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[bookmark: _Hlk46758627]Abstract. V-shaped spray interceptors are a novel concept of spray deflection on planing craft. Conventional spray rails are positioned longitudinally on the bottom of the hull and detach the spray from hull deflecting it towards the sides or slightly down and aftward. The V-shaped spray interceptors, on the other hand, are located in the spray area forward of the stagnation line such that they would deflect the oncoming spray down and aftward, thereby producing a reaction force that reduces the total resistance. An experimental study reported that the V-shaped spray interceptors to reduce the total resistance at low planing speed by up to 4%. This paper features a numerical comparison of two planing craft, one equipped with a conventional setup of longitudinal spray rails and the other with a V-shaped spray interceptor. Both configurations were simulated in calm water conditions and were free to pitch and heave in a speed range of  = 1.776 to 3.108. The numerical model was analyzed for grid sensitivity and numerical results were compared with experimental results. The two concepts were compared in terms of total resistance, lift, running position and wetted surface area. Conventional spray rails were shown to account for up to 5.6% of total lift and up to 6.5% of total resistance. The V-shaped spray interceptor was shown to reduce the total resistance by up to 8%. Since the V-shaped spray interceptor was located in the spray area forward of the stagnation line, it deflected the oncoming spray thereby producing a horizontal reaction force (-1.5% of ) in the direction of the craft’s motion. The rest of differences in the total resistance of the hulls equipped with the conventional spray rails and the V-shaped spray rails was due to absence of the resistance of the absent spray rails.
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Introduction
Whisker spray is the area of wetted bottom forward of the stagnation line of a planing craft. The direction of the fluid in the spray area is such that the streamlines are nearly a reflection of the free-stream about the stagnation line [1]. The resistance caused by  spray has been shown to account for 10 - 25% of total resistance () by inference from a comparison of model test data of craft with and without spray rails [2–5]. Spray resistance is usually reduced by installing two to four longitudinal spray rails on the bottom of the hull. These rails detach the spray from the hull surface and deflect it towards the sides or slightly down and aftward, thereby reducing the frictional resistance by up to 18% [3].
A recent study suggests using spray deflectors that redirect the flow on the bottom of the craft and thereby recover spray energy to reduce the total resistance by up to 30% (compared to the bare hull) [6]. The spray deflectors are essentially a further iteration of the stepped hull concept that has been investigated significantly more than spray rails. Unlike the models used in [7] and [8], where the step was perpendicular to the keel, or [9], where the step had a forward sweep, in [6] the step was swept backwards. Besides, the step was located in the spray area forward of the stagnation such that it would deflect the oncoming spray down and aftward. Hence it is called deflector rather than a step. However, the study considered a hull with a constant deadrise at a fixed running position i.e. the influence of the spray deflectors on the craft’s sinkage and pitch motion was neglected. The spray deflectors proposed in [6] were experimentally compared with conventional spray rails in model scale through towing tank testing in calm water and irregular waves [10]. The study reported that while the conventional spray rail setup reduced the total resistance by up to 9%, the spray deflectors reduced it by up to 20%.
A recent experimental study [11] compared a V-shaped spray interceptor  (VSI) with conventional spray rails in calm water at . Although the VSI works essentially the same way as the spray deflectors do, there is a major difference between the two concepts. While the spray deflectors are in principle steps of a hull i.e. they are integral parts of the hull, the V-shaped spray interceptors are strips welded to the hull i.e. they are more like spray rails. The study reported that in planing regime the VSI reduced the total resistance of the craft by up to 4%, while conventional spray rails reduced it by up to 2%. The V-shaped spray interceptor was located in the spray area forward of the stagnation line such that it deflected the oncoming spray down, thereby producing a reaction force that reduced the total resistance, which confirmed the claims made in [6].
This study aims to further investigate the influence of the V-shaped spray interceptors [11] on the hydrodynamic characteristics of a planing craft in calm water and compare it with that of conventional spray rails. The numerical simulation allows analyzing phenomena (pressure distribution and wetted area) that are difficult to evaluate under experimental conditions. Finally, the numerical results of simulations of both hulls are compared with experimental data.
Test case
The object of this study is a test case vessel that has been designed the Small Craft Competence Centre (SCC) in Kuressaare, Estonia to compare conventional and novel spray rail configurations. The main particulars (Table 1) of the hull design are common for a high-speed patrol, search and rescue (SAR) vessel or a larger pleasure boat. The craft was designed to operate at a  and , equivalent to the displacement of 40 t and speed of 35 knots in full scale.
The conventional spray rails arrangement (Figure 1a) was modelled with triangular 8x3mm profile (Figure 1b), with the deflection surface being horizontal. The V-shape arrangement (Figure 1c) was modelled with a triangular profile (Figure 1d) with the deflection surface perpendicular to the hull. The V-shaped spray interceptor was designed for  and , equivalent to 40 t and 35 knots in full-scale.

