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ABSTRACT The 7-hole probe measurement system is mainly used to measure three-dimensional flow
fields. During the measurement, the probe head was in direct contact with the measured object, and the head
structure had a significant influence on the accuracy of the flow field measurement. The main influencing
factors were the hole opening mode, hole position, and hole diameter. For a hemispherical 7-hole probe with
perpendicular and forward-facing holes, orthogonal experiments with three levels and three factors (inflow
velocity, hole position, and hole diameter) were designed, and additional experiments were conducted on
the significant factors. The importance of factors was evaluated based on the correlation between different
structural parameters and the pressure coefficient. The experiment was simulated using FLUENT, and the
numerical simulation results demonstrated that the square of deviance at the inlet velocity, hole diameter,
and hole position was 0.0018, 0.0013, and 0.3611, respectively. The position of the hole has a significant
influence on the measurement results, but the influence of the inflow velocity and hole diameter is negligible,
and the pressure coefficient is the smallest when the hole is at 45◦. For the hemispherical 7-hole probe with
forward facing hole, the hole is the best at approximately 45◦, and considering the convenience of processing,
the diameter of the hole can be selected as the diameter of the 1/10 probe.

INDEX TERMS 7-hole probe, perpendicular hole, structure optimization, numerical simulation.

I. INTRODUCTION
Multi-hole probes are often used to measure three-
dimensional (3D) flow fields. With proper calibration, this
information can then return three components of the fluid
velocity, as well as static and dynamic pressures [1]–[4].
In addition to the multi-hole probe, hot wire anemometer
(HWA), and laser doppler velocimetry (LDV), particle image
velocimetry (PIV) systems are widely used in the detection
of 3D flow fields. However, the HWA sensor is relatively
fragile and unsuitable for measuring highly dynamic and
complex fluids [5]. Meanwhile, the LDV response time is
too long to adequately reflect the flow field information in
real time, and the PIV tracer itself causes disturbances in the
flow field and introduces unnecessary errors. Because of its
simple structure and strong adaptability to the environment,
the multi-hole probe is widely preferred in the measurement
of various complex flow fields. There are different shapes
of multi-hole probes: the number of holes is generally odd,
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with 5,7, and 17 holes,from the tip shape, there are spherical,
hemispherical, conical, and pyramid shapes. For the hole
opening mode, there are forward facing (the hole axis parallel
to the probe axis) and perpendicular holes (vertical probe
surface) [6]–[8]. The maximum angle that can be detected
by a 5-hole probe is limited to 55◦, whereas the measur-
ing angle of a 7-hole probe can reach 75◦ [9]. Therefore,
the 5-hole probe is often used in turbomachinery and in
other scenarios. When the probe needs to be used in the
aerospace field, a 7-hole probe that canmeasure a wider angle
range is required. The measurement range of the 17-hole
probe is as high as 150◦ and can be used for almost omni-
directional measurements [7]; however, it is very expensive
and useful only in a few cases where rear inflowmeasurement
is needed. Theoretically, any tip shape would work for a
multi-hole probe. James Crawford [10] studied the corre-
lation between the shape of the 7-hole probe tip and the
sensitivity of the Reynolds number, and highlighted that the
hemispherical tip is less dependent on the Reynolds number.
Therefore, this study focuses on a hemispherical 7-hole
probe.
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When a 3D flow field is detected by a multi-hole probe,
the fluid flows near the probe surface. If there is a hole
on the probe surface, it will inevitably affect the flow field
near the probe, causing an error between the actual mea-
sured pressure and the probe surface pressure. If the hole
is larger on the surface of the probe, the error is greater.
To facilitate machining, the existing 7-hole probes combine
seven thin tubes together through welding [11]; therefore,
almost all of them are forward-facing holes. When the probe
measures the flow field, in most cases, the probe hole has
a positive convective flow, and the flow in a deeper part of
the hole is still turbulent. The hemispherical 7-hole probe
with perpendicular holes is a vertical probe surface [12],
and the field near the probe hole will not flow directly into
the probe hole, which also meets the requirements of static
pressure measurement. At present, only the shape optimiza-
tion of the probe tip has been studied [10], [13], and the
position of the hole has not been discussed. In this study,
we investigated the determination of the optimal opening
method of the probe to make the measured pressure closer
to the real pressure on the probe surface. To study the opti-
mal structure of the tip with a hemispherical 7-hole probe,
FLUENT software was used for the numerical calculation
of the perpendicular and forward-facing holes under the
hole diameter, hole position, and flow velocity. The optimal
structure of the tip with a hemispherical 7-hole probe was
determined by analyzing the pressure coefficient of the probe
hole.

