drastic varia-

tions over the testing time due to the presence of automatic control systems. Such error is considered

acceptable in these applications with limited temperature variations. Otherwise, the effective temperature

compensation mechanism, such as cascaded with an FBG temperature sensor in our related work (Zhou

et al., 2019; Wang et al., 2012; Jing et al., 2018), is required to eliminate the crosstalk between temperature

and wind pressure. In future work, some materials with better thermal stability and other adhesive-free

fabrication processes will also be considered for sensor assembly to reduce the impact of material

mismatch (Liu et al., 2020a; Wang et al., 2010, 2012).

The repeatability and long-term stability of the sensor array are also important metrics to be discussed

during the application. The pressure calibration for wind pressure simulated environments with free jet

of 0.2 Ma, 0.5 Ma, and 0.8 Ma when the yaw angle of the fiber-optic integrated aerodynamic THP is

0 is exemplified in Figures 5B–5D. The results show that the FP cavity lengths do not change significantly

at room temperature and are in good agreement with the pressure calibration equation of the sensor

array (Equation 17). The miniature pressure fiber-tip sensors assembled from gold diaphragms, HCFs,

Figure 5. The temperature response characteristics, repeatability, and long-term stability of the fiber-optic tip pressure sensor array

(A) Temperature response from room temperature 25�C to 60�C.
(B) FP cavity length variations of the 1st fiber-tip sensor under pressure conditions of 1.5 kPa, 10 kPa, and 35 kPa over 120 days.

(C) FP cavity length variations of the 2nd fiber-tip sensor under pressure conditions of 3 kPa, 20 kPa, and 55 kPa over 120 days.

(D) FP cavity length variations of the 3rd fiber-tip sensor under pressure conditions of 1.5 kPa, 10 kPa, and 35 kPa over 120 days.
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and UV adhesive have proven to offer good repeatability and measurement stability over a long period of

time, ensuring a service life of at least several months.

The aerodynamic THP requires prior calibration under known flow conditions before it can be applied to

explore velocity vectors and related flow characteristics in unknown airflow fields. The experimental setup

for the calibration process of the fiber-optic integrated aerodynamic THP within a continuous subsonic

wind tunnel is depicted in Figure 6. The experimental calibration is performed in the open free-jet

wind tunnel, as placing the probe to be calibrated in a conventional closed wind tunnel test area may

produce large blockage errors (Wyler, 1975). An air compressor controlled by a variable-frequency drive

(VFD) generates a steady airflow with high Mach numbers. The free jet discharges out through a circular

outlet. The throat diameter of the converging nozzle is 20 mm. The developed fiber-optic integrated

aerodynamic THP is mounted on a computer-controlled 3-axis rotary stage with the tip of the probe

positioned at 30 mm from the nozzle. The pressure ports at the tip of the aerodynamic THP are adjusted

by the 3-axis rotary stage placed in the center of the free jet and face the incoming flow. The first step is

to determine where the incidence angle of the airflow is 0�. The tip of the aerodynamic THP is rotated

until Port 2 faces the streamline and Port 1 and Port 3 are symmetrical with respect to the flow streamline.

At this moment, P2 = P0, and P1 z P3. After determining the measurement point at 0�, the calibration

testing starts by rotating the aerodynamic THP to an angular position of 15�. Then, the calibration pro-

cess of the fiber-optic integrated aerodynamic THP is implemented at different Mach numbers of

about 0.2 Ma (�70 m/s), 0.5 Ma (�170 m/s), and 0.8 Ma (�300 m/s) with an interval of 1� in the

angle varying range of 15��–15�, respectively. The atmospheric pressure of the experimental environ-

ment Pa is measured by the monitoring device to be 100.43 kPa, and the corresponding total tempera-

tures T0 of the three airflow fields with three Mach numbers above are 25.4�C, 31.7�C, and 35.2�C,
respectively.

