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ABSTRACT As a key indicator of airport concrete pavement, the durability of concrete is seriously affected
by the jet flow generated by aircraft engines. In order to clarify the temperature field distribution of aircraft
jet flow acting on the pavement surface, this paper obtained the temperature field distribution of pavement
surface under the action of three types of aircraft jet flow by combining field test experiment and CFD
simulation. CFD simulation adopts the shear stress transfer model which is often used in engineering problem
calculation, and the field test experiment adopts the method of embedding temperature sensor in precast
concrete slab. The paired two sample t test was used to test the difference between the experimental results
and the simulation results. The experimental results show that the pavement temperature increases first and
then decreases with the distance from the engine, and reaches the maximum at the intersection point of
the jet flow and the airport pavement. The simulation curve is in good agreement with the experimental
results. When the level of confidence is 0.01, there is no significant difference between the simulation
value and the experimental value, which verifies the accuracy and feasibility of the simulation calculation
model. The simulation results of the three aircraft showed that when type C aircraft is in the state of full
afterforce, the maximum pavement temperature is the highest which is 22m away from the nozzle, and
can reach 533.81K. The current work provides a new method for measuring the temperature distribution of
airfield pavement under the action of jet flow and a basis for the application of fiber concrete in airfield

pavement.

INDEX TERMS Jet flow, pavement, CFD, test experiment, temperature field distribution.

I. INTRODUCTION

With the development of aviation industry, the number of
flights increases year by year. In 2018, China’s transport
airlines completed 11.5352 million transport flight hours,
an increase of 8.9 percent over the previous year.Transport
airlines completed 4,694,700 flights, an increase of 7.6%
over the previous year.The passenger transport volume of
the whole industry reached 611,737,700, an increase of
10.9% over the previous year.The total volume of freight and
mail transportation reached 7.3851 million tons, an increase
of 4.6% over the previous year [1]. The continuous growth
of aviation traffic has put forward higher requirements for the
strength and durability of airport pavement. The development
and promotion of new pavement materials with great strength
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and durability have become a research hotspot. At present,
fiber concrete technology [2], [3] is gradually developed
and popularized in various fields. Compared with ordinary
concrete, fiber concrete has better mechanical properties and
durability, and its application in pavement field can effec-
tively improve the service life of pavement.

Chen et al. [4] studied and prepared modified polyester
synthetic fiber concrete, monofilament polypropylene syn-
thetic fiber concrete, reticular polypropylene synthetic fiber
concrete and polyacrylonitrile synthetic fiber concrete.The
mechanical properties, durability and cost-effectiveness of
fiber reinforced concrete are also studied. The results show
that fiber reinforced concrete has great economic benefits
in the field of airport pavement. From the perspective of
absorption and release of strain energy, Wang et al. [5] stud-
ied the effect of steel fiber on the mechanical and defor-
mation properties of concrete under thermal-force coupling.
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The results show that the compressive strength and the resid-
ual ratio of compressive strength can be effectively increased
after steel fiber is mixed into concrete, the thermal expansion
deformation of concrete can be restrained, and the absorption
and release of strain energy of concrete can be improved.
Generally speaking, there are few researches on the adapt-
ability of fiber reinforced concrete in the field of airport
pavement, which leads to some blindness in the promotion
of fiber reinforced concrete in this field.

Given that most modern aircraft are powered by jet
engines, during taxiing or test runs, the aircraft will generate
high temperature jet currents that will act on the surface of
the pavement for a long period of time. This will have a
certain impact on the durability of airport pavement con-
crete. To promote the use of fiber concrete in the field of
airport pavement, we must ensure that its durability can meet
the needs of aircraft without causing excessive performance
waste. Therefore, studying the temperature field distribution
in the contact zone of the high-temperature jet flow in the
pavement and mastering the maximum temperature under the
jet flow of the aircraft are the key issues to be solved in the
design and management of the pavement. It is of profound
significance for study on the durability of airport pavement
fiber concrete, the selection of pavement materials and airport
daily maintenance management.

At present, the technology of using sensors to measure the
surface properties has been very mature, and relevant scholars
have carried out relevant studies on the physical properties,
mechanical properties [6] and damage detection [7], [8] of
the surface by means of sensors. In terms of the perfor-
mance of measuring the surface temperature, Godoy et al. [9]
designed a pavement temperature monitoring system using
low-cost wireless temperature sensors to monitor the pave-
ment temperature, and verified the feasibility of using sen-
sors to measure the surface temperature.However, the signal
of the wireless sensor gradually weakens with the increase
of the surface depth, resulting in the error increasing with
the increase of the pavement depth. Based on the sensor,
Teltayev and Suppes [10] measured the temperature and
humidity performance of the pavement surface, and analyzed
the variation characteristics of the temperature of each pave-
ment layer with time and the distribution of temperature at
different moments on the depth. Cai ef al. [11] designed an
intelligent sensor network structure to measure the surface
structure temperature, and verified the effectiveness and relia-
bility of the system through experiments. The above research
provides an idea for us to measure the temperature field
distribution on the pavement under the action of jet flow.