[bookmark: _Ref47129559]Table 1. Main Dimensions of the test case hull.
	Parameter
	
	

	Model Scale
	
	10

	Length overall
	
	1.921 m

	Length between perpendiculars
	
	1.800 m

	Length waterline
	
	1.703 m

	Beam overall
	
	0.581 m

	Beam waterline
	
	0.581 m

	Draught
	
	0.108 m

	Displacement mass
	
	40 kg

	Displacement volume
	
	0.040 m3

	Longitudinal Centre of Gravity
	
	0.669 m

	Vertical Centre of Gravity
	
	0.200 m



a)
b)
c)
d)

Figure 1. Spray rail configurations and their profiles: a) conventional spray rails (SR), b) 8x3 mm spray rail c) V-shaped spray interceptor (VSI), d) triangular 5x5mm interceptor.
Numerical model
The hydrodynamics of the planing hull was modelled using a commercial software Star-CCM+ v.15.02.007. An implicit unsteady solver was selected implementing RANS equations with k–ε turbulence model. The multiphase flow involving air and water is solved using the Volume of Fluid (VOF) approach that tracks the free surface boundary. The dynamic fluid-body interaction (DFBI) model was used for the evaluation of pitch and heave of the vessel. Main particulars of the numerical setup and the computational domain are shown in Table 2 and Figure 2 respectively.
The mesh is made of hexahedral control volumes and prism layer meshes are used for solving the flow in the boundary layer. The computational domain is divided into two regions: a stationary far-field region designated as “Tank” (Figure 3a) and a moving region designated as “Overset” (Figure 3b). The far-field region has three types of boundaries: Velocity Inlet, Pressure Outlet and Symmetry. The moving overset region has on the other hand: Wall, Symmetry and Overset. Since the model uses the overset grid and reference frame approach, the flow velocity is defined under reference frame and set to 0 in the Velocity Inlet boundary condition. The numerical model uses wave-damping for preventing wave reflection from the Inlet, outlet and side boundaries, with the wave damping length set to constant of 2.5 m from the boundary.
The time step ∆t is controlled by a field function , where ∆x is the cell size (25% of the base size) the first level of refinement of the overset region and  the velocity of the hull. Hence, the field function defines the time step  such that the CFL=0.5 on the outer boundary and CFL=1 in the first level of refinement of the overset region. Hence, for the base size BS = 0.06m and  = 1.776 to 3.108 the respective time steps are , which satisfies the ITTC recommendation [12] , where l is characteristic length (in this case ) and  is the hull velocity.
A mesh sensitivity study was done to identify the minimum base size of the computational domain. Since the running trim of a planing craft is known to be extremely sensitive to generated lift, the grid sensitivity study was done on a craft with a fixed running position. Figure 4 shows that as the cell count increases, after base size  (1.9 million cells) the differences in total resistance were below 0.01%. Therefore, a base size  was selected for the rest of the simulations, resulting in 209,478 cells in the far-field region and 1,828,934 and 1,696,801 cells in the overset regions of the hulls equipped with spray rails and the V-shaped spray interceptors respectively. Figure 5 shows the distribution of wall y+ on the respective hulls.

[bookmark: _Ref47129679]Table 2. Solver settings
	Item
	Description

	Convection Term
	2nd order

	Temporal Discretization
	1st order

	Time-step [s]
	Function of velocity and mesh size

	Inner iterations per time step
	5

	Turbulence model
	Realizable k-ε

	Overset interpolation scheme
	Linear

	Iterations of 6-DOF solver per inner iteration
	3

	Wall treatment
	Two-Layer All y+
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[bookmark: _Ref47131643][bookmark: _Ref47129720]Figure 2. Dimensions of the simulation domain.

	Pressure Outlet
Symmetry plane
Velocity Inlet
Overset
Wall
Wall
Symmetry plane
Overset


	a)
	b)

	[bookmark: _Ref49607948]Figure 3. Boundary conditions of the Tank (left) and Overset (right) regions.