The output interference spectra of the pressure sensor array integrated in the aerodynamic THP are re-

corded in a yaw angular range from 15� to �15� at Mach number environments of 0.2 Ma, 0.5 Ma, and

0.8 Ma. The variations in the spectra of the three fiber-tip sensors in the yaw angles of 15�, 10�, 5�, 0�,
�5�, �10�, and �15� at a Mach number environment of 0.5 Ma are exemplified in Figure 7. The spectrum

of the 1st fiber-tip sensor is blue-shifted with the changes of yaw angle from 15� to �15� in Figure 7A, while

the one of the 2nd fiber-tip sensor changes slightly with yaw angles and the one of the 3rd fiber-tip sensor is

red-shifted with the yaw angles in Figures 7B and 7C, respectively. The spectra also exhibit similar variations

at Mach numbers of 0.2 Ma and 0.8 Ma. The output interference spectra are simultaneously processed by

the cross-correlation signal processing method to get the values of FP cavity lengths (Jing, 2006; Han et al.,

2004; Xie et al., 2015).

Figure 6. Schematic diagram of the experimental setup and angular definition for the fiber-optic integrated

aerodynamic THP calibration process in a continuous subsonic free-jet wind tunnel
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Figure 8A shows the FP cavity length variations throughout the testing and visualizes the entire test pro-

cess. The pressure sensor array exhibits simultaneous response and good consistency. When the free jet

starts to discharge out in each Mach number environment of 0.2 Ma, 0.5 Ma, and 0.8 Ma, the airflow begins

to contact the gold sensing diaphragms and causes the deformation, exhibiting dramatic reduction in the

Figure 7. The shift in the output interference spectra of the fiber-optic tip pressure sensor array in the yaw angles

of 15�, 10�, 5�, 0�, �5�, �10�, and �15� at a Mach number of 0.5 Ma

(A) The 1st fiber-tip sensor.

(B) The 2nd fiber-tip sensor.

(C) The 3rd fiber-tip sensor.

Figure 8. Responses of the fiber-optic tip pressure sensor array in a yaw angular range from 15� to �15� at Mach number environments of 0.2 Ma,

0.5 Ma, and 0.8 Ma throughout the whole testing process

(A) FP cavity length variations.

(B)–(D) Real-time port pressures on average.
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lengths of the three FP cavities. Then, the three FP cavity lengths become stable after the airflow is grad-

ually steady in the initial angular position of 15�. And this measurement condition is maintained for one

minute to record the variations of FP cavity lengths and calculate the average values to analyze the wind

pressure. Then, we adjust the aerodynamic THP to other angular positions with a step of 1� for measure-

ment in the same way as above. As shown in Figure 8A, the FP cavity length of the 1st fiber-tip sensor cor-

responding to Port 1 in the sensor array decreases throughout the whole calibration process in a yaw

angular range from 15� to �15� at each Mach number environment, the one corresponding to Port 2 keeps

almost stable, while the one corresponding to Port 3 keeps increasing. The wind pressure introduced

through the three ports of the aerodynamic THP (P1, P2, and P3) can be obtained in real time by substituting

the measured FP cavity lengths into the pressure calibration equation of the sensor array based on Equa-

tion 17. The average values of port pressure are shown in Figures 8B–8D. Until the free jet is terminated, the

three cavity lengths of the fiber-tip sensors can be restored to the original state, indicating that the sensing

diaphragm remains within the elastic deformation range. The total and static pressures (P0, Ps) in the free jet

are monitored in real time by its own measuring and control devices of the wind tunnel.