The result obtained by field measurement is accurate, but
it is expensive.With the development of computer industry,
computational fluid dynamics [12], [13], as a simulation
method for studying jet flow, has developed rapidly, and the
method of computer simulation for calculating the temper-
ature field distribution under the action of tailjet flow has
been realized. Wang et al. [14] have conducted an experi-
mental study on the exhaust flow field of a jet engine with
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CFD method, and the results show that the pressure and
temperature of the jet center decreased gradually with
the increase of the distance from the jet to the nozzle.
Benderskiy et al. [15], [16] using the RANS/ILES method,
have simulated the jet flow of a double-cone supersonic
aircraft, detected the influence of co-flow velocity and dis-
tance on temperature, pressure fluctuation and axial velocity
in the jet hazard area, and studied the influence of natural
wind speed on the jet hazard area. Yue er al [17], [18]
based on CFD theory and using the standard k-erm equa-
tion and three-dimensional n-s equation, have conducted
numerical simulation of the jet impact on the flight deck
and deflector during the takeoff of the carrier aircraft, and
obtained the temperature characteristic distribution on the
axis. Song et al. [19] have established a simulation model of
jet flow of a carrier-borne aircraft, studied the influence of
high temperature, high speed and high pressure jet flows on
the guide plate under different deflection angles, and com-
pared the simulation results with the experimental results.
Liu er al. [20], [21] have studied the impact of a typical
aircraft carrier deck and jet blast deflector (JBD) under the
condition of under-expansion air flow with finite element
method. Sun et al. [22] have analyzed the influence of jet
flow of a carrier on the wind field, velocity field and pres-
sure field on the deck based on the theory of computational
fluid dynamics. The above research shows that both the field
measurement experiment based on temperature sensor and
the simulation based on computer can obtain the tempera-
ture field distribution of the airport pavement.In comparison,
the data obtained from field measurement are accurate but
the experiment cycle is long and the cost is high.The data
obtained by the simulation is easy to operate but the data
accuracy needs to be further tested.

Based on CFD theory, this paper established a numerical
simulation model on the temperature field distribution of the
pavement with the action of the jet flow.The field test of
aircraft jet flow impact on pavement was designed and carried
out, and the experimental results were compared with the
numerical simulation results to further verify the accuracy of
the numerical simulation method. On this basis, the temper-
ature field distribution under the action of two other typical
aircraft is analyzed numerically. Through comparative analy-
sis of the influence of jet flow of three different aircraft types
on the surface temperature field, the maximum temperature
under the action of the jet flow is obtained. It is hoped to
provide the basis for further research on the adaptability of
fiber concrete in pavement and the durability of fiber concrete
under the action of jet flow.

Il. SIMULATION

A. THEORETICAL BASIS

With the rapid development of computer computing speed,
numerical algorithms that use computers to accurately
solve physical problems have also been developed rapidly.
In the field of fluid mechanics. Computational fluid dynam-
ics (CFD) is developed by combining theoretical fluid
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mechanics with experimental fluid mechanics, which pro-
vides a new idea for us to study the influence of various
engine jet flows on airport pavement.

Computational fluid dynamics can express the characteris-
tics of the flow field in the form of mathematical equations.
By using three-dimensional rectangular coordinate system,
the conserved N-S (Navier-Stokes) governing equations can
be expressed as follows:

Fluid continuity equation:
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Fluid motion equation:
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where, p is the density of the fluid; W is the relative velocity
vector of the fluid; p is the static pressure of the fluid; [/] is the
unit tensor of fluid; [7] is the viscous stress tensor of the fluid;
E is the total energy of the fluid; w is the rotational angular
velocity of the fluid; r is the corresponding vector radius;
k 1is the thermal conductivity of the fluid; T is the temperature
of the fluid.
Among them:

E=e¢+|W[?2 4)

where: e is the internal energy of fluid.

When equations (1), (2) and (3) are time-homogenized,
then the N-S governing equation transforms to the Reynolds
average N-S system of equation, which contains an additional
pulsating quantity. In this equation, the pulsating quantity is
an unknown quantity. The turbulence model related to various
pulsating quantity needs to be established with the help of
experience, so that the equations can be closed and the ana-
lytical solution can be achieved.

