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Abstract. Oleo-damping performance is a key factor affecting the landing gear buffer 
performance, while the flow discharge coefficient determines buffer damping force. For 
improving the calculation precision of discharge coefficient estimation method in aircraft design 
manual, a model for discharge coefficient is established based on pipeline fluid mechanics and 
damping orifice structure, and a numerical calculation is performed. Computational fluid 
dynamics (CFD) analysis is also conducted for damping orifice structure using the commercial 
software FLUNET. The simulation result of damping orifice discharge coefficient correlates well 
with the theoretical result. On this basis, landing gear drop dynamic response are calculated with 
the numerical analysis method using obtained discharge coefficient and compared with 
experimental results. Furthermore, the influences of current discharge coefficient estimation 
method and simulation method are analyzed and compared on the hydraulic force and the ground 
reaction force. The study demonstrates that the poor precision of discharge coefficient estimation 
method in aircraft design manual leads to more than 30 % differences between the drop dynamic 
estimation results and the experimental results. The method of CFD simulation or theoretical 
analysis can improve the calculation precision of discharge coefficient by about 17 %. 
Keywords: landing gear, shock absorber, drop dynamic, discharge coefficient, hydraulic force. 

1. Introduction 

The shock absorber is an essential component of modern landing gears, as it absorbs most of 
the impact energy that aircraft suffered during takeoff and landing phase [1]. For the landing gear, 
the buffer performance, an important performance index, can be effectively checked through drop 
test. There are four fundamental force elements, (hydraulic force, air spring force, friction force 
and structural limit force), in landing gear drop dynamic modeling usually [2]. Among them, the 
hydraulic force accounts for a large proportion of the axial force. And the energy absorbed by the 
shock absorber is mostly dependent on the hydraulic force generated by the oil flow through orifice 
to dissipate [3]. For a given shock absorber, the magnitude of hydraulic force is determined by the 
orifice discharge coefficient, oil properties and strut telescoping velocity. 

In previous studies, the main focus on the drop dynamic response of landing gear is the 
structural parameters, air spring force, friction force and structural force, rather than the discharge 
coefficient [4-7]. It is common that the discharge coefficient is estimated empirically as a constant 
in the landing gear dynamic analysis. However, Wahi M. K. elaborated the effects of Reynolds 
number and metering pin shapes on the discharge coefficient and established the expression of the 
discharge coefficient [8].  

At present, estimation methods of the discharge coefficient are mostly based on the data and 
experience, which are accumulated in the experimental studies of the existing orifices. Some 
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estimation rules are summed up based on orifice area and inlet status, but other factors such as the 
ratio of orifice length to orifice diameter (𝑙/𝑑), the ratio of orifice diameter to pipe diameter (𝑑/𝐷), 
Reynolds number and back pressure are not taken into account [9]. It is the main reason that result 
in the low accuracy of current estimation methods. To obtain a more accurate result of discharge 
coefficient, the theoretical and CFD simulation methods are essential. 

Theoretical studies of the orifice discharge coefficient are primarily based on the Bernoulli 
equation and the experimental data to derive the empirical or semi empirical formulas. In previous 
work, many researchers tested different structural orifices, and investigated the effects of orifice 
structures on the discharge coefficient [10-15]. Unlike the single orifice, the performed orifice has 
some unique properties. In Shanfang Huang’s [16] research, the effect of the performed orifice 
structural parameters on the discharge coefficients was assessed in terms of pressure drop. Yu B. 
[17] and Tharakan K. J. [18] observed the influence of back pressure on the discharge coefficient 
and proposed a series of empirical formulas for predicting the discharge coefficient with wide 
applications. Mazzei L. [19] collected a number of previous investigations of the discharge 
coefficient and compared them with new experimental data. 

In this paper, according to the shortcomings of the current discharge coefficient estimation 
method, the theoretical calculation and CFD simulation methods are put forward. These methods 
are adopted to calculate the orifice discharge coefficient, hydraulic force and drop dynamic 
response of an unmanned aerial vehicle (UAV) nose landing gear respectively. To analyze the 
influences of calculation methods, comparisons are conducted between obtained results and 
experimental results. 