Through the aforementioned calibration process, P1, P2, P3, P0, and Ps are all acquired in the flow fields of

0.2 Ma, 0.5 Ma, and 0.8 Ma with a yaw angular range of G15�. The yaw angle coefficient Kb, total pressure

coefficient K0, and static pressure coefficients K13, KK1, and KK3 are gained by substituting the above pres-

sure values into Equations 8–12, respectively. These five calibration coefficients follow a certain rule with

the changes of yaw angles. The calibration maps of the related coefficients with angle variations in the

range of G15� are illustrated in Figure 9. Kb can be regarded as varying linearly with yaw angles in the

testing angular range, as shown in Figure 9A. The other calibration coefficients exhibit nonlinear trends

concerning yaw angle variations. The calibration curves of K0 versus yaw angles can be fitted with quartic

polynomial, as shown in Figure 9B.

Calibration curves of K13, KK1, and KK3 are plotted in Figures 9C and 9D. It is worth mentioning that in order

to minimize the calculation error, the three static pressure coefficients are employed simultaneously. With a

Figure 9. Dimensionless calibration coefficient curves within G15� yaw angle variations for flow field

characterization

(A) Yaw angle coefficient Kb.

(B) Total pressure coefficient K0.

(C) Static pressure coefficient K13.

(D) Static pressure coefficients KK1 and KK3.
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relatively small airflow yaw angle (b%G5�), the differential pressure between P1 and P3 may be quite small.

Because Port 1 and Port 3 are placed symmetrically with respect to Port 2, the pressures introduced and

measured from Port 1 and Port 3 are very approximate at this point. A slight inaccuracy in the measured

P1 and P3 will result in an amplification of the error in the static pressure value calculated from K13, as indi-

cated in Equation 10. Similarly, it will appear that Port 1 and Port 2 have a small pressure difference within

�15�% b < �5�, while the situation is analogous for Port 2 and Port 3 in the yaw angle measurement range

of 5�< b% 15�. The inversion procedure of the static pressure using KK1 and KK3, whichmay bring amplified

errors, is also not suitable in the above two yaw angular ranges, as indicated in Equations 11 and 12. There-

fore, the calibration curves of K13 is commonly adopted for the above yaw angular measurement range of

�15�% b < �5 and 5�< b % 15�. The calibration curves of KK1 and KK3 are both employed to obtain the

static pressure values separately when the yaw angle is in the range of b % G5�, and then the average

of the two is considered the accurate static pressure.

The calibration maps can be interpolated in preparation for acquiring the characteristics of velocity vector,

total pressure, static pressure, and density of the flow field using the developed fiber-optic integrated

aerodynamic THP. Because the total and static pressure of the free jet have been already monitored dur-

ing the experimental calibration process, we demonstrate the velocity vector and density of the airflow

using the derivation procedure mentioned in the previous section based on Equations 8–16. Figure 10A

depicts the velocity vectors in the airflow field environments of 0.2 Ma, 0.5 Ma, and 0.8 Ma at yaw angles

of G15� inferred from the three-port pressure values (P1, P2, and P3) of the fiber-optic integrated aerody-

namic THP during the calibration process. The flow velocity direction changes with the rotation of the

aerodynamic THP in each flow field state and the velocity magnitudes increase with the increased

Mach numbers. Also as shown in Figure 10B, the velocity magnitude at each yaw angle is maintained

within a modest variation interval and fluctuates up and down at approximately 70.5 m/s, 179.0 m/s,

and 313.8 m/s, respectively. This fluctuation may be generated by the inherent instability of the airflow

provided by the air compressor. In addition, an increase in wind pressure supplied by the air compressor

is always accompanied by an increase in instability, which results in more dramatic fluctuations in higher

Mach numbers.

Figure 10. The flow characteristics in the airflow field environments of 0.2 Ma, 0.5 Ma, and 0.8 Ma at yaw angles

of G15� inferred from the three-port pressure values of the fiber-optic integrated aerodynamic THP during the

calibration process

(A) The velocity vectors.

(B) The velocity magnitudes.

(C) The velocity magnitudes in the x-direction.

(D) The velocity magnitudes in the y-direction.