The commonly used turbulence models include zero equa-
tion, one equation and two equations. The zero equation
and one equation model are too simple to calculate turbu-
lent fluid accurately.Therefore, the current fluid calculation
mostly adopts the two-equation model. Two-equation turbu-
lence models such as Kk —¢&, k —w, SST (Shear Stress Transfer)
and SAS-SST (The Scale-Adaptive Simulation based on SST
turbulence model) are most widely used.This paper adopts the
SST two-equation model which is widely used in engineering
problem calculation.

k — o turbulence model is relatively sensitive to the change
of initial parameters of free fluid.The SST two-equation
model combines the ¥ — ¢ turbulence model and the
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k — o turbulence model through the mixed function Fy, and
adopts the k — w turbulence model in the near flow field
and the k — ¢ turbulence model in the far flow field. The
advantages of the two models are effectively exploited. The
specific description is as follows:
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Mixed function F1 is:
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The eddy viscosity is expressed as:
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Among them:
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Reynolds stress is expressed as:
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The approximate expression of the generation term of tur-
bulent kinetic energy and specific dissipation rate is:
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FIGURE 1. Schematic diagram of jet flow field calculation area.

B. GEOMETRIC MODEL

Geometric model forms the basis of numerical simulation
calculation. The suitability and accuracy of the geometric
model directly affect the results of numerical simulation cal-
culation. In this paper, ICEM software is used to construct
a geometric model. The problem studied in this paper is the
influence of jet flow on the pavement temperature field, and
the geometric entity is divided into two parts: a plane and
pavement. In order to facilitate modeling and calculation,
the aircraft model is simplified as the engine nozzle model,
and the pavement model is replaced by the calculation area.
Therefore, the geometric model is divided into two parts: the
calculation area model and the engine nozzle model. Type
A aircraft is selected to facilitate the comparison between
numerical calculation results and field measurement results.

1) MODEL OF CALCULATION AREA

Considering that the jet flow from the engine of an aircraft
touches the pavement soon after ejecting, the airflow dif-
fusion is restricted by the constraint of pavement, which is
taken into account when establishing the calculation model.
In order to calculate the temperature field distribution in the
far field, a near half circular truncated cone region is taken
as the calculation area of the entire flow field. The length of
this area is 75.00m. A semicircle with a radius of 5.00m is
selected for the position of the airflow inlet, and a semicircle
with a radius of 20.00m is selected for the position of the
airflow outlet (see Fig. 1). Three-dimensional rectangular
coordinate system is adopted for the simulation calculation.
The flow direction along the engine airflow is positive along
the Z axis, and the vertical direction is positive along the
Y axis (positive up). The direction perpendicular to the flow
direction and pointing to the right is positive along the X axis.

2) MODEL OF ENGINE NOZZLE

The aircraft for the numerical simulation calculation is type
A aircraft. The engine nozzle of this type of aircraft is the
ejector nozzle with a diameter of 0.53m and the lowest point
of the nozzle is 1.10m above the ground. When the engine
is working, the total temperature is 1178.15K, the static tem-
perature is 1051.15K, and the airflow velocity at the outlet of
the nozzle is 545m/s.According to the geometric parameters
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FIGURE 2. Schematic diagram of type A aircraft engine nozzle model.

a. Grid of far field

b. Grid of nozzle outlet section

FIGURE 3. Schematic diagram of grid structure of calculation area.

of the jet nozzle of the type A aircraft engine, the model of
engine nozzle is simplified as shown in Fig. 2. Section C
is the adjusting ring(see Fig. 2), which can be utilized to
control the area of the main flow section of the ejector nozzle
outlet.Section D is the secondary flow section of the ejector
nozzle outlet. And this section has a certain influence on the
diffusion of the airflow ejected from the nozzle. This model
simplified it into an extensive section with a sudden change
in sectional area at the outlet of the ejector nozzle.

C. GRID DIVISION

1) GRID DIVISION OF CALCULATION AREA

The partitioning method of network model and grid quality
have great influence on the numerical simulation results.It is
very important to reduce the number of grids and improve
the accuracy and efficiency of computation by adopting rea-
sonable meshing methods and using structured meshing as
far as possible.The whole calculation area is divided into
several sub-regions by the block grid method to generate grids
(see Fig.3(a)). The internal, outlet and outlet cross section
grids of the nozzle are partially encrypted(see Fig.3(b)).

2) GRID DIVISION OF ENGINE NOZZLE
Based on the above simplified model, the engine nozzle is
meshed.Using ICEM CFD software and block subdivision

VOLUME 8, 2020



Z. Chen et al.: Simulation and Experimental Analysis of the Temperature Field of Jet Flow of Aircraft Based on CFD Theory

IEEE Access

FIGURE 4. Schematic diagram of engine nozzle grid structure.

method, the structural grid of engine nozzle is obtained as
shown in Fig.4. The cross section of the nozzle is O-mesh
and the axial direction is H-mesh.The three-dimensional rect-
angular coordinate system is also adopted. The origin of
coordinates (0,0,0) is set at the center of the airflow outlet
section of thet engine nozzle.