[bookmark: _Ref47130051]Figure 4. Grid sensitivity of total resistance.
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[bookmark: _Ref49608268]Figure 5. Wall Y+ on the hulls with spray rails (left) and the V-shaped spray interceptor (right) at=3.108.
Results and discussion
Figure 6 compares the vertical component of the lift  acting on the hull with conventional spray rails (SR) to that of the hull with the V-shaped spray interceptor (VSI). The differences in the lift were below 0.1% throughout the whole speed range, hence they were considered negligible.
When comparing the distribution of the vertical lift component on the individual hull parts at the top speed of  (Figure 7), the spray rails were seen to account for a much larger lift than the V-shaped spray rail did. The spray rails produced 22N of vertical lift accounting for 6% of total lift, while the V-shaped spray interceptor only produced 1N of lift accounting for 0.3% of the latter. However, this difference in the lift on the spray rails and V-shaped spray interceptor was compensated by that of the bottom. The bottom of the hull equipped with V-shaped spray interceptor produced 19N more lift than the hull equipped with spray rails did. As for the chine, deck, keel, side and transom, no significant differences in the lift were observed.
[bookmark: _GoBack]Figure 8 compares the numerical and experimental values of the non-dimensional total resistance  of the hull equipped with spray rails (SR) to those of the hull equipped and the V-shaped spray interceptor (VSI). Compared to model test results, the total resistance of the hull with spray rails (SR) was underestimated by 3% to 9%, while that of the hull with the VSI was underestimated by 6% to 8%. The most likely reason for the difference in resistance between the numerical and experimental results is the absence of the trimming moment due to towing force [13]. In the simulation the hull is moving relative to the background using reference frame method and the only forces acting on it are gravity and the hydrodynamic and hydrostatic forces that result in resistance and lift. In the experimental setup, on the other hand, besides the lift and drag, a towing force is acting at the towing point (x=0.36 m from the transom and z= 0.09 m from the baseline).

[bookmark: _Ref47130089]Figure 6. The vertical component of Lift.


[bookmark: _Ref47130115]Figure 7. Distribution of the vertical component of the lift  on the hull at.

Comparing numerical with experimental results, the general trends of resistance of the two hulls were rather similar. Compared to the hull with the spray rails, the total resistance of the hull with the V-shaped spray interceptor was significantly 7% and 8% lower at  and  and 1% and 6% higher at  and  respectively. However, it was observed that the differences in numerical total resistance were nearly twice as large as of those in experimental results.
Probably the most notable difference arose from the comparison of the total resistance of individual parts of the hull (Figure 9), in particular those of the spray rails and the V-shaped spray interceptor. The V-shaped spray interceptor accounted only for negative -1.3N (-1.5% of ) resistance, while the spray rails accounted for 4.5N (6.5% of ) of resistance. That is because the V-shaped spray interceptor was located in the spray area forward of the stagnation line such that it deflected the oncoming spray down, thereby producing a reaction force that reduced the total resistance.
It is important to note that since the VSI only produced a comparatively small reaction force (-1.5% of ) in the direction of the hull’s motion, the rest of the 8% difference was due to absence the of pressure and frictional resistance of the absent spray rails. As for the chine, deck, keel, side and transom, their resistance was negligibly smaller than that of the hull with spray rails. Figure 10 compares the pressure distribution of the hulls with the SR with those of the hull with the VSI. It was observed that at  and , the VSI gets in the way of the oncoming flow and causes a low-pressure area behind itself. This explains 1% and 6% higher total resistance compared to the hull with the spray rails.


[bookmark: _Ref46936684][bookmark: _Ref46936678]Figure 8. The total resistance of simulated configurations compared to model test results.


[bookmark: _Ref47130214]Figure 9. Distribution of the total resistance  on the hull with conventional spray rails (SR) and V-shaped spray interceptor (VSI) at.
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[bookmark: _Ref47130227]Figure 10. Pressure distribution of SR (left) and VSI (right) at  = 1.774 to 3.108 (top to bottom).

The running position of the simulated hulls is compared with that of model tests in terms of trim and sinkage in Figure 11 and Figure 12 respectively. While in the most cases trim was underestimated by around 0.6 to 0.9 degrees (13% to 16%), in the case of the hull equipped with the V-shaped spray interceptor (VSI) at  the trim was underestimated by 1.4 degrees (25%). This outlier was also seen in the comparison of sinkage. While in most cases sinkage was underestimated by 3mm to 6mm (9% to 12%), in the case of the hull with the VSI at  sinkage was underestimated by 20mm (70%). Based on experimental data, the hull with the VSI was expected to have similar trim to that of the hull with spray rails (SR). Besides the absent moment due to towing force, a likely reason for that outlier is numerical ventilation observed in Figure 15. 