2. Modeling of shock absorber 

2.1. Shock absorber configuration 

The UAV has a half-fork nose landing gear, mainly constituted of tire, fork, shock strut and 
torque arm. Among them, the shock strut is with the most complex structure. Fig. 1 shows a 
schematic sketch of the landing gear and its shock absorber. 

 
a) Landing gear 

 
b) Shock absorber 

Fig. 1. Landing gear configuration and shock absorber with section view 

During the compression stroke, the oil flows from the lower chamber to the upper chamber 
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through the main orifice and compresses the air in the air chamber. Synchronously, part of the oil 
flows to the recoil chamber through the recoil orifice. When the shock absorber reaches the 
maximum compression stroke, it enters the rebound process under the stored potential energy of 
the air spring. While the floating ring moves upwards, the oil is forced from the recoil chamber to 
the upper chamber through the orifices of the floating ring. The high pressure in the air chamber 
drivers the oil return to the lower chamber through the main orifice. At this point, the shock 
absorber hydraulic force is mainly generated by the main orifice and the orifices of the floating 
ring. The recoil orifices as well as the main orifice are square-edged cylindrical orifices, and their 
sizes are described in Table 1. 

Table 1. Geometry of the orifices 

Orifice Number Orifice diameter 𝑑 / mm 
Orifice 

length 𝑙 / mm 
Pipe diameter 𝐷 / mm 

𝑙𝑑 
𝑑𝐷 

Main orifice 1 4.8 7 41 1.4583 0.117 
Recoil orifice 
(compression) 34 2 14 8.16 7 0.29 

Recoil orifice 
(rebound) 3 1.3 2 25.82 1.538 0.05 

2.2. Damping characteristic analysis 

As shown in Fig. 2, after passing through the orifice inlet, the oil forms a vena contracta at  
c-c section, where the paths of the particles are parallel. Bernoulli’s equation is applied to 1-1 and 
2-2 sections: 𝑃ଵ𝜌𝑔 + 𝑣ଵଶ2𝑔 + 𝑍ଵ = 𝑃ଶ𝜌𝑔 + ሺ1 + 𝜉ሻ 𝑣ଶଶ2𝑔 + 𝑍ଶ, (1)

where 𝑃ଵ and 𝑃ଶ is the pressure in the 1-1 and 2-2 section respectively, 𝑔 donates the gravitational 
constant, 𝑣ଵ and 𝑣ଶ is the mean velocity of the fluid in the 1-1 and 2-2 section respectively, 𝑍ଵ and 𝑍ଶ is the height of the 1-1 and 2-2 section respectively, 𝜉 is the resistance coefficient, 𝜌 is the 
density of the fluid. 

 
Fig. 2. Schematic diagram of orifice outflow 

Therefore, the expression of the flow rate and the hydraulic force can be obtained: 

𝑄 = 𝐶𝐶௩𝐴ඨ2Δ𝑃𝜌 = 𝐶ௗ𝐴ඨ2Δ𝑃𝜌 , (2)

𝐹 = Δ𝑃𝐴ଶ = 𝜌𝐴ଶ𝑄ଶ2𝐶ௗଶ𝐴ଶ, (3)
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where Δ𝑃 is the pressure difference, 𝐶 is the contraction coefficient, 𝐶௩ is the velocity coefficient, 𝐶ௗ is the discharge coefficient, 𝑄 is the flow rate through orifice, 𝐴 is the sectional area of the 
orifice inlet, 𝐴ଶ is the sectional area of the 2-2 section, 𝐹 is the hydraulic force. 

Form Eq. (2), the discharge coefficient is related to the flow rate, pressure difference and fluid 
property, and its value cannot be obtained by purely theoretical calculations. Some estimation 
methods of the discharge coefficient are provided in a few engineering manuals. 

3. Discharge coefficient and hydraulic force calculation method 

Fig. 3 shows the flow diagram of different calculation methods for the shock absorber 
discharge coefficient. For the current discharge estimation method, drop test is indispensable to 
obtain the accurate result of the discharge coefficient. The initial discharge coefficient estimation 
result is substituted into the dynamic model to calculate the dynamic response, and it is adjusted 
according to the comparison with the experimental result. After iterations and adjustments, the 
calculation result of the dynamic response is basically consistent with the experimental result. 
Thus, the accurate result of the discharge coefficient is obtained. 