D. MODEL SOLUTION

The boundary conditions at the inlet of the calculated area
were set as pressure inlet conditions, where the total temper-
ature at the nozzle nozzle was 1200.00K, the total pressure
was 1.34 atm, and the remaining positions were set as stan-
dard atmospheric conditions.The outlet boundary conditions
were set as open boundary conditions, and the mean static
pressure and mean temperature were set as standard atmo-
spheric conditions. The pavement surface condition is set as
adiabatic no slip wall.On this basis, the A-type aircraft is
simulated numerically.

In order to solve the three dimensional Navier-Stokes equa-
tions in relative coordinate system. The finite volume method
based on cell center is chosen as the difference method, and
the implicit propulsion algorithm is used in the time advance
method. The turbulence model is SST model, which uses
standard ¥k — w model in the region of low reynolds number
inside the boundary layer, and ¥ — ¢ model in the region of
high reynolds number outside the boundary layer, so that the
equation is suitable in the region of near field and the region
of far field. In the governing equation, the convection term is
discretized in the second-order upwind scheme, and the time
integral is carried out by the second-order backward euler
equation. The turbulence equation is solved by the first order
upwind scheme and the turbulence variable is solved by the
finite second order implicit euler equation.

In the calculation of this paper, the convergence conditions
are as follows:

1) The total residual flow of the whole field is reduced to
below 1077;

2) The relative value of the residual flow of nozzle and inlet
to the total residual flow of the whole field is less than 1%;

3) As the number of iteration steps increases, the total
performance parameters no longer change significantly, and
the parameters at a certain point in the flow field remain
unchanged.
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TABLE 1. Maximum pavement temperature under different number of
grids.

The grid number 3000000 5000000 7000000
The maximum 500 35 37695 37769
temperature(K)

TABLE 2. Maximum pavement temperature at different time steps.

0.005 0.001 0.0001
372.63 376.92 37521

Time step(s)
The maximum
temperaturez(K)

E. MODEL VALIDATION

1) GRID INDEPENDENCE TEST

The time step is set as 0.001ls, and the three computa-
tional grids with 3 million, 5 million and 7 million grids
are numerically calculated. When the surface temperature
reached steady state, the maximum temperature of the surface
is recorded(see Table 1).

As can be seen from the table, when the number of grids
exceeds 5 million, there is little difference in the limit temper-
ature of the surface.Finally, the total number of grids selected
in this paper is 5 million, which can ensure the comput-
ing efficiency on the premise of satisfying the calculation
accuracy.

2) TIME INDEPENDENCE TEST

The number of grids is set as 5 million, and 0.005s, 0.001s
and 0.0001s are selected for the time step to test the time
independence of the selected number of grids. After the
simulation reaches steady state, the maximum temperature is
recorded(see Table 2).

As can be seen from the table, when the number of grids is
constant, the effect of time step on the limit temperature is not
obvious. After comprehensive consideration, the time step of
this paper is 0.001s

F. RESULT ANALYSIS

Fig.5 is the cloud diagram of temperature distribution on
the pavement with the act of the jet flow from the engine.
From the analysis in Fig. 5, it can be seen that, from the
horizontal perspective, the surface temperature presents a
trend of symmetric decrease from the central axis to both
sides, and finally approaches the ambient temperature. From
the perspective of the axial direction, the surface temperature
of the pavement show a trend of first rising and then falling
under the action of the jet flow, and the width of the high tem-
perature area begins to decrease after increasing to a certain
width. Fig. 6 shows the surface temperature change curve of
the central axis. As can be seen from the figure, the surface
temperature of the pavement begins to rise from 7.00m away
from the outlet of the nozzle along the Z axis, and reaches
the highest temperature in the region of 12.00m~28.00m and
the peak value at 17.00m. Then, as the distance from the
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FIGURE 5. Surface temperature distribution cloud diagram of the
pavement.
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FIGURE 6. Temperature curve of central axis of surface of the pavement
(X=0).

FIGURE 7. Schematic diagram of the influence of the jet on the surface
temperature of the pavement.

nozzle increases, the airflow temperature on the surface of
the pavement gradually decreases and finally approaches the
ambient temperature. Fig. 7 is a schematic diagram of the
influence of the jet flow on the pavement temperature.