II. PROBE STRUCTURE PARAMETERS AND TEST DESIGN
A. STRUCTURAL PARAMETERS OF THE HEMISPHERICAL
7-HOLE PROBE
When measuring the 3D flow field, the probe was completely
immersed in the flow field. If the probe surface has a hole,
the flow field will be affected to varying degrees [14], [15],
which causes the measured pore pressure to deviate from the
spherical static pressure. The aperture size, hole position, and
hole opening mode are all factors that affect the measurement
accuracy of the probe. Taking a hemispherical probe with
a diameter of 6 mm as an example, its structure is shown
in Fig. 1. By analyzing the influence of hole diameter D,
hole angle (hole position L), and hole opening mode on pres-
sure measurement at different inflow velocities, the optimal
hole opening scheme is comprehensively selected. Consid-
ering the machining problem, the range of hole diameter is
0.4-0.8 mm, whereas that for the hole angle is 30–60◦, and
the application scene is a subsonic flow field; therefore,
the velocity range is 10-100 m/s.

B. TEST PROGRAM
There are three structural factors to be considered for the
perpendicular and forward-facing hole probes: hole diameter
D, hole angle (hole position L), and flow field velocity.
If each factor takes three levels, 33 = 27 experiments will
be conducted, which will require a significant amount of

FIGURE 1. 7-hole probe structure diagram.

TABLE 1. Orthogonal test of perpendicular holes.

TABLE 2. Orthogonal test of forward-facing holes.

time and computational resources. The experimental opti-
mization design has good orthogonality and uniformity, and
it reflects the comprehensive test well under the condition
of a reduction in the number of experiments. Therefore, the
orthogonal test is a very effective experimental method used
to conduct multiple factor experiments to shorten the cycle
of the experiment [16]. For the three values of the significant
factors, the optimal value cannot be obtained simultaneously,
and approximate additional experiments should be conducted
according to the preliminary test results. According to the
design method of the orthogonal table, an experiment with
three factors and three levels were designed, as summarized
in Table 1 and 2.

III. NUMERICAL SIMULATION
The number of probe experiments is reduced to nine in an
orthogonal experimental design. If a probe with perpendic-
ular and forward-facing holes is performed in a wind tun-
nel test, nine probes with different structures are required
and the cost is high, and with the development of compu-
tational fluid dynamics, through computer numerical calcu-
lation, the numerical solution of the flow field is described
quantitatively in time and space [17], which saves time and
reduces research costs.
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FIGURE 2. 3D model of probe.

A. TURBULENCE MODEL
Turbulent flow is a common flow phenomenon in nature.
In most engineering problems, the flow of fluid is often in
a turbulent state. At present, numerical simulation of turbu-
lence can be divided into direct numerical simulation (DNS),
large eddy simulation (LES), and Reynolds average method
(RANS). Both DNS and LES involve a relatively significant
amount of calculation. RANS is used to derive several turbu-
lencemodels based on different simplifications of turbulence;
among them, the Spalart–Allmaras single-equation model is
specially used to solve the wall-restricted flow in the aviation
field, and it has a remarkable effect on the boundary layer
flow under the action of the inverse pressure gradient. The
governing equations are as follows:

∂

∂t
(ρṽ)+

∂

∂xi
(ρṽui)

= Gv +
1
σṽ

[
∂

∂xj

{
(µ+ ρṽ)

∂ ṽ
∂xj

}
+ Cb2ρ

(
∂ ṽ
∂xj

)]
−Yv + Sṽ (1)

where ṽ is the turbulent viscosity except for the near-wall
area, Gv is the turbulent viscosity term, Yv is the fail-
ure viscosity term of the closed wall and viscous damping
near the wall, σṽ and Cb2ρ is a constant, v is the molec-
ular dynamic viscosity, and Sṽ is a user-defined source
item.

B. GEOMETRIC MODELING AND MESHING
The tips of the hemispherical 7-hole probe consisted of one
center hole and six static pressure holes, and six static pres-
sure holes were distributed near the center hole. Considering
that the two-dimensional model of the symmetrical section
only reflects the flow of this section, whereas the mapping
to the 3D space reflects the flow near the cylinder, a 3D
hemispherical 7-hole probe model is constructed. To simulate
the real conditions as much as possible and prevent backflow
from interfering with the flow field of the tip, a probe stem
of 10 mmwas added at the back of the tip. The hemispherical
7-hole probe model with perpendicular and forward-facing
holes is shown in Fig. 2.