While the estimation method costs a lot of time and resources, the theoretical calculation and 
CFD simulation methods can calculate the discharge coefficient quickly and accurately according 
to the given shock absorber structures. 

 
Fig. 3. Flow diagram of discharge coefficient calculation methods 

3.1. Discharge coefficient estimation method 

At present, the following equation in the aircraft design manual is used to calculate the 
hydraulic force of the oleo-pneumatic shock absorber [9]: 

𝐹 = 𝜉ௗ 𝜌ሺ𝐴 + 𝐴ሻ𝐴ଶ2𝐴ଶ 𝑆ሶห𝑆ሶห ≈ 𝜉ௗ 𝜌𝐴ଷ2𝐴ଶ 𝑆ሶห𝑆ሶห. (4)

In which: 𝜉ௗ = 1𝐶ௗଶ, (5)

where 𝐴 is the hydraulic area, 𝜉ௗ is the damping coefficient, 𝑠ሶis the strut telescoping stroke. 
The discharge coefficient estimation of square-edged cylindrical orifice is mainly based on the 

area ratio of the orifice. The orifice with round inlet usually has a larger discharge coefficient 
under the same condition. For this kind of orifice, it is necessary to estimate the discharge 
coefficient according to the radius of the inlet round. 

In the aircraft design manual, the recommended value for damping coefficient of sharp-edged 
orifice and rounded orifice is 2.0-2.5 (𝐶ௗ = 0.632-0.707) and 1.2 (𝐶ௗ = 0.913) respectively [9]. 
Aircraft landing gear strength design guidelines suggests that the orifice discharge coefficient 
should be 0.7-1.0 [21]. There is no specific method to estimate the discharge coefficient in other 
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aircraft landing gear design manuals. Commonly, it is regarded as a known constant of the landing 
gear. 

All the orifices involved in this paper are square-edged cylindrical orifices. According to the 
estimation method in the aircraft design manual, the result of main orifice discharge coefficient is 
0.695. The discharge coefficient of the recoil orifice in compression stroke and rebound stroke is 
0.652 and 0.694 respectively. 

3.2. Discharge coefficient theoretical calculation 

The calculation of orifice discharge coefficient involves many parameters, such as orifice 
diameter, 𝑙 𝑑⁄  ratio, 𝑑 𝐷⁄  ratio, back pressure, Reynolds number, inlet status, et al. Among them, 𝑙 𝑑⁄  ratio and Reynolds number are the main factors that affect the discharge coefficient, and 
others are treated as correction factors to correct the expression of the discharge coefficient. 

As can be seen from Table 1, the main orifice and the recoil orifice in rebound stroke have the 
same geometric sizes. When the Reynolds number is less than 5000, the calculation equation 
proposed by Yu B. [18] is applicable to these orifices: 

𝐶ௗ = 𝑅ହ/17.11𝑙𝑑 + 1.65𝑅.଼. (6)

When the Reynolds number is not less than 5000, the calculation equation proposed by Hall 
GW is adopted [17]: 

1 − 𝐶ௗ = 0.184 ൬ 𝑙𝑑 − 1 + 1.11𝑅.ଶହ൰.଼ 𝑅ି .ଶ. (7)

Since the 𝑙 𝑑⁄  ratio of the recoil orifice in compression stroke is greater than 2, the following 
equation can be used over the entire Reynolds number range [20]: 1𝐶ௗ = 10.827 − 0.0085 𝑙𝑑 + 20𝑅 ൬1 + 2.25 𝑙𝑑൰.  (8)

Using the above three equations, the discharge coefficients throughout the entire stroke are 
obtained and shown in Fig. 4.  

 
Fig. 4. Effects of Reynolds number on discharge coefficient 

According to Fig. 4, the discharge coefficient increases rapidly with Reynolds number at first 
and then gradually tends to a constant value. The discharge coefficient of the main orifice and the 
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recoil orifice in rebound stroke is basically the same, and the final stable result is 0.79. Due to the 
large 𝑙 𝑑⁄  ratio, the discharge coefficient of recoil orifice in compression stroke is smaller than 
that of main orifice, and its stable result is 0.76. Fig. 4 also shows the estimation results of orifices, 
and it can be found that there are great differences between the estimation results and the 
theoretical calculation results. 