(E) Densities of the airflow.

ll
OPEN ACCESS

iScience 25, 104402, June 17, 2022 13

iScience
Article



Based on the description in Figure 1B, the measured velocity vectors can be decomposed in a 2D right-

angle coordinate system. The velocity magnitudes on the axes of x and y are shown in Figures 10C and

10D. In different flow field environments, the velocity magnitude in x-direction all decreases with yaw angle

variations in the angular range from�15� to 0�, as shown in Figure 10C. Until the pressure ports of the fiber-

optic integrated aerodynamic THP are facing the free-jet streamline at a yaw angle of 0�, the velocities

reach 0. In the angular range from 0� to 15�, the velocity direction changes, and the magnitude increases

with the increasing angle until the velocity magnitude peaks at an angle of 15�. The intervals of x-direction

velocity magnitude variations are 18.1�–18.6 m/s, 46.6�–49.3 m/s, and 80.9�–81.8 m/s at Mach numbers of

0.2 Ma, 0.5 Ma, and 0.8 Ma, respectively. The magnitude of the velocity in the y-direction also fluctuates

with the changes of yaw angles in eachMach number environment, as shown in Figure 10D. The fluctuations

are over and under 69.6 m/s, 176.8 m/s, and 310.0 m/s, respectively. Figure 10E shows the airflow density

variations inferred from Equation 16 during the calibration process, ranging from 1.1721 to 1.1726 kg/m3,

1.1487 to 1.1507 kg/m3, and 1.1402 to 1.1462 kg/m3, corresponding to 0.2 Ma, 0.5 Ma, and 0.8 Ma environ-

ments, respectively.

Velocity vector testing in unknown flow fields

Generally, calibration maps for a certain flow field environment or angular range are employed for mea-

surement in the corresponding range. In 0.2 Ma, 0.5 Ma, and 0.8 Ma flow fields with yaw angles of G15�,
the airflow velocities at the measurement points are controlled by the air compressor and the yaw angles

are generated through randomly rotating the developed fiber-optic integrated aerodynamic THP by the

3-axis rotary stage, as shown in Figure 6. At this time, the monitored atmospheric pressure Pa of the exper-

imental environment is 100.43 kPa, and the corresponding total temperatures T0 of the three airflow fields

with the aboveMach numbers are 28.9�C, 30.6�C, and 32.6�C, respectively. Real-time pressure data at each

test point are acquired by the developed fiber-optic integrated aerodynamic THP and the self-developed

multichannel WLI interrogator as P1, P2, and P3 in unknown airflow fields that do not exceed the calibration

range. Then, the three detected pressures are substituted into the aforementioned dimensionless calibra-

tion coefficient equations based on Equations 8–12. Compared them with the interpolated calibration

maps to find the total pressure, static pressure, yaw angle, velocity magnitude, 2D velocity decomposition,

and airflow density at the measurement points. Figure 11A describes the 18 groups of pressure readings

from the developed fiber-optic integrated aerodynamic THP in the testing flow fields of 0.2 Ma, 0.5 Ma,

and 0.8 Ma with different yaw angles. Through the calculation based on the calibration maps mentioned

above, the magnitude and direction of the airstream velocity are deduced. The output velocity vectors

in the unknown flow fields are shown in Figure 11B.

The measured velocity magnitude, x-direction velocity, y-direction velocity, total pressure, static pressure,

and density of the unknown airflow field are output through the aforementioned calculation method and

depicted in Figure 12. The velocity magnitudes of the six measured points in each Mach number environ-

ment at different yaw angles are shown in Figure 12A. The yaw angles are learned and the velocity mag-

nitudes are all consistent with the airflow environment at each Mach number conditions of 0.2 Ma, 0.5 Ma,

and 0.8 Ma. The velocity magnitudes fluctuate up and down at approximately 70.8 m/s, 181.2 m/s, and

Figure 11. Pressure readings from the fiber-optic integrated aerodynamic THP and the measured velocity

vectors in the testing flow fields of 0.2 Ma, 0.5 Ma, and 0.8 Ma with different yaw angles

(A) 18 groups of pressure readings.

