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Abstract

:

Advanced brush seal technology has a significant impact on the performance and efficiency of gas turbine engines. However, in highly inlet swirling environments, the bristles of a brush seal tend to circumferentially slip, which may lead to aerodynamic instability and seal failure. In this paper, seven different front plate geometries were proposed to reduce the impact of high inlet swirl on the bristle pack, and a three-dimensional porous medium model was carried out to simulate the brush seal flow characteristics. Comparisons of a plane front plate with a relief cavity, plane front plate with axial drilled holes, anti-“L”-type plate and their relative improved configurations on the pressure and flow fields as well as the leakage behavior were conducted. The results show that the holed front plate can effectively regulate and control the upstream flow pattern of the bristle pack, inducing the swirl flow to move radially inward, which results in decreased circumferential velocity component. The anti-“L” plate with both axial holes and one radial hole was observed to have the best effect on reducing the swirl of those investigated. The swirl velocity upstream the bristle pack can decline 50% compared to the baseline model with plane front plate, and the circumferential aerodynamic forces on the bristles, which scale with the swirl dynamic head, are reduced by a factor of 4. This could increase the bristle stability dramatically. Moreover, the front plate geometry does not influence the leakage performance significantly, and the application of the axial hole on the front plate will increase the leakage slightly by around 3.5%.
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1. Introduction


Brush seal are used in the sealing field with high-speed rotating shafts, such as aero engines and gas turbine engines. As a substitute for the traditional labyrinth seal, it has shown great sealing performance by reducing the leakage rate to 80–90% times that of the latter [1,2,3]. The typical brush seal structure includes front plate, bristle pack and backing ring plate, as shown in Figure 1. In order to reduce the wearing between the bristles and the rotor and make it easier for the bristles to adapt to the radial movement of the rotor, the bristles are inclined at 30–60° in the circumferential direction of rotor rotation. After the airflow enters into the bristle pack, the reverse flow, transverse flow, jet and swirl flow will occur in the bristle pack. The flow resistance caused by the bristles will dissipate a large amount of energy and thereby achieve a good sealing performance.



The mechanical behavior of the brush seal, under the influences of aerodynamic load, reaction force and friction between bristles and rotor, bristles and backing plate and within bristle pack, is quite complicated. Basu et al. [4] experimentally verified that the contact force between the bristles and rotor would increase after being exposed to the airflow, which causes the adverse bristle stiffness and reduces the service life of the brush seal. Stango et al. [5] and Zhao et al. [6,7] analyzed the contact force model between the bristle–rotor under different interferences in a two-dimensional plane and analyzed the effect of the bristles’ geometric parameters on the contact force. Sun [8] investigated the bristle deflections and mechanical behavior based on the fluid–structure interaction model and conducted the experimental validation. In order to simplify the structure of the bristle pack, the porous medium model with appropriate porosity has become a broadly used mathematical method. Chew et al. [9] proposed a non-linear porous medium model for the continuity and momentum equations and calibrated the viscous and inertial coefficients with tested data. Based on this, they proposed an explanation for the bristle flutter and fatigue phenomenon [10]. Li [11] carried out a detailed analysis for the influence of radial clearance, bristle pack width, pressure ratio across the seal and the rotational speed on the leakage characteristics by non-linear porous medium model.



In recent years, researchers have paid more attention to the bristle deformation in the more realistic highly swirling environments and the consequent tip circumferential slip and instability. Sharatchandra et al. [12] and Helm et al. [13] found that the brush seals could weaken the swirling flow, which can benefit shaft dynamic stability [14]. However, lift forces are generated on the bristles under high swirling conditions, and this could cause instability of the upstream bristles and a deterioration in performance. Outirba et al. [15] conducted experiments on bearing chamber brush seals with rotor speeds 0~18,000 rpm. When the rotor reached 4000 rpm (17 m/s), the leakage flow was observed to increase due to the bristle slip caused by centrifugal force and large oil viscosity. Aksit et al. [16] also investigated bearing chamber brush seals. They reported that reduced tip pressure loads and interference could cause aerodynamic instability. Considering possible aerodynamic instability and seal failure, Liu et al. [17] and Kong et al. [18] analyzed the effect of inlet swirl on the bristle deflection using a coupled 3D CFD and mechanical model and demonstrated that when the velocity of inlet swirl increased to a certain critical value, the aerodynamic force would cause the upstream bristle rows to slip circumferentially. Figure 2 shows the bristles slip at a swirl velocity of 250 m/s, where X, Y and Z represented the circumferential, axial and radial direction, respectively. It was indicated that the upstream front plate design could reduce the swirl of flow impacting on the bristles, thereby improving the stability of the seal.