TABLE 3. Different grid number.

TABLE 4. Calculation results of different grids.

FIGURE 3. Probe calculation domain.

A space composed of a radius of 200 mm hemisphere and a
height of 200 mm cylinder was established outside the probe,
and the probe geometry model was excavated inside the space
as the computational domain of the fluid simulation, as shown
in Fig. 3.

The meshing method adopts the hexahedral-based cutcell
method to mesh the computational domain. To determine that
there is no correlation between the number of grids required
for calculation and the technical results, it is necessary to test
the grid independence. The parameter of significant interest
in this simulation is the surface pressure of the probe. Point
a on the probe surface, the pressure of the center hole, and
the variance of pressure of the outer six holes are selected
to check the grid independence. Then, the four grid numbers
shown in Table 3 are calculated. The calculation results are
shown in Table 4 and figure 3. The calculation results are
shown in Table 4.

It can be seen that the number of grids has increased
from 934338 to 1477284, and the pressure values of the
three positions have only changed slightly. This suggests
that increasing the number of grids beyond 934338 has little
effect on the calculation results; hence, it suffices to choose
934338 as the number of grids. Fig. 4 shows the grid partition
of the computational domain and the grid partition of the
probe hole.
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FIGURE 4. Grid division of flow field.

FIGURE 5. y+ value of probe surface.

In order to verify the rationality of the boundary layer
grid, the calculated y+ value is checked. Figure 5 shows the
distribution of y+ value on the surface of the probe, which
can be seen that it is basically distributed between 0.5 and 2,
so the meshing of the boundary layer can meet the calculation
requirements.

C. FLOW FIELD CONDITION SETTING
The multi-hole probe is applied to the middle atmosphere
environment, with ideal air chosen as the domain medium for
the calculation. The calculation is performed at a temperature
of 273 K, and the dynamic viscosity of air at 273 K is
1.716×10−5Pa ·s. The atmospheric pressure at the bottom of
the stratosphere is 1/3 that of the sea level atmospheric pres-
sure; thus, a pressure of 33775 Pa is selected as the absolute
pressure for numerical calculation. The air density in dry air is
only related to the absolute pressure and temperature, which
can be obtained as follows:

ρ = ρ0
273
273+t

×
p

0.1013
(2)

where ρ is the density of dry air at temperature t and pressure
p, ρ0 is the density of dry air at a temperature of 0 ◦C
and a pressure of 0.1013 MPa, equal to 1.293 kg/m3, p is
the absolute pressure, and (273+t) is the thermodynamic
temperature. The density of air at a temperature of 273 K and

TABLE 5. Flow field condition.

pressure of 33775 Pa was computed to be 0.431 kg/m3. The
initial conditions of the flow field are as shown in Table 5.

After determining the flow field conditions, the Reynolds
number on the surface of the probe and inside the hole can be
calculated as follows:

Re =
ρuL
µ

(3)

where ρ is the fluid density, u is the flow rate, L is the
characteristic length, and µ is the dynamic viscosity. When
the speed range is 10–100 m/s, the range of the Reynolds
number of the flow on the probe surface is 1500–15000 and
the range of Reynolds number of the flow in the hole
is 100–2000.

IV. INFLUENCE OF PROBE STRUCTURE PARAMETERS
The evaluation of the influence of different structural param-
eters on the probe measurement is essentially to evaluate the
accuracy of pressure measurement by seven pressure holes.
Pressure coefficient Cp is usually used to evaluate static pres-
sure measurement by pressure hole. The smaller the absolute
value of pressure coefficient Cp is, the better the accuracy of
static pressure measurement is [18]. The calculation formula
of Cp is

Cp =
Pi − P∞
1/2ρU2

∞

(4)

where Pi is the pressure measured by the pressure hole, P∞
is the static pressure of the flow field, ρ is the gas density of
the flow field, and U∞ is the inflow velocity.