(B) The measured velocity vectors.
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312.8 m/s in the yaw range of �13.5�–12.7�, �12.1�–14.5�, and �14.2�–13.8�, respectively. The analysis of

the velocity components in the x and y direction is described in Figures 12B and 12C. The variation

pattern of the x-direction components along the yaw angle is similar to that of the calibration process,

as shown in Figures 10C and 12B. With the changes in yaw angle, the velocity variations in the x-direction

range from 16.3 to �15.7 m/s, 36.7 to �47.5 m/s, and 76.3 to �75.6 m/s, respectively. The velocities first

decrease until they are 0, after which the directions of the velocities are all deflected and the velocity mag-

nitudes increase again. The y-direction velocity components are also output in Figure 12C, where the ve-

locity magnitude varies over and under 69.9 m/s, 178.5 m/s, and 307.5 m/s, respectively.

The inferred total pressure and static pressure are depicted in Figures 12D and 12E, both of which do not

fluctuate greatly with the measurement angles. As the airflow velocity in the wind tunnel increases, more

dramatic fluctuations in total and static pressure occur. This is a result of the increased wind pressure sup-

plied by the air compressor and the consequently increased instability. The density values of these mea-

surement points are also described in Figure 12F, showing density varying ranges of 1.1586–1.1588 kg/m3,

1.1508–1.1564 kg/m3, and 1.14536–1.1628 kg/m3 at 0.2 Ma, 0.5 Ma, and 0.8 Ma flow environments, respec-

tively. Through the entire testing, the developed aerodynamic THP shows no noticeable degradation or

malfunction, indicating that the integrated fiber-optic tip pressure sensor array can operate effectively

even at high Mach numbers. And the developed fiber-optic integrated aerodynamic THP is desired to

offer some application values in future turbomachinery investigations.

Conclusions

In summary, a fiber-optic integrated aerodynamic THP for high-velocity vector measurements is proposed and

experimentally demonstrated in wind tunnel testing. The integrated sensor array consists of three MEMS dia-

phragm-based fiber-optic tip pressure sensors. They are encapsulated in three pressure conduits near the

probe ports to mitigate pneumatic pressure loss and explore flow characteristics more reliably. The

Figure 12. The deduced flow characteristics of the unknown airflow field

(A) The measured velocity magnitude.

(B) x-direction velocity.

(C) y-direction velocity.

(D) Total pressure.

(E) Static pressure.

(F) Airflow density.
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miniaturization of the aerodynamic THP reduces the perturbation to the airflow field and facilitates the recon-

struction of the flow field vectors. The aerodynamic THP is properly calibrated in a subsonic free-jet wind tunnel

at different Mach numbers of 0.2 Ma, 0.5 Ma, and 0.8 Ma with a flow angle interval of 1� in the angle varying

range of G15�. The calibration and measurement data of the aerodynamic THP are acquired in real time by

the compact self-developed multichannel WLI interrogator that mainly works on the principle of precise and

fast scanningof anMG-Y tunable laser. And the plotted calibrationmaps have helped to reconstruct the velocity

vectors in unknown flow fields while understanding related flow characteristics. The fiber-optic integrated aero-

dynamic THP benefits from the miniaturized probe head and the compact fast-scanning system, which is ex-

pected to become a new option for turbomachinery research in the future.

Limitations of the study

Our work focuses on the design and development of a fiber-optic integrated aerodynamic THP and a

compact self-developed multichannel WLI interrogator. The feasibility of this fiber-optic WLI sensing sys-

tem for high-velocity vector and related flow characteristic measurements in a subsonic free-jet wind tunnel

is experimentally demonstrated. However, practical investigations on some aerodynamic issues, including

compressor cascade performance, propeller blade flow, horseshoe vortices, etc., still require further

research using this fiber-optic WLI sensing system in the future.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Zhenguo Jing (jingzg@dlut.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d Data generated in this study have been deposited at Mendeley Data (https://doi.org/10.17632/

4vmp97dd6f.1).

d Code for data acquisition and analysis in this work is publicly available at Mendeley Data (https://doi.org/

10.17632/4vmp97dd6f.1).