As for the front plate studies, Chi [19] analyzed the front plate’s effect on a low-hysteresis brush seal using a porous medium model. Dogu [20,21,22] presented the influence of the front plate structure, operating conditions and brush seal geometry on the leakage performance based on their improved porous CFD method. In their research, the front plate was observed to have the ability to change the flow fields and enhance the blow down effect effectively (bristle tip radially towards the rotor), but it had little impact on the leakage behavior. However, the investigation of the front plate applied in highly swirling environments is rather limited. This paper will further explore the use of flow conditioning to mitigate the effects of inlet swirl on seal stability. A porous medium model is adopted for the bristle pack, and a plane front plate and anti-“L”-type plate with axial and radial holes are introduced. The effect of front plate geometry on the velocity and pressure distributions as well as the leakage characteristics under high swirl conditions is investigated in this study.




2. CFD Modeling


2.1. Geometry and CFD Mesh Generation


Plane front plate with a relief cavity in the brush seal was regarded as a basic model in this paper. The geometric parameters of the brush seal are summarized in Table 1. Figure 3 presented the computational domain for the baseline, including the inlet cavity, relief cavity, bristle pack and outlet cavity. Assuming a large radius seal, the curvature of the shaft and the rotation of the rotor are neglected in the study, and the clearance between the bristle and the shaft is set to be zero. As shown in the figure, the X–Z coordinates represent the circumferential, axial and radial directions, respectively. The model assumes periodicity in the circumferential direction. Since the aim of the current study is to estimate the flow characteristics upstream of the bristle pack, not within the bristle pack, the bristle pack can thus be simplified as a porous medium model.



Seven different front plate geometries were proposed and modeled to investigate the swirl reducing effect, which are shown in Figure 4. Case-1 was the basic model with a plane front plate, relief cavity, bristle geometric parameters and backing ring. The other six configurations were kept the same as Case-1. Case-2 and Case-3 are designed on the basis of Case-1 and employ one or two axial drilled holes with diameter of 1.5 mm on the front plate. Case-4 is an anti-“L”-type front plate, as shown in Figure 4d, with a reverse axial length of 3 mm. Case-5 is modeled as an anti-“L”-type front plate with an axial drilled hole of 1.5 mm diameter, and Case-6 has a further radial hole in the reverse axial length region. Case-7 is proposed to keep two axial holes based on Case-6.



ICEM software was used to generate a hexahedral mesh, as illustrated in Figure 5. In order to improve the calculation accuracy, the mesh is refined through the seal and around the walls. Further details of the porous medium model used for the bristle pack are given below. In order to investigate grid dependency, meshes with about 3.5 million, 4.5 million and 5.5 million cells were considered. To illustrate the grid-independence, the dimensionless mass flow rate [23], which is defined as Expression (1) is plotted in Figure 6, from which it can be seen that the dimensionless mass flow rate differs by 1% for the three mesh numbers. Therefore, 4.5 million mesh was used in the current study.


   m ˜  =   m ˙    ρ  i n    V  i n    A  i n      



(1)








2.2. Numerical Method


The commercial CFD software FLUENT was used to obtain three-dimensional, steady numerical solutions of the flow and energy equations using the k-ε turbulence model and second-order upwind spatial discretization. Air density was calculated based on ideal gas, and physical parameters such as specific heat and viscosity are the functions of temperature. The inlet boundary of a total pressure of 0.5 MPa, a total temperature of 300 K and a circumferential velocity component of 150 m/s was given, and the outlet was specified as a static pressure of 0.1 MPa. Periodic boundary conditions were applied in the circumferential direction, and all further boundaries were assumed to be no-slip and adiabatic. Shaft rotation was not considered here [17]. Standard wall functions were used when imposing the no-slip condition on walls, and the equations were solved using the SIMPLE algorithm. The calculations were considered convergent when the residuals of the continuity equation, energy equation and turbulence equation are all decreased to 10−5 and the typical parameters, such as pressure, velocity and mass flow rate, no longer changed. The overall scalar balances of mass, momentum and energy were also obtained. When the net imbalance was less than 0.001% of the net flux through the domain, the solution was considered converged.