Ill. FIELD MEASUREMENT EXPERIMENT

In order to further verify the accuracy of temperature field
distribution under the action of jet flow, field experiment was
carried out at an airport in shaanxi province, China. Type A
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FIGURE 8. Site layout of precast concrete slab.

aircraft directly jets the flow to the pavement under the after-
force state. After the temperature was stable, the temperature
of different positions on the pavement was measured, and the
experimental results and numerical simulation results were
compared to verify the feasibility of the simulation model.

A. EXPERIMENTAL PREPARATION

The instruments used in this experiment include infrared ther-
mometer, temperature sensor, temperature converter and data
acquisition device. Among them, the infrared thermometer
adopts smart sensor AS530 handheld infrared thermometer
with a measuring range of -32~550° to determine the approx-
imate position of the peak temperature point of the pave-
ment. The data acquisition device adopts the DAM-3055 data
acquisition card produced by altai technology to collect the
temperature data measured by the sensor. This experiment
adopts type A aircraft with the engine nozzle height of 1.36m
and engine installation Angle of 5°.

The pavement was replaced by cement concrete slab.
In order to facilitate the measurement data, precast concrete
slab was cast in advance for embedding temperature sensors
and temperature converters. In order to facilitate transporta-
tion and experiment laying, the size of the concrete slab was
set as 0.50mx0.50mx0.05m and the weight is about 30Kg.
According to the experimental needs, 42 concrete slabs were
poured in total. The layout range was 4.50m long and 2.50m
wide. The site layout was shown in Fig.8.

B. ARRANGEMENT OF MEASURING POINTS

According to the study of Feng et al. [23] it is known that
the contact point of jet flow and pavement has the highest
temperature. Therefore, before the experiment, it is necessary
to determine the contact point between the jet flow and
the pavement. Aircraft engine installation is generally not
parallel to the ground, but into a certain angle, which is
called engine installation angle, as shown in Fig.9. Due to
the installation angle, the jet flow from the aircraft always
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FIGURE 9. Schematic diagram of the contact point between the jet flow
and the pavement.

shoots to the pavement at a certain angle, so the position of the
contact point can be obtained through theoretical calculation,
and the calculation formula is eq.16.

L=H/tané (16)

where, L is the horizontal distance between the contact point
and the engine nozzle, m; 6 is the installation angle of aircraft
engine, °; H is the height of the engine nozzle, m.

In order to accurately find the contact point between the jet
flow and the pavement, the infrared thermometer was used for
auxiliary measurement. Through measurement, we prelimi-
narily determined that the highest temperature was located on
the axis of the measurement area 16m away from the engine
nozzle along the Z axis. After measurement, we preliminarily
determined that the highest temperature was located on the
axis of the measurement area 16m away from the engine
nozzle. After obtaining the contact points of airflow and pave-
ment, the field measurement points were arranged. In this
experiment, 14 measurement points were set up for embed-
ding temperature sensors. Symmetrical layout is adopted, and
the measurement points were arranged by encryption in the

central area. The specific layout scheme is shown in Fig.10.
Among them, Measuring points 7, 8 and 9 are located in the
same position, which are 16m away from the engine nozzle
along the Z axis on the axis of the pavement, but the buried
depth is different., and measurement point 7 was buried 2mm
below the pavement surface, measurement point 8 was buried
Icm below the pavement surface, and measurement point
9 was buried 2cm below the pavement surface. Measuring
points 3 and 4 are located in the same position, both of which
are 15m away from the engine nozzle along the Z axis on
the axis of the pavement, but the buried depth is different.
The measuring point 3 was buried 2mm below the pavement
surface, and the measuring point 4 was buried Icm below
the pavement surface. Other measurement points were buried
2mm below the pavement surface, and the data acquisition
device is located on the side of the concrete slab.

C. EXPERIMENTAL MEASUREMENT
In the experiment, the aircraft engine was in the state of
full afterforce (see Fig.11). The temperature changes at each
measuring point under the action of jet flow were recorded
with 12 seconds as the time interval. After the temperature
at each measuring point became stable, the experiment was
finished. Two groups of experiments were conducted, and
the average of the pavement temperature at each time in the
two experiments was taken as the final data of the pavement
temperature.Specific experimental procedures are as follows:
(1) Adjust aircraft attitude and fix the aircraft before
test.Start the engine and heat the pavement with the jet flow;
(2) On the basis of theoretical calculation, an infrared
thermometer is used to further determine the precise contact

4.5m
| 2.5m |
The sencor a5 =10 .13
Direction of jetflow ——l »

irection of jet flow . E Y . w o " = :
- .3 E2l 4 i * il 5 |5

Comvbeter | 2% ] — —eu

A card

Computer

FIGURE 10. Schematic diagram of measurement point layout.
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TABLE 3. Maximum temperature at rach measuring point under the condition of full afterload of aircraft engine (K).