[bookmark: _Ref47130284]Figure 11. Trim of simulated configurations compared to model test results.


[bookmark: _Ref47130298]Figure 12. Non-dimensional sinkage of simulated configurations compared to model test results.

The wetted hull area underway  of the two simulated crafts was divided into the wetted bottom area  and area wetted by the spray .  was defined as the wetted area below the still water level () while  was defined as wetted are above still water level () as shown in Figure 13 and Figure 14.


[bookmark: _Ref47130393]Figure 13. The wetted bottom area , area wetted by spray  and wetted hull area underway .

While the hull with the V-shaped spray interceptor was expected to significantly reduce the area wetted by spray, the numerical results show the opposite. No significant differences were observed in either  or , except in the case of the hull with the VSI at  , where  was lower and  was higher those of the hull with the SR. That is most likely due to the smaller than expected trim of hull with the VSI compared to the hull with the SR. Nevertheless, the differences in wetted hull area underway  were between 1% and 4% through the whole speed range, hence marginal.
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[bookmark: _Ref47130404]Figure 14. The wetted bottom area  and area wetted by spray  on SR (left) and VSI (right) at  = 1.774 to 3.108 (top to bottom).
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[bookmark: _Ref47130340]Figure 15. Volume Fraction of Air on SR (left) and VSI (right) at  = 1.774 to 3.108 (top to bottom).
Conclusions
This paper presents a numerical analysis of two planing hulls in calm water, a hull equipped with conventional spray rails (SR) and one equipped with a novel V-shaped spray interceptor (VSI). The numerical results were compared with model test results and showed relatively good agreement. The main reason for the difference between numerical and experimental results was the absence of a moment due to the towing force in the numerical setup. Conventional spray rails were shown to account for up to 5.6% of total lift and up to 6.5% of the total resistance in a speed range of . The V-shaped spray interceptor was shown to reduce the total resistance by up to 8%, compared to the hull with conventional spray rails. Since the VSI was located in the spray area slightly forward of the stagnation line such that it deflected the oncoming spray thereby producing a horizontal reaction force (-1.5% of ) in the direction of the hull’s motion. The rest of 8% differences in resistance of the hulls equipped with the SR and the VSI was due to absence the of resistance of the absent spray rails.
Future studies will investigate the influence of the width  and the bottom angle δ of the spray rail as well as that of the V-shaped spray rail and chine interceptors on the hydrodynamics characteristics of the craft in calm water and waves. Furthermore, future studies will investigate the application of the Adaptive Mesh Refinement (AMR), a fairly new feature in the STAR-CCM+ software. AMR is particularly interesting since the perspective of achieving a high-resolution solution of the free surface and spray with a smaller number of cells is rather appealing.
References
[1] 	Savitsky D. Hydrodynamic design of planing hulls. Mar. Technol. 1964. p. 71–94.
[2] 	Clement EP. Effects of Longitudinal Bottom Spray Strips on Planing Boat Resistance, Report No.1818. Washington, DC.; 1964.
[3] 	Clement EP. Reduction of Planing Boat Resistance by Deflection of the Whisker Spray, Report No.1929. Washington, DC.; 1964.
[4] 	Grigoropoulos G, Loukakis T. Effect of Spray Rails on the Resistance of Planing Hulls. 3rd Intl Symp Fast Sea Transp FAST’95. Travenmuende, Germany; 1995.
[5] 	Grigoropoulos G. The use of Spray Rails and Wedges in Fast Monohulls. IV High-Speed Veh Intl Conf HSMV’97. Naples, Italy; 1997.
[6] 	Olin L, Altimira M, Danielsson J, et al. Numerical modelling of spray sheet deflection on planing hulls. Proc Inst Mech Eng Part M J Eng Marit Environ [Internet]. 2016. p. 811–817. Available from: http://journals.sagepub.com/doi/10.1177/1475090216682838.
[7] 	Taunton DJ, Hudson DA, Shenoi RA. Characteristics of A series of high speed hard chine planing hulls - Part 1: Performance in calm water. Int J Small Cr Technol [Internet]. 2010;152:55–75. Available from: http://eprints.soton.ac.uk/id/eprint/172717.
[8] 	Cucinotta F, Guglielmino E, Sfravara F. An experimental comparison between different artificial air cavity designs for a planing hull. Ocean Eng. 2017;140:233–243.
[9] 	De Marco A, Mancini S, Miranda S, et al. Experimental and numerical hydrodynamic analysis of a stepped planing hull. Appl Ocean Res [Internet]. 2017;64:135–154. Available from: http://dx.doi.org/10.1016/j.apor.2017.02.004.
[10] 	Molchanov B, Lundmark S, Fürth M, et al. Experimental validation of spray deflectors for high speed craft. Ocean Eng [Internet]. 2019;191:106482. Available from: https://doi.org/10.1016/j.oceaneng.2019.106482.
[11] 	Lakatos M, Sahk T, Kaarma R, et al. Experimental testing of spray rails for the resistance reduction of planing crafts. In: Soares CG, Parunov J, editors. Trends Anal Des Mar Struct  Proc 7th Int Conf Mar Struct MARSTRUCT 2019. Dubrovnik: CRC Press/Balkema; 2019. p. 334–343.
[12] 	28th ITTC. 7.5-03-02-03 Practical Guidelines for Ship CFD Applications. ITTC – Recomm Proced Guidel. 2017. p. 1–20.
[13] 	De Luca F, Mancini S, Pensa C, et al. Numerical evaluation ( CFD ) of Wake and Thrust deduction fraction of a Warped Hard Chine Hulls Systematic Series. 10th RINA High Speed Mar Veh Symp. 2014. p. 1–8.