2.3. Porous Medium Model


The bristle pack is composed of many layers of fine bristles that are densely arranged. The airflow passes through the tiny gaps between the bristles under the pressure load. As the main interest here is the condition of the flow approaching the bristles, rather than the detailed flow within the pack, a non-linear, porosity model for the bristles, as first proposed by Chew [9,10], was used. This simplification also ignores any instability of the bristles. That is, any effects of downstream inaccuracy on upstream flow are here assumed small. Chew’s porosity model simulates the flow through the bristle pack by introducing viscosity and inertia losses into the momentum equation, giving


    ∂  (  ρ  u i   u j   )    ∂  x j    = −   ∂ p   ∂  x i    +   ∂  τ  i j     ∂  x j    +   F  i   



(2)






    F  i  = −   A   i j   μ  u i  − 0.5   B   i j   ρ |  u  |   u  i   



(3)







In the equation, Aij is the matrix of viscous resistance coefficient; Bij is the matrix of inertial resistance coefficient. According to reference [24,25], the inertial resistance coefficient along the direction of the bristles is set to be 0, and the other parameters resistance coefficient are obtained as follows:


   a z  =  a n  =   66.67   ( 1 − ε )  2     d 2   ε 3     



(4)






   a m  = 0.4 ε  a n   



(5)






   b z  =  b n  =   2.33 ( 1 − ε )   d  ε 3     



(6)






   b m  = 0  



(7)




where a and b are the viscosity and inertial resistance coefficients, respectively; z, m and n are the directions that are parallel to the rotating shaft, parallel to the bristles and perpendicular to the bristles, respectively.



Porosity ε refers to the ratio of the void volume to the total volume of the bristle pack in the porous medium and is given by


  ε 1 −   π  D 2  N   4  w b  sin ϕ    



(8)




where N is the number of the bristles per unit circumferential length, D the diameter of the brush seal, wb the thickness of the bristle pack and ϕ the angle between the bristle and the tangential direction. The resistance coefficients calculation had been validated by experiments in Ref. [26]. Based on the geometric parameters in Table 1, the porosity of the bristle pack in the current study is 0.192.




2.4. Numerical Method Validation


The comparisons of calculated and experimental data published in references were plotted in Figure 7 to validate the numerical method. The calculational model as well as the boundary conditions for validation were consistent with the experiment. Figure 7a compares the leakage flow for brush seals with 0 mm and 0.27 mm radial clearance (c) between the bristle tip and the rotor across a pressure ratio (Rp) of 1 to 4. The non-dimensional pressure variation along the radial backing plate, which is defined as the p* = (p − poutlet)/(pinlet − poulet), was shown in Figure 7b. It can be seen that the calculated leakage and pressure distribution are in good agreement with the experimental and numerical results from documents.





3. Analysis and Discussion


3.1. Static Pressure


Figure 8 shows the static pressure contour in the brush seal, and pressure contours indicate similar trends for different front plate structures. It is obvious that the static pressure upstream the bristle pack is almost the same. The static pressure in the bristle pack along the axial direction gradually decreases, and the pressure drop near the backing ring corner edge is significant. When the air flows through the backing ring constriction, a part of the pressure energy is converted into kinetic energy accompanying the flow loss. In addition, the static pressure remains basically constant downstream the backing ring.




3.2. Swirl Velocity


According to ref. [17], it is the ratio of normal-to-axial aerodynamic force on the upstream bristles that determines circumferential slip and aeromechanical instability. In the radial-circumferential plane (X-Z), the normal force Fn is illustrated in Figure 9 and can be expressed as Equation (9). It indicates that with the circumferential force (Fx) decrease and radially inward force (−Fz) increase, the normal force reduces, thereby enhancing the brush seal stability. However, although this force ratio might be estimated from the porous model, this has not been attempted here as the inlet swirl as well as radial velocity immediately upstream of the bristles are considered sufficient to indicate the performance of the front plate geometry and of the normal aerodynamic force acting to displace the bristles.