3.3. Modeling of shock absorber hydraulic force  

The expression of the main orifice hydraulic force is described in Eq. (4). Unlike the main 
orifice, there are several parallel orifices in the recoil chamber. According to the pipeline fluid 
mechanics, each orifice has the same flow rate when the fluid passes through the parallel orifice. 
So, each orifice produces same energy loss and hydraulic force, which can be calculated by the 
same way in the main orifice. The recoil orifice hydraulic force can be expressed as: 

𝐹 = 𝜌 𝑛𝐴ଷ2𝐶ௗଶ 𝐴ଶ 𝑆ሶห𝑆ሶห, (9)

where 𝑛 is the number of recoil orifices, 𝐶ௗ is the discharge coefficient of the recoil orifice, 𝐴 
is the sectional area of the recoil orifice, 𝐴 is the hydraulic area of the recoil orifice. 

The hydraulic force of the shock absorber can be expressed as: 

𝐹 = 𝜌 ቆ 𝐴ଷ2𝐶ௗଶ𝐴ଶ + 𝑛𝐴ଷ2𝐶ௗଶ 𝐴ଶ ቇ 𝑆ሶห𝑆ሶห. (10)

3.4. Hydraulic force CFD simulation  

The current empirical formulas of the discharge coefficient are not widely applicable to various 
types of orifices, resulting from their different requirements for the orifice geometry and the 
Reynolds number. For some special orifice structure, the applicable empirical formula is still 
lacking. Thus, a more widely applicable CFD simulation method is adopted to calculate the 
discharge coefficient and the hydraulic force. 

The three-dimensional models of shock absorber are generated by using the commercial 
pre-processor ICEM, as showed in Fig. 6. Velocity inlet and pressure outflow boundary conditions 
are specified at the inlet and outlet of the model respectively. Owing to the periodic property of 
models, periodic boundary is assigned to the side surfaces, and the remainder is defined as wall 
boundary condition. It minimizes the number of grids and significantly reduces the computing 
time. To obtain a grid-independent solution, the grid of the finite volume model is refined until 
the result no longer varies with the grid density. The hydraulic force is obtained by measuring the 
pressure loss between the ends of the shock absorber. 

The standard form of 𝑘 - 𝜀  turbulence model is used in the simulation. It introduces an 
additional equation of turbulent dissipation rate𝜀on the basis of the equation for the turbulent 
kinetic energy 𝑘. Its control equations are written as: ∂ሺ𝜌𝑘ሻ∂𝑡 + ∂ሺ𝜌𝑘𝑢ሻ∂𝑥 = ∂∂𝑥 ቈ൬𝜇 + 𝜇ଵ𝜎൰ ∂𝑘∂𝑥 + 𝐺 − 𝜌𝜀, (11)∂ሺ𝜌𝜀ሻ∂𝑡 + ∂ሺ𝜌𝜀𝑢ሻ∂𝑥 = ∂∂𝑥 ቈ൬𝜇 + 𝜇ଵ𝜎ఌ൰ ∂𝜀∂𝑥 + 𝐶ଵఌ𝜀𝑘 𝐺 − 𝐶ଶఌ𝜌 𝜀ଶ𝑘 , (12)

where 𝑘  is the turbulent kinetic energy, 𝜀  is the turbulent dissipation rate, 𝜇  is the molecular 
viscosity, 𝜇ଵ is coefficient of turbulence viscosity, 𝐺 is the generation item of turbulent kinetic 
energy caused by velocity gradient, 𝐶ଵఌ, 𝐶ଶఌ is the empirical coefficient. The calculation results 
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are shown as Fig. 6. 

 
a) Compression  

 
b) Rebound 

Fig. 5. Finite volume models of shock absorber 

 
a) Compression  

 
b) Rebound 

Fig. 6. Velocity distribution 

The discharge coefficients calculated above are substituted into Eq. (10) to obtain the 
relationship between the shock absorber hydraulic force and the strut telescoping velocity, as 
shown in Fig. 7. 

As can be seen from the Fig. 7, the simulation result is consist with the theoretical result with 
a maximum error of 3 %. However, the estimation result is significantly greater than the CFD 
result. 