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study does not use experimental models typical in the life science.

METHOD DETAILS

Sensing diaphragm preparation

The metallic diaphragms are manufactured by magnetron sputtering and MEMS technology. Magnetron

sputtering we employed allows precise control of the gold diaphragms’ thickness over a wide range,

enabling the construction of thinner sensing diaphragms and higher sensor sensitivity for our wind tunnel

research demands. Combined with MEMS manufacturing process, the high uniformity of the prepared

gold sensing diaphragms is also a key factor in supporting simultaneous and consistent response as well

as good repeatability of the three fiber-tip sensors. This is very important for the stable operation and

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Iodine Aladdin CAS: 7553-56-2

Potassium iodide Aladdin CAS: 7681-11-0

Deposited data

Raw and analyzed data This paper https://doi.org/10.17632/4vmp97dd6f.1

Software and algorithms

Code for data acquisition and analysis This paper https://doi.org/10.17632/4vmp97dd6f.1

Cross-correlation WLI signal processing

Method

Jing (2006) https://oversea.cnki.net/KCMS/detail/detail.

aspx?dbcode = CDFD&dbname =

CDFD9908&filename = 2006146437.nh&uni-

platform = OVERSEAS_EN&v =

YYx56hq2F7Ph7waZrz1PhXgtRBeB-Mf51XgV-

UvsowZyJ84oy8NXjOAYfDYACCQ6

Other

Photoresist Shipley S1805

MG-Y tunable laser AOC Technologies http://en.hubei.gov.cn/business/enterprises/

201605/t20160517_834543.shtml
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measurement reliability of the aerodynamic THP in practical velocity vector and related flow field charac-

teristics studies. In MEMS manufacturing process, we use positive photoresist (S1805, Shipley) for photo-

lithography, followed by wet etching using a mixture of iodine, potassium iodide, and DI water in a mass

ratio of 1:5:100 (I2:KI:H2O) to form the shape of gold sensing diaphragms. The entire MEMS manufacturing

process is clean and efficient, producing hundreds of well-shaped diaphragms at a time.

Fiber-optic WLI sensing system

Our work can be summarized as including two aspects of research, one is the design and fabrication of fi-

ber-optic integrated aerodynamic THP, and the other is the development of a multi-channel WLI interro-

gator (an acquisition and demodulation system). And this fiber-optic sensing system is successfully applied

in a subsonic free-jet wind tunnel. Our designed fiber-optic integrated aerodynamic THP is an intrusive de-

vice that offers measurements of free-jet flow fields, yielding velocity vectors and other related flow char-

acteristics. Accurate measurement of flow field parameters usually requires minimizing flow disturbances

created by the intrusive probes. Miniature ultra-thin circular gold diaphragms manufactured from MEMS

technology form the basic pressure sensing units of the fiber-tip sensors in the fiber-optic integrated aero-

dynamic THP, while helping to create miniature sensing structures with an outer diameter of just �125 mm.

The smaller sizes of the single fiber-tip sensors benefit theminiaturization of the aerodynamic THP top area,

thereby reducing intrusive perturbation to the testing airflow field and facilitating the exploration of actual

flow characteristics. The high uniformity of the gold sensing diaphragms produced by the MEMS

manufacturing process is also a key factor in supporting the simultaneous and consistent response as

well as stable operation of the three fiber-tip sensors in practical free-jet velocity vector and flow field char-

acteristics application studies.