   F n  =  F x  × cos ϕ +  F z  × sin ϕ  



(9)







Figure 10 presents swirl velocity contours and streamlines in the Y-Z plane, and a positive value represents a positive direction along the X-axis. For Case 1, the flow is radially inward near the windward surface of the front plate, except for the viscous effect of the plate, this downward flow is largely frictionless and will follow the rule of free-vortex, the flow then pickups swirl when it travels downward. It and then enters into the relief cavity and bristle pack through the space between the tip of the plate and the shaft. In the bristle pack, the airflow is disturbed by closely arranged bristles, resulting in energy dissipation. The swirl velocity is reduced or negated as it passes through the bristle pack due to the strong resistance. Only bristle tips are exposed to the high swirl velocity directly due to the existence of the front plate. Based on Case-1, axial drilled holes 2-A were placed at the front plate for Case-2. The vortex near the root of the front plate becomes smaller with part of flow through drilled holes into the bristle pack, which can alleviate the flow squeeze and decline the swirl velocity gradient upstream the plate. When air entering through holes is resisted by the wall, the swirl velocity decreases and even negative circumferential velocity is observed locally. Meanwhile, the flow spreads around near the hole outlet and suppresses outward radial flow in the relief cavity, resulting in lower swirl velocity upstream the bristle tips compared with Case-1. As for Case-3, another axial drilled holes 3-B were added at the front plate compared with Case-2. Much more flow transports to the bristle pack through axial holes, further reducing the swirl in the relief cavity as well as just upstream of the bristle tips.



As shown in Figure 10d, an anti-“L”-type plate was applied to Case-4. Two large vortices are generated at the reverse axial length region upstream the front plate. The airflow goes through a relatively long channel to the relief cavity and bristle pack due to the reverse axial length, leading to a little swirl reduction upstream the bristle tips. In addition, the flow field is similar with Case-1 in the bristle pack and after the backing ring corner. For Case-5, axial drilled holes 5-A were placed at the anti-“L”-type plate. The larger vortices upstream the front plate are basically eliminated with additional flow through the plate holes. Compared with Case-2, the flow characteristics for axial holes with local flow impingements in the relief cavity are similar, but below the front plate bottom where the bristles are exposed, the swirl velocity is a little reduced thanks to the existence of the reverse axial length. On the basis of Case-5, radial holes (6-B) were located on the reverse axial length for Case-6. A part of flow is delivered from above the anti-“L” structure to below, and this flow injection causes the swirl velocity to weaken slightly at the upstream of the bristle tips. Additionally, the comparison of flow structures between the radial hole 6-B and axial hole 6-A shows that the axial holes tend to have stronger resistance to swirl flow. For Case-7, axial holes 7-B were extra set to the front plate, and the swirl is further reduced upstream the bristles. The combined flow control schemes of the anti-“L”-type plate, axial holes and radial holes yield the best effect on swirl reduction in Case-7.




3.3. Radial Velocity


Figure 11 shows radial velocity contours for different cases, and negative values represent radially inward flow. For the basic model Case-1, the long front plate deflects the flow radially inwards and generates radially outward flow at the inner edge of the front plate as well as within the relief cavity. The tortuous, narrow flow path between the bristles provides resistance to the flow and directs the flow radially inwards towards the corner edge of the backing ring. In and after the bristle pack, the variations of radial velocity for different cases are almost the same.



For Cases with axial holes at the front plate, the flow will be divided into inward and outward directions inside the holes, interrupting the original radially outward flow in the relief cavity downstream the holes. Moreover, increasing the number of axial holes improves radially inward flow in the relief cavity, which can pull the bristles radially towards the rotor and enhance the blow-down effect, thereby increasing the brush seal stability. In addition, more outward radial flow is obtained upstream the anti-“L”-type front plate and under the reverse axial length. Even with airflow through axial holes in Cases-5 and Case-7, slightly outward flow still remains upstream the front plate. Furthermore, the radial holes reduce the radial outflow upstream of the bristle tips.




3.4. Flow Fields Analysis in Relief Cavity


To further analyze the flow fields approaching the bristle pack, the contours of the swirl velocity with streamlines on the plane 0.1 mm upstream of the bristle pack in the relief cavity are shown in Figure 12. As previously discussed, the flow is radially outwards in the relief cavity, and the higher swirl velocity is mainly distributed at the inner diameter of the cavity upstream of the bristle tips in Case-1. For front plates with axial holes, the air flow disperses around in the cavity after passing through the holes due to the resistance of the bristle pack, resulting in local higher positive and negative swirl velocities. Moreover, the airflow from circumferentially adjacent axial holes will impinge and mix with each other, forcing some flows radially inwards. These flow impingements through front plate holes promote the blow-down effect of bristles and contribute to a significant reduction in swirl at the inner diameter of the cavity.