Measuring point 1 2 3 4 5 6 7
The experimental value  356.32 360.83 367.86 356.19 365.13 36826 37291
The simulation value  370.19 362.59 373.96 361.12 365.41 376.81
Measuring point 8 9 10 11 12 13 14
The experimental value 359.24 356.22 367.85 298.87 37025 36226 367.34
The simulation value 365.79 361.19 37592 360.24 373.49
y 380
the engine nozzle l—; :3;2 : . )
| | —— el /
‘ L=13.75m "4.50m Nl )

FIGURE 11. Schematic diagram of the interaction between aircraft and
pavement.

point between the jet flow and the pavement, and then the
aircraft engine is shut down;

(3) With the contact point between the jet flow and the
pavement as the center, lay out the concrete slab as shown
in figure 10. Connecting sensors, temperature converters and
data acquisition devices, debugging instruments;

(4) After the preparation, start the aircraft engine again to
the state of full afterforce, measure and collect data after the
engine is running steadily. When the pavement temperature
becomes stable, the experiment is finished.

D. ANALYSIS OF EXPERIMENTAL RESULTS

At the end of the experiment, the data collected by the data
acquisition devices were sorted out and summarized.Taking
the measuring point 7 as an example, the change of pavement
temperature during the experiment was analyzed (see Fig.12).
The pavement temperature increased rapidly before 120s,
and when it reached 240s, the temperature tended to be
stable (see Fig.12). It can be considered that the pavement
temperature had reached the maximum value. On this basis,
the maximum temperature of each measurement point during
the experiment was statistically calculated (see Table 3).

By analyzing table 1, it can be concluded that:

1) Among the 14 groups of data, the data obtained from the
measurement point 11 deviated greatly from the theoretical
value.The reason is that there is a problem with the tempera-
ture sensor, so this set of data is invalid, and the other 13 sets
of data are valid.

2) As can be seen from the table, the temperature at the
measurement point 7 (that is, the contact point between the
jet flow and the pavement) was the highest, at 372.91K.The
lowest temperature at the measuring point 4 is 356.19K.

3) With measuring point 7 as the center, the tempera-
ture shows a symmetrical decrease trend along the trans-
verse direction. Along the axis, there is also a decreasing
trend, but the temperature variation rules are different in the
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FIGURE 12. Temperature-time curve at measuring point 7.

two directions. The pavement temperature far away from the
nozzle direction of the engine was significantly higher than
that near the nozzle direction of the engine, indicating that
the forward jet flow of the engine had a greater influence on
the pavement temperature change.

4) Compare and analyze the pavement temperature
obtained at measurement point 7, 8 and 9.Besides, the pave-
ment temperature obtained by measuring point 3 and 4 was
compared and analyzed.It can be found that the influence of
jet flow on pavement temperature decreases with the increase
of depth.

IV. COMPARATIVE ANALASIS

A. COMPARATIVE ANALYSIS OF RESULTS

The results of field experiment and numerical simulation are
compared and analyzed.The pavement temperature at the dis-
tance from the nozzle Z=15.00m, 16.00m, 17.00m, 18.00m
are extracted from simulaton and experiment (see Fig.13).

It can be concluded from the analysis of Fig.12 that:

1) On the axis of the pavement, the pavement temperature
obtained by simulation and measurement experiment presents
the same variation trend.Both show the rule of increasing
first and then decreasing, and the maximum temperature
point of both is 16m away from the nozzle along the Z axis.
In comparison, the maximum temperature point measured by
experiment is closer to the engine nozzle than the maximum
temperature point calculated by simulation.

2) The simulation value is larger than the experiment
value on the whole. Within the range of the figure, when
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FIGURE 13. Comparison diagram of pavement temperature simulation
value and experimental test value.

located 14m away from the nozzle along the Z axis, the tem-
perature difference between the two is the largest, 13.87K;
when located 16m away from the nozzle along the Z axis,
the temperature difference between the two is the small-
est, 3.9K. and the average difference is 7.14K. Analysis rea-
son: the simulation condition is ideal, but the field experiment
has the environment factor and the measurement error and
so on disturbance factor. Moreover, the simulation results
correspond to the temperature of the pavement surface, while
the temperature collected by the sensor in the experiment
is 2mm deep in the pavement surface. Therefore, it is a
normal phenomenon that the result obtained by the simulation
calculation is larger than the result obtained by the field
experiment.

3) As can be seen from the figure, when the distance from
the nozzle is less than 16m, the variation trend of pavement
temperature with distance measured by experiment is larger
than that calculated by simulation. When the distance from
the nozzle is larger than 16m, there was little difference in
the variation trend between the two.In addition, the pavement
temperature far away from the nozzle direction of the engine
was significantly higher than that near the nozzle direction of
the engine both in experiment and simulation.