The fast real-time data from the fiber-optic integrated aerodynamic THP is acquired by our self-developed

compact multi-channelWLI interrogator consisting of anMG-Y tunable laser (AOC Technologies), an FPGA

control and acquisition module, and three photodetectors. Full-spectrum wavelength scanning of the

MG-Y laser at an interval of 8 pm from 1527 nm to 1567 nm and synchronized data acquisition with a fre-

quency of 100 Hz can be both implemented by our multi-channel WLI interrogator. The output spectra

are simultaneously processed by the cross-correlation WLI signal processing method (Jing, 2006), and

the demodulated lengths of the three FP cavities are then expressed as functions of applied wind pressure.

Combining the unique advantages of the fiber-optic tip pressure sensor array and the compact fast-scan-

ning system, this work is desired to provide a potential candidate for turbomachinery experimental inves-

tigation in the fluid mechanics community.

Pressure ports arrangement of the aerodynamic THP

Aerodynamic THP is oftenmade up of a streamlined axisymmetric body pointing to the airflow and used for

2D flow fields analysis. Unlike the well-known Pitot tube with separate measurement ports for total and

static pressure, any points on the tip of a THP may capture the total pressure at a certain yaw angle (Tropea

et al., 2007). The surface pressure of the THP tip is usually sampled at three points to determine the direc-

tion and magnitude of the 2D flow field. Through experimental and empirical analysis, and long-term evo-

lution in the field of aerodynamics, the three locations are typically designed on the axis of the probe tip

and at two equally spaced points on both sides of the probe tip surface (Argüelles Dı́az et al., 2010;

Dı́az, 2003). This design is based on the following measurement principles. When the flow velocity vector

is perpendicular to the central pressure port on the probe tip surface, that point gives the conventional

stagnation/total pressure. The yaw direction can be inferred by relating the differential pressure between

the symmetrical pressure side ports to the inflow velocity vector through proper calibration (Argüelles Dı́az

et al., 2009, 2010; Dı́az, 2003). The fiber-tip sensors in this work are installed in accordance with the distri-

bution of the pressure ports on the aerodynamic THP to measure the values of inflow pressure. The calibra-

tion method and subsequent data processing approach for the aerodynamic THP are also designed ac-

cording to the central and symmetrical ports for reliable experimental results.

Yaw angular measurement range

From some literature reports as well as our previous measurement experience and demands in general flow

fields, the angular measurement ranges of �15�–15� of THP can already be applied to some typical turbo-

machinery studies, such as turbine rotor blades, horseshoe vortices, and turbine cascades, etc (Soto-Valle

et al., 2020; Mersinligil et al., 2011; Beer, 2008; Teng, 2021). Therefore, within this angular range of �15�–
15�, the feasibility of the fiber-optic integrated aerodynamic THP and multi-channel WLI interrogator for
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flow field calibration and velocity vector measurements was verified. While this fiber-optic sensing system

has the ability to increase the measurement range by improving the pneumatic parameters of the THP and

calibration procedures to fit other particular airflows. On the one hand, the capacities of the measurement

device depend not only on the performance of the sensors but also on the aerodynamic properties of the

THP. By changing some parameters of the THP, their aerodynamic properties can be well adjusted to

extend the angular range of measurements (Argüelles Dı́az et al., 2008a, 2010). On the other hand, such

limitations also arise from the current experimental calibration conditions of the aerodynamic THP. By opti-

mizing the calibration conditions, the measurement range can be improved (Pisasale and Ahmed, 2002;

Argüelles Dı́az et al., 2008b). At this stage, the main goal of successfully applying this fiber-optic WLI

sensing system to 2D velocity vector measurements and related flow characteristics analysis in a free-jet

wind tunnel has been achieved. In the next stage, we will make some improvements depending on the de-

mands to enhance their applicability. And we hope that this fiber-optic WLI sensing system will provide a

new option for applications in turbomachinery studies in the future.

QUANTIFICATION AND STATISTICAL ANALYSIS

This study does not include quantification and statistical analysis.
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