RT.Avg /Δ	1287440	1903780	2599610	3464860	4528400	5743440	62.849400000000003	62.653599999999997	62.638500000000001	62.652099999999997	62.637799999999999	RF/Δ	813592	1287440	1903780	2599610	3464860	4528400	5743440	6.8772050576119098E-2	7.4060365045375748E-2	7.4266595289079224E-2	7.4111349036402555E-2	7.4203630060161105E-2	7.4182726623840109E-2	7.4249260732130104E-2	RR/Δ	813592	1287440	1903780	2599610	3464860	4528400	5743440	8.3706791067604772E-2	8.6244009381054351E-2	8.5490720913633106E-2	8.5767563984908729E-2	8.5579178138064635E-2	8.5561078821250108E-2	8.5689303558682553E-2	Cell Count


RTM [N]



SR	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	1.0013222836156261	1.0011528357103301	1.0011227229801722	1.0009047884754694	VSI	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	1.0013590313541239	1.0012549127617132	1.0013182005335708	1.0012554231469701	Fr∇


LV / Δ




SR	Bottom	Chine	Deck	Keel	Side	SR/VSI	Transom	354.73700000000002	11.104536	6.6722039999999998	1.5419566	-0.76733439999999997	21.956645999999999	-7.6644039999999997E-2	VSI	Bottom	Chine	Deck	Keel	Side	SR/VSI	Transom	373.66976441999998	10.391086	6.7145039999999998	1.4089246	-0.85211119999999996	1.1381718000000001	-9.5539239999999997E-2	
LV [N]




SR-EXP	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	0.14991157895148663	0.16858672136457625	0.17511326946770669	0.18020392244877673	VSI-EXP	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	0.14812428074856551	0.17200972083291538	0.16764414760810295	0.17414334040696014	SR-CFD	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	0.13603020801468338	0.15292538492913224	0.16558460793310897	0.17552154073620882	VSI-CFD	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	0.13759692056694198	0.16220589884776182	0.1537399561537677	0.16204647190782095	Fr∇


RTM / Δ




SR	Bottom	Chine	Deck	Keel	Side	SR/VSI	Transom	60.1297	2.548168	0.57631299999999996	0.23557339999999999	-0.13410382000000001	4.5355072000000005	1.5669758	VSI	Bottom	Chine	Deck	Keel	Side	SR/VSI	Transom	60.267055859999999	2.3332519999999999	0.58543860000000003	0.19875709999999999	-0.13587268	-0.97574000000000005	1.297245	
RTM [ N ]




SR-EXP	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	4.4594184077111363	5.4509352930962987	5.3493891148067902	4.7695921773747623	VSI-EXP	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	4.2962455144652179	5.4348154055902613	5.4024461703873099	4.7725712680405721	SR-CFD	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	3.888255	4.5770460000000002	4.5848120000000003	4.0335619999999999	VSI-CFD	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	3.767493	4.0679610000000004	4.663513	4.0595759999999999	Fr∇


τ [deg]