B. SIMULATION MODEL CALIBRATE

In order to verify the accuracy of the simulation model, the
t-test method was adopted: pairwise two-sample analysis of
the mean value. In view of the significant problems in the
experimental data of measuring point 11, the simulation and
experimental values of measuring point 1, measuring point 2,
measuring point 3, measuring point 5, measuring point 6,
measuring point 7, measuring point 10, measuring point 12,
measuring point 13 and measuring point 14 (see Table 3) were
selected as the verification data to calibrate the simulation
results. The test method formula is equation (17).

Y — uo 1 &
T = Y==-Yv, 85" =
S*//n n;l
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Use X and X3 to represent the simulated value and exper-
imental value respectively, and take Y = X; — Xp.According
to the theorem of large Numbers, Y obeys the normal distri-
bution, that is, ¥ ~ N (/L, 02). The difference test between
the experimental value and the simulated value is transformed
into a hypothesis test to test the mean of the sample in
mathematical statistics. According to the characteristics of
the data in this paper, hypothesis u = 0 is proposed.

After calculation, the following results can be obtained:

Y =265 S*=382

Take the confidence level « = 0.01 and query the table of
unilateral critical values of t distribution to get:

t(x/2 (n—1) =t9.005 (9) =3.25

The following results are obtained:
, Y — o

1 =
5*//5
Therefore, when the confidence is 0.01, it can be assumed
that there is no significant difference between the simula-
tion value and the experimental value. Through the above
analysis, it can be concluded that the simulation result of
the pavement temperature distribution is basically consistent
with that of the field measurement experiment.By means of
mathematical test, the numerical difference between the two
is very small, which verifies the accuracy of the numerical

simulation model of pavement temperature field distribution
under the action of the jet flow.

=1.96 <3.25

V. CALCULATION OF THE MAXIMUM TEMPERATURE

OF THE PAVEMENT

The comparison and analysis between the numerical sim-
ulation results of type A aircraft and the field test results
confirm that the numerical simulation model of pavement
temperature distribution established by CFD theory is con-
sistent with actual pavement temperature distribution. The
accuracy difference of the model is within the allowable range
of engineering, so the model can be utilized to simulation
experiments.Therefore, this model is utilized to simulate the
commonly used type B aircraft and type C aircraft.

A. SIMULATION ANALYSIS OF THE FULL AFTERFORCE
STATE OF TYPE B AIRCRAFT

Type B aircraft is actually equipped with two engines. How-
ever, considering that the aircraft is still in the state of single
engine during the preflight detection, this simulation model is
still used for the simulation calculation of type B aircraft.The
simplified model of the engine nozzle of type B aircraft is
shown in Fig.14. Nozzle type of type B aircraft is the same
as that of type A aircraft, both of which belong to convergent
tubes, but the engine parameters are different. Type B aircraft
engine nozzle diameter is 0.52m and the lowest point of
nozzle is 1.43m above the ground.When the engine is work-
ing, the total temperature is 1279.15K, the static temperature
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TABLE 4. Comparison table of pavement temperature distribution under the action of jet flow of aircraft (K).

Distance from nozzle Z (m)

Type

6 8 10 12 14 16 18 20 22 24
type A
4 300.25 338.07 358.12 36245 370.19 376.81 37349 37146 369.72 36795
aircraft
type B
4 310.49 39542 46090 49377 509.56 516.10 516.77 514.60 510.73 504.71
aircraft
type C
aircraft 298.14 33638 40745 46147 496.08 51641 52741 53249 533.81 531.79

Note: the data in the table is the pavement temperature of X=0.

L

FIGURE 14. Geometric model of type B aircraft engine nozzle.

is 1137.15K, and the airflow velocity at the outlet of the
nozzle is 574m/s.

Under the action of jet flow of type B aircraft, the cloud
diagram of airflow temperature on the pavement is shown
in Fig.15. As can be observed in the figure, the pavement
temperature increases first and then decreases along the axial
direction, and decreases symmetrically along the transverse
direction. Compared with the pavement temperature cloud
diagram of type A aircraft, the pavement temperature of both
of them start to rise from 6m away from the engine nozzle.
However, the position of the core high temperature zone of
type B aircraft is slightly moved forward compared with
that of type A aircraft. The maximum temperature of type B
aircraft is higher than that of type A aircraft significantly, and
it remains at a higher temperature for a longer distance along
the forward direction of the jet flow.