A. INFLUENCE OF HOLE POSITION
Ignoring the influence of the hole on the surface pressure
of the probe, a curve without hole in the sphere is selected
to represent the distribution of the pressure coefficient of
the sphere at different positions, and the variation curve of
the pressure coefficient on the sphere with the position L is
shown in figure 6. Compared with the simulation results for
the unperforated sphere, the minimum pressure coefficient is
70.5◦ [19]. Because this simulation involves a sphere with
holes, with the angle of the minimum pressure coefficient
point d being 76◦, the simulation results can be considered
reliable. It can be seen that the pressure coefficient at different
positions on the surface of the probe is different. The pressure
coefficient becomes smaller with the distance away from the
center hole, the pressure coefficient becomes zero near point
a, and the absolute value of the pressure coefficient increases
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FIGURE 6. Variation curve of pressure coefficient of probe surface with
hole position.

gradually with the increase of the distance. It can be seen from
Fig. 6 that when the pressure coefficient is lower than −0.5,
a pressure coefficient value corresponds to two spherical
positions, which is absolutely not allowed in measurement.
The pressure coefficient should be controlled in the range
of −0.5–0.5, the corresponding angle range of perpendicular
holes is 30–60◦, and distance L of forward-facing holes is
1.5–2.6 mm.

B. INFLUENCE OF HOLE DIAMETER
The probe pressure hole is a channel to transfer pressure,
and a pressure sensor is installed at the back of the hole to
detect pressure. Too small hole diameter will increase the
hysteresis error and improve the risk of hole blockage. Too
large hole diameter will affect the accuracy of measurement.
Fig. 7 shows the velocity contours of the probe section under
different pore diameters of the probewith perpendicular holes
and forward-facing holes, respectively.

It can be seen from the diagram that whether it is perpen-
dicular holes or forward-facing holes, the flow in the front of
the hole is unsteady. With the increase of the hole diameter,
the gas disturbance inside the hole increases gradually, and
gradually develops to the depth of the hole. It can be seen that
the larger the hole diameter, the more unstable the flow inside
the hole, which will affect the accuracy of the measured hole
pressure.

C. INFLUENCE OF HOLE MODE
If the hemispherical seven-hole probe is to weld seven long
pipes with small inner diameter together, the probe with
forward-facing holes is processed. When the probe is facing
the incoming flow, the flowfield inside the hole is unstable for
a long distance.When the position of the hole is far away from
the center hole, the area of the hole formed on the sphere will
be much larger than perpendicular holes. By comparing the
velocity contours of perpendicular holes and forward-facing
holes under different diameter in Fig. 7, it can be seen that the
flow field of the forward-facing hole probe is still unstable
in the deeper part of the hole. The perpendicular hole probe
tends to be almost stable after the corner, and the stable
convergence of the forward-facing hole is worse than that of
the perpendicular hole when the diameter increases.

FIGURE 7. Velocity contours of probes with different apertures.

Under the same flow field conditions, nine groups of
experimental designs of the perpendicular hole probe and the
forward-facing hole probe were simulated, and the pressure
coefficient results are shown in Table 6. Among them, CP1
is the average pressure coefficient of the six static pressure
holes of the perpendicular hole probe, and CP2 is the average
pressure coefficient of the six static pressure holes of the
forward-facing hole probe. It can be seen from Table 6 that,
except for some values, the value ofCP2 is greater than that of
CP1 in general, indicating that the perpendicular hole has little
influence on the probe measurement result compared with the
forward-facing hole.

V. RESULT ANALYSIS
In order to obtain the influence of different structural param-
eters of the probe on the pressure coefficient, it is necessary
to further variance analysis and range analysis of the pressure
coefficient CP1 of the perpendicular hole probe. The results
are shown in table 7.

In Table 7, yjk represents the average value of the static
pressure coefficient corresponding to the k level of factor j,
and the optimal level of factor j can be judged by the value
of yjk . Rj is the extreme difference, and Sj is the square
of deviance. fj is the degree of freedom, and Fj is the
F distribution.
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TABLE 6. Simulation results of pressure coefficient.

TABLE 7. Pressure coefficient CP1 analysis.

A. EXTREMUM DIFFERENCE ANALYSIS
Extremum difference Rj reflects the variation range of the test
index when the level of factor j changes [16]. The larger Rj
is, the greater the effect of this factor on the test index is, so it
is more important. The primary and secondary factors in the
experiment can be determined by the magnitude of extremum
difference Rj. The calculation formula is

Rj = max
[
yj1, yj2, yj3

]
−min

[
yj1, yj2, yj3

]
(5)

The Sj is the square of deviance of the average and the
total average of the test index corresponding to the level of
factor j [16], indicating the fluctuation of the test data caused
by the level change of this factor. The calculation formula is