For Case 4 with the anti-“L”-type front plate, the flow field in the relief cavity is basically the same as that of Case-1 except slightly lower swirl velocity distribution upstream of the bristle tips. By comparing Case-2 and Case-5, as well as Cases-3 and Case-7, it can also be seen that the anti-“L”-type plate plays a certain role in reducing the swirl at the inner diameter. Meanwhile, the comparison between Case-5 and Case-6 indicates that the radial holes on the reverse axial length appear to have little effect upon the swirl reduction.




3.5. Swirl Velocity Variation along Axial Direction


Flow fields analysis could only qualitatively clarify the main functions of the front plate configuration, axial hole and radial hole on the swirl reduction. In order to further quantitatively display the effect, Figure 13 shows the area-averaged swirl velocities on planes of constant axial position for the seven front plate models. It can be seen that the variations of area-averaged swirl velocity for different models are similar, and the value decreases sharply at the front end of the front plate and then slowly decreases to the back end of the front plate due to the presence of a large number of vortices in the axial and radial holes, which is the same as explained in Section 3.2. Consequently, the swirl velocities upstream of the bristle pack are relatively lower than those of Case-1 and Case-4.



Table 2 gives the average swirl velocities on the plane 0.2 mm upstream of the bristle pack. The results indicate that the value for the baseline model (Case-1) is the highest of those investigated, at about 36.7 m/s. Comparing Case-4 to Case-1, the anti-“L”-type front plate is better at reducing the swirl flow, which is consistent with the above analysis. In addition, considering the plane front plate of Case-1, Case-2 and Case-3 and evaluating the anti-“L”-type plate of Case-4, Case-6 and Case-7, it can be found that the swirl velocity reduces with the number of axial holes. On the basis of the plane front plate model in Case-1, one axial hole design decreases the swirl around 28%, and two axial holes will reduce significantly by 42%. The swirl velocity upstream the bristle pack for Case-6 is lower than that of Case-5, which also demonstrates the positive effect of radial holes. In summary, Case-7, which has two axial holes and one radial hole on the anti-“L”-type front plate, shows the best performance on reducing swirl flow. The value for Case-7 can be declined 50% compared to the baseline model. This leads to the circumferential aerodynamic forces on the bristles, which scale with the swirl dynamic head, reducing by a factor of 4, thereby controlling the adverse circumferential slip of the bristle and increasing the brush seal stability significantly.




3.6. Leakage Characteristics


The dimensionless leakage mass flow rates, as defined by Equation (1), for seven models defined as Equation (1) are shown in Figure 14. It can be observed that the leakage flow rates for the model with the plane front plate are similar with those with the anti-“L”-type front plate, all between 4.76 × 10−3 to 4.93 × 10−3. The axial holed design will increase the leakage flow rate by around 3.5% due to the enlarged flow area upstream the bristle pack, and consequently, the leakage rises with the axial hole number slightly. However, the radial holed design has almost no impact on the leakage flow rate.





4. Conclusions


Seven types of front plate geometries were proposed and compared on the brush seal’s flow fields and leakage characteristics in the current study. The analysis was mainly focused on the effect of reducing the swirl velocity upstream of the bristle pack and hence protecting the bristle from destabilizing aerodynamic forces. The main conclusions are summarized as follows.



	
The flow through the front plate axial holes generate an inward radial flow in the relief cavity to suppress the upward tendance of the flow in the cavity. This can promote the blow-down effect of bristles and result in a significant reduction in swirl upstream of the bristle tips. This will reduce the circumferential forces impacting the bristle pack, thereby enhancing the stability of bristle.



	
The anti-“L”-type front plate leads to large vortices near the windward surface of the front plate and relatively long channel before the bristle tips, both help to decrease the swirl velocity slightly. However, the radial holes on the reverse axial length appear to have little effect upon the swirl reduction.