 
Fig. 7. Effects of calculation methods on discharge coefficient 

4. Drop dynamic model 

4.1. System motion equations 

Fig. 8 shows the forces on the landing gear. The basic equations of motions are those used of 
a two-degree-of freedom system as shown in Fig. 9. The landing gear mass is simplified into two 
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parts: the sprung mass and the unsprung mass, and two independent coordinate systems are 
established at the mass centroid of these two parts respectively. 

 
Fig. 8. Forces on the landing gear 

 
Fig. 9. System with two degrees of freedom 

In Fig. 8, 𝐹 is the air spring force, 𝐹 is the hydraulic force, 𝐹 is the friction force, 𝐹௩ and 𝐹௧ 
is the vertical and horizontal tire reaction force respectively, 𝑅௨௫  and 𝑅௫ is the upper and lower 
bearing reaction force in 𝑂𝑥𝑧 plane respectively, 𝑅௨௬   and 𝑅௬  is the upper and lower bearing 
reaction force in 𝑂𝑦𝑧 plane respectively, 𝛼 is the anteversion angle of shock strut. 

Without considering the tire rotation and deformation in the horizontal direction, equations of 
motion can be expressed as: 𝑚ଵ𝑧ሷଵ = 𝑚ଵ𝑔 − ൫𝐹 + 𝐹 + 𝐹൯cos𝛼, (13)𝑚ଶ𝑧ሷଶ = 𝑚ଶ𝑔 + ൫𝐹 + 𝐹 + 𝐹൯cos𝛼 − 𝐹௩, (14)

where 𝑧ଵ and 𝑧ଶ is the vertical displacement of the sprung mass and unsprung mass respectively. 

4.2. Modeling of shock absorber forces 

4.2.1. Air spring force 

In the oleo-pneumatic shock absorber, air is mainly used to store part of the absorbed impact 
energy. The air spring force is influenced by a lot of factors, and it can be expressed as [3]: 

𝐹 = 𝐴 ቈ𝑃 ൬ 𝑉𝑉 − 𝐴𝑆൰ఊ − 𝑃௧, (15)

where 𝐴 is the pneumatic area, 𝑃 is the initial air pressure, 𝑉 is the initial air volume, 𝛾 is the 
air polytropic exponent, 𝑃௧ is the atmosphere pressure. 

4.2.2. Friction force 

The friction force in the landing gear mainly comes from two sources, friction due to the 
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tightness of the seal and the deformation of the shock strut, and it can be expressed by [4]: 𝐹 = 𝐹ଵ + 𝐹ଶ, (16)

where 𝐹ଵ is the friction force due to the deformation of the shock strut, 𝐹ଶ is the friction force 
due to the tightness of the seal. 

The friction due to the deformation of the strut is the result of the strut anteversion angle and 
the forces on tire. It can be expressed by: 

𝐹ଵ = 𝜇 ቆටሺ𝑅௫ሻଶ + ൫𝑅௬൯ଶ + ටሺ𝑅௨௫ ሻଶ + ൫𝑅௨௬ ൯ଶቇ, (17)

where 𝜇 is the friction coefficient. 
The seal friction is assumed to be a function of air pressure and can be expressed as: 𝐹ଶ = 𝜇௦𝐹, (18)

where 𝜇௦ is the friction coefficient of the seal cup. 

4.2.3. Tire vertical reaction force 

During landing gear landing progress, the vertical reaction force is result from the tire 
compression, and it can be expressed as [2]: 𝐹௩ = ൫1 + 𝐶்𝛿ሶ൯𝑓ሺ𝛿ሻ, (19)

where 𝐶் is the tire vertical damping coefficient, 𝛿 is the tire hub vertical displacement, 𝛿ሶ is the 
tire hub vertical speed, 𝑓ሺ𝛿ሻ is the tire static compression curve. 

4.2.4. Hydraulic force 

The equation of hydraulic force is shown in Eq. (10). 

5. Drop dynamic analysis 

5.1. Drop test system 

As shown in Fig. 10, the drop test system is mainly composed of lifter, vertical slide rail, 
impact platform and basket. The connect method of the landing gear and the basket is same as that 
of the landing gear and the fuselage. Before the test, it is necessary to calculate the release height 
and weight according to the aircraft parameters and the sinking speed. The additional weight is 
added to the basket, and both the landing gear and the basket are lifted to the release height by the 
lifter.  