S j =
a
b

b∑
k=1

(
yjk − y

)2 (6)

where a is the total number of tests, b is the number of
horizontal occurrences of the column, and y is the average
value of test index Cp1.
It can be seen from Table 6 that R2 = 0.4834 � R1 =

0.0343 > R3 = 0.0262, the extremum difference of pressure

TABLE 8. Additional experiment results.

coefficient of hole angle is much larger than that of velocity
and hole diameter, the influence of hole angle on pressure
coefficient is much larger than that of velocity and hole
diameter. It can be obtained that the hole angle is the main
factor affecting the pressure coefficient of the probe, and the
hole diameter and flow velocity are the secondary factors;
S2 = 0.3611 � S1 = 0.0018 > S3 = 0.0013, the deviation
square sum of the pressure coefficient of the hole angle is
much larger than that of the velocity and the diameter of the
hole. The change of the hole angle has a great influence on
the pressure coefficient, and the change of the velocity and
the diameter of the hole has little influence on the pressure
coefficient.

B. SIGNIFICANCE TEST
After variance analysis, it is necessary do the significance test
to determine its confidence level. In Table 7, Fj is a random
variable of F distribution with degree of freedom of

(
fj, fe

)
,

and its calculation formula is

Fj =
Sj/fj
Se/fe

(7)

where Se = 0.0027 is the error of square of deviance, fe = 2 is
the freedom level of error. Select significance α = 0.01, from
the F distribution table F0.01 (2, 2) = 99.01 < F2 = 131.36,
it can be considered that the hole angle has a significant
effect on the pressure coefficient and its confidence level is
99%. The values of F1 and F3 are less than 1, which can
be considered that the velocity and hole diameter have little
effect on the pressure coefficient.

C. ADDITIONAL TEST
Through variance analysis and significance test, it can be seen
that the hole angle has a significant effect on the pressure
coefficient. The optimal level cannot be found only through
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FIGURE 8. Influence of pressure coefficient changes with the level of
each factor.

FIGURE 9. Pressure coefficient contrast curve of in-hole and surface.

three tests, and additional experiments are needed. The results
of the additional experiments are shown in Table 8. The
average static pressure coefficient of each factor recalculated
is shown in Fig. 8.

Figure 8 shows the effect of three levels of each fac-
tor on pressure coefficient Cp. The data point in the fig-
ure is the average pressure coefficient yjk corresponding to
three factors at different levels. Combined with the curve of
Figure 8 and the data of Table 7 and Table 8, it can be
concluded that the influence of velocity and hole diameter
on pressure coefficient is small and negligible. When the
hole diameter is 0.4 mm and 0.6 mm, the pressure coef-
ficient is similar, which is less than 0.8 mm, so the hole
diameter can be selected as 1/10 probe diameter. The hole
angle has a significant effect on the pressure coefficient, when
the hole angle is 45◦, it is the optimal level. For the probe
with perpendicular holes, the hole angle should be selected

near 45◦. Figure 9 shows the pressure coefficient contrast
curve of the in the hole and the surface. The variation trend of
the pressure coefficient in the hole is in good agreement with
the surface pressure coefficient, which shows it can better
reflect the surface pressure distribution of the probe.

VI. CONCLUSION
In this paper, taking the hemispherical 7-hole probe as the
research object, the influence of probe structure parameters
on themeasurement of pressure coefficient at different speeds
is analyzed. The orthogonal experimental design method was
used to design the experimental scheme of three levels and
three factors, and the additional experiments were carried
out according to the experimental results, which reduced the
number of experiments to the greatest extent. The numeri-
cal simulation was carried out by Fluent software, and the
pressure coefficient values of the hemispherical seven-hole
probe under various structural parameters were calculated.
The range analysis of the results was carried out, and the
influence of various structural parameters on the pressure
coefficient measurement was obtained. The numerical sim-
ulation results show that the perpendicular holes are better
than the forward-facing holes. The velocity and hole diameter
have little influence on the pressure coefficient measurement,
and the hole angle is the most significant factor affecting
the pressure coefficient measurement. It is determined that
the optimal angle range of the hemispherical 7-hole probe
with perpendicular holes is about 45◦, and the hole diameter
is 1 / 10 of the probe diameter, which provides reference for
the optimization design of the hemispherical 7-hole probe.
This study only optimized the structure of the hemispherical
7-hole probe; however, the concept of an optimal hole posi-
tion can also be applied to other probes. However, this study
only discusses the subsonic situation, and whether the speed
has an effect at high speed needs to be further studied.
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