	
Compared to the plane front plate model, one axial hole designed structure decreases the swirl around 28%, and the application of two axial holes further reduce the value by 42%. Case-7, which has two axial holes and one radial hole on the anti-“L”-type front plate, shows the best performance in reducing swirl. The swirl velocity upstream the bristle pack is declined 50%, reaching 18.4 m/s, which can result in the circumferential aerodynamic force being reduced by a factor of 4.



	
Front plate configuration will not affect the leakage dramatically, while the axially designed hole on the front plate increases the leakage slightly by around 3.5%.
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Nomenclature








	A
	Area, m2



	a
	Viscous resistance coefficient



	b
	Inertial resistance coefficient



	D
	Bristle diameter, m



	H
	Height of bristle overhang, m



	Lb
	Bristle length, m



	   m ˜   
	dimensionless mass flow rate



	N
	Number of the bristles per unit circumferential length, bristles/mm



	p*
	Non-dimensional pressure = (p − pout)/(pin − pout)



	R
	Radial location, m



	Rp
	Pressure ratio



	r
	Radius of axial/radial hole, m



	X, Y, Z
	Circumferential, axial, radial direction respectively



	wb
	Thickness of the bristle pack, m



	Zrotor
	Radial Clearance between Bristles and Rotor, m



	δ
	Minimum clearance between bristles, m



	ε
	Porosity of the bristle pack



	ρ
	Density of the flow, kg/m3



	ϕ
	Incline angle of bristle pack



	Subscripts
	



	in
	At system inlet



	m
	Parallel to the bristles



	n
	Perpendicular to the bristles



	z
	Parallel to the rotating shaft
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Figure 1. Brush seal structure. 
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Figure 2. Circumferential slip of bristles at swirl velocity of 250 m/s. (a) Bristle centerlines on the axial—radial plane. (b) Bristle tips on the axial—circumferential plane. 
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Figure 3. Computational domain. 
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Figure 4. Seven configurations of the front plate: (a) Case-1; (b) Case-2; (c) Case-3; (d) Case-4; (e) Case-5; (f) Case-6; (g) Case-7. 
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Figure 5. Mesh generation. 
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Figure 6. Mesh Independence Study. 
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Figure 7. Comparisons of the present results with previously published data: (a) leakage flow; (b) pressure variation along radial backing plate. 
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Figure 8. Static pressure contours: (a) Case-1; (b) Case-2; (c) Case-3; (d) Case-4; (e) Case-5; (f) Case-6; (g) Case-7. 
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Figure 9. Diagram for normal aerodynamic force on bristles. 
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Figure 10. Swirl velocity contours and streamlines: (a) Case-1; (b) Case-2; (c) Case-3; (d) Case-4; (e) Case-5; (f) Case-6; (g) Case-7. 
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Figure 11. Radial velocity contours: (a) Case-1; (b) Case-2; (c) Case-3; (d) Case-4; (e) Case-5; (f) Case-6; (g) Case-7. 
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Figure 12. Swirl velocity contours and streamlines on the plane 0.1 mm upstream of the bristle pack: (a) Case-1; (b) Case-2; (c) Case-3; (d) Case-4; (e) Case-5; (f) Case-6; (g) Case-7. 
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Figure 13. Swirl velocity variation for different models. 
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Figure 14. Dimensionless leakage flow rate. 






Figure 14. Dimensionless leakage flow rate.



[image: Energies 14 07768 g014]







[image: Table] 





Table 1. Geometric parameters for the baseline model.
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	Lay Angle to Radial Direction
	ϕ
	40°



	Bristle Diameter
	D
	0.10 mm



	Bristle Length
	l
	13.35 mm



	Height of Bristle Overhang
	H
	1.00 mm



	Number of Axial Rows
	
	10



	Minimum Clearance between Bristles
	δ
	0.004 mm



	Radial Clearance between Bristles and Rotor
	Zrotor
	0 mm



	Axial length of Front Plate
	LFP
	1.2 mm



	Axial length of Backing Ring
	LBR
	1.2 mm



	Axial length of Relief cavity
	LRC
	0.2 mm
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Table 2. Averaged swirl velocity on the plane 0.2 mm upstream of the bristle pack.
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	Model
	Averaged Swirl Velocity





	Case-1
	36.7 m/s



	Case-2
	26.5 m/s



	Case-3
	21.4 m/s



	Case-4
	35.1 m/s



	Case-5
	24.8 m/s



	Case-6
	24.1 m/s



	Case-7
	18.4 m/s
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