Once the basket is released, a variety of sensors are used to record the dynamic response of the 
landing gear. Three displacement sensors are used to measure the shock absorber compression 
stroke, the tire compression and the vertical displacement of the basket, respectively. An 
acceleration sensor is placed at the basket to measure its vertical acceleration, and two acceleration 
sensors are placed at the tire axle to measure its vertical and horizontal acceleration. Besides, there 
are five force sensors at the bottom of the impact platform, one for horizontal force measurement 
and the rest for vertical force measurement. 
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Fig. 10. Drop test system 

5.2. Numerical calculation and analysis 

According to the drop dynamic model constructed above, a program was developed to 
calculate the dynamical response of the landing gear during drop process. Parameters of the 
landing gear used in the analysis are listed in Table 2. The results of dynamic response are 
compared with experimental and estimation results, as shown in Figs. 11-13 and Table 3. 

Table 2. Parameters of the landing gear 
Anteversion  

angle / ° 
Pneumatic  
area / cm2 

Hydraulic  
area /cm2 

Air  
pressure / MPa 

Air  
volume / ml 

Release  
weight / kg 

Release  
height / mm 

8 18.1 13.2 0.64 268 315 269 
 

 
Fig. 11. Results of shock strut axial force 

 
Fig. 12. Results of hydraulic force 

 
Fig. 13. Landing gear energy absorption of drop test 
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As can be seen from Fig. 11 and Fig. 13, the theoretical calculation and CFD simulation results 
of axial force and energy absorption are both consistent with experimental results. Since the 
discharge coefficient estimation value is smaller than the actual value, the estimation result of 
hydraulic force is significantly greater than the actual hydraulic force. Because of the large 
proportion (up to 60 %) of hydraulic force in the axial force, the axial force estimation result is 
also greater than the experimental result.  

Table 3. Comparison of numerical calculation and experimental results 
 𝐹ௌ௫ / kN 𝐹ௌ / kN 𝐹ௌ௫ᇱ / kN 𝐹௫ / kN 𝐹 / kN 

Experimental results 11.691 0.896 8.473 / / 
CFD results 10.824 0.849 8.181 10.041 –0.649 

Relative error –7.42 % –5.25 % –3.45 % / / 
Theoretical results 10.786 0.852 8.133 9.832 –0.641 

Relative error –7.74 % –4.91 % –4.01 % / / 
Estimation results 16.092 0.502 10.775 15.901 –1.023 

Relative error 37.64 % –43.97 % 29.71 % / / 

In Table 3, 𝐹௦ is the total axial force of the shock strut, subscript max and min stands for the 
maximum and minimum value, 𝐹௦୫ୟ୶ᇱ is the axial force at the second wave crest.  

According to Fig. 13 and Table 3, the estimation results of hydraulic force are about 57 % 
larger than the CFD simulation results. The CFD simulation results of axial force are around 5 % 
smaller than the experimental results. And the maximum error occurs at the position of the 
maximum axial force, where the CFD simulation result is 7.42 % smaller than the experimental 
result. The axial force adds almost 30 % when using the estimation method to calculate the 
discharge coefficient. 

6. Conclusions 

Based on the study of the discharge coefficient calculation methods and their influences on the 
drop dynamic response of the landing gear, it comes to the conclusions as follows: 

1) In this paper, the discharge coefficient theoretical and CFD simulation results are basically 
identical, and they are in good agreement with the experimental data. There is 17 % error between 
the discharge coefficient estimation results and the simulation results. It is a large error in view of 
the fact that the variation range of the discharge coefficient is small. 

2) Discharge coefficient has an enormous influence on the hydraulic force. While the discharge 
coefficient varies 17 %, the hydraulic force varies 57 %. 

3) The hydraulic force is an important part of the axial force, which can account for up to 60 % 
of the total axial force. It results in the calculation accuracy of the landing gear dynamic response 
being very sensitive to the discharge coefficient. The simulation results are in good agreement 
with the experimental results, while there is 30 % error between the estimation results and the 
experimental results. 
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