B. SIMULATION ANALYSIS OF THE FULL AFTERFORCE
STATE OF TYPE C AIRCRAFT
In the same step, we use this model to simulate the temper-
ature field distribution with the action of the jet flow from
type C aircraft. Type C aircraft is a supersonic aircraft with
high engine power and low installation altitude.The diameter
of the engine nozzle is 0.44-0.46m and the lowest point of
the nozzle is 0.60m above the ground.When the engine is
working, the total temperature is 1233.15K, the static tem-
perature is 1097.15K, and the airflow velocity at the outlet of
the nozzle is 561m/s. The engine nozzle is laval nozzle, and
the throat area changes can realize different working states.
The simplified model of the nozzle is illustrated in Fig.16.
Through simulation calculation, the temperature distribu-
tion cloud diagram of the pavement under the action of
jet flow from type C aircraft was obtained (see Fig.17).
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FIGURE 15. Cloud diagram of pavement temperature distribution under
the action of type B aircraft.

FIGURE 16. Geometric model of type C aircraft engine nozzle.
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FIGURE 17. Cloud diagram of pavement temperature distribution under
the action of type C aircraft.

According to the analysis, the pavement temperature distri-
bution under the action of type C aircraft is the same as
that of type B aircraft and type A aircraft, both of which
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FIGURE 18. Contrast diagram of the pavement temperature under the
action of three jet flows.

show a trend of decreasing transverse symmetry, first increas-
ing and then decreasing axial direction. The difference is
that the maximum temperature in the core area of type C
aircraft is higher than that of type A aircraft and type B
aircraft, but the temperature change speed is not as high as
that of type B aircraft. The initial heating position of type
C aircraft was moved forward. The reason was analyzed,
which was caused by the reduction of the engine installa-
tion height and the forward movement of the contact point
between the jet flow and the pavement.Compared with type
A aircraft and type B aircraft, the area of high-temperature
area under the action of type C aircraft is still further
increased.

C. ANALYSIS OF THE MOST ADVERSE SITUATION OF
PAVEMENT TEMPERATURE DISTRIBUTION

Through the analysis of the pavement temperature cloud
diagram generated under the action of the three types aircraft,
the temperature situation of the pavement at different posi-
tions was statistically calculated (see Table 4). The surface
temperature distribution under the action of three kinds of jet
flow is plotted (see Fig. 18). As can be seen from the table and
the figure, in the jet flow of three types of aircraft, the surface
temperature increases first and then decreases as the distance
from the nozzle increases along the z-axis.Under the action of
type A aircraft, the surface temperature reaches a maximum
of 376.81K at a distance of 16m from the nozzle.Under
the action of type B aircraft, at the distance of 18m from
the nozzle, the surface temperature reaches a maximum of
516.77K.Under the action of type C aircraft, the surface tem-
perature reaches the maximum at 22m away from the nozzle,
which is 533.81K. In terms of the maximum temperature,
the maximum temperature of the pavement under the action
of type C aircraft is the highest, followed by type B aircraft,
and type A aircraft is the smallest. As for the change trend of
pavement temperature, the pavement temperature increases
the fastest with the increase of distance under the action of
type B aircraft, followed by type C aircraft, and type A aircraft
is the slowest.
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VI. CONCLUSION

In this paper, the temperature field distribution of the pave-
ment under the action of jet flow from the aircraft engine
is studied, which provides the basis for the research on the
adaptability of fiber concrete in the field of airport pavement
and the durability of pavement material. A method combining
numerical simulation with field measurement is proposed.
Based on CFD theory, a numerical simulation model of the
surface temperature distribution of type A aircraft under the
action of jet flow is established. Field measurement exper-
iments are carried out with the aid of temperature sensor
to verify the accuracy of the simulation model. On this
basis, numerical simulation was carried out for the other two
commonly used aircraft, and the ultimate temperature of the
runway under the action of the tail jet flow was calculated to
be 533.51K.Therefore, if fiber concrete is to be popularized in
the field of airport pavement, it is necessary to verify whether
it can maintain sufficient durability under such conditions.

In this paper, field measurement method and numerical
simulation are combined to ensure the measurement accuracy
while greatly reducing the cost of field measurement, giving
full play to the advantages of the two research methods.The
research in this paper is of guiding significance to the mea-
surement of physical properties and the study of mechanical
properties of airport pavement and can be applied in other
fields of pavement properties research.

At present, the research only stays at the level of pavement
temperature field distribution. In the next step, the durability
and high temperature resistance of fiber concrete will be
studied to verify the reliability of the application of fiber
concrete in the field of airport pavement.In addition, sim-
ulation research will be carried out for more aircraft, and
the combination of wireless temperature sensor and commu-
nication technology will be considered to realize real-time
measurement of pavement temperature field.
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