SR-EXP	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	2.8754773248120861E-2	8.2732289329776151E-2	0.12730699092851891	0.15391094518738305	VSI-EXP	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	2.8875412192691591E-2	8.2476955319959133E-2	0.13257627182210127	0.15514682352979225	SR-CFD	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	3.0025316733882382E-2	7.3091319452175965E-2	0.1149473890355432	0.14009246285854884	VSI-CFD	1.7762409804400709	2.2203012255500885	2.664361470660106	3.1084217157701239	3.0947205346519163E-2	0.1397781421286958	0.116155714616058	0.13966914993959198	Fr∇


zV,CG / ∇ 1/3 




SWB	SR	1.7762233207705491	2.2202791509631865	2.6643349811558235	3.1084454039019636	0.66677019999999998	0.56240959999999995	0.47789530000000002	0.43756329999999999	SWS	SR	1.7762233207705491	2.2202791509631865	2.6643349811558235	3.1084454039019636	0.17318330000000001	0.1303927	0.1359638	0.1461017	SWHE	SR	1.7762233207705491	2.2202791509631865	2.6643349811558235	3.1084454039019636	0.83995350000000002	0.69280229999999998	0.61385909999999999	0.58366499999999999	SWB	VSI	1.7762233207705491	2.2202791509631865	2.6643349811558235	3.1084454039019636	0.666933	0.43421470000000001	0.46943669999999998	0.434446	SWS	VSI	1.7762233207705491	2.2202791509631865	2.6643349811558235	3.1084454039019636	0.18122089999999999	0.22970989999999999	0.1322091	0.16146640000000001	SWHE	VSI	1.7762233207705491	2.2202791509631865	2.6643349811558235	3.1084454039019636	0.84815390000000002	0.66392459999999998	0.60164580000000001	0.59591240000000001	Fr∇


SW [m2]




image1.png
160°




image2.jpeg




image3.jpeg




image4.png
160°




image5.jpeg




image6.jpeg




image7.png
PRODUCED BY AN AUTODESK STUDENT VERSION

PRODUCED BY AN AUTODESK STUDENT VERSION
[

~-— 158°0 — 1z

098

1.85L

15L

— 21D

27L

12L ——

art are

48 L

NOISYHIA INJANLS MSIAOILINY NY A9 A3aoNA0Nd

NOISYHIA LINIANLS MSIAOLINY NV A9 A3ao2Naoud




image8.png




image9.png




image10.png




image11.png




image12.png
Average Wall Y+: 0.981776





image13.png
Average Wall Y+:0.921341





image14.png
DynamicPressureCoefficient
Z X .01 -0.08 -0.06 -0.04 -0.02 0.0 0.02 0.04 0.06 0.08 0.1 0.1 0.1 0.2 0.2 0.2

. b e





image15.png
DynamicPressureCoefficient
zZX .01 -0.08 -0.06 -0.04 -0.02 0.0 0.02 0.04 0.06 0.08 0.1 0.1 0.1 0.2 0.2 0.2

N e e





image16.png
DynamicPressureCoefficient
Z X .01 -0.08 -0.06 -0.04 -0.02 0.0 0.02 0.04 0.06 0.08 0.1 0.1 0.1 0.2 0.2 0.2

S e s





image17.png
DynamicPressureCoefficient
-0.1 -0.08 -0.06 -0.04 -0.02 0.0 0.02 0.04 0.06 0.08 0.1 0.1 0.1 0.2 0.2 0.2

Z X
I | I s





image18.png
z

X

v

-0.1

-0.08

-0.06

-0.04

-0.02 0.0

DynamicPressureCoefficient
0.02 0.04 0.06 0.08

0.1 0.1 0.1 0.2 0.2 0.2





image19.png
DynamicPressureCoefficient
Z X .01 -0.08 -0.06 -0.04 -0.02 0.0 0.02 0.04 0.06 0.08 0.1 0.1 0.1 0.2 0.2 0.2

S s s





image20.png
DynamicPressureCoefficient
Z X 01 -0.08 -0.06 -0.04 -0.02 0.0 0.02 0.04 0.06 0.08 0.1 0.1 0.1 0.2 0.2 0.2

N e s





image21.png
—

DynamicPressureCoefficient
Z X .01 -0.08 -0.06 -0.04 -0.02 0.0 0.02 0.04 0.06 0.08 0.1 0.1 0.1 0.2 0.2 0.2





image22.png
Spray Area
Z X0.000 1.00




image23.png
Spray Area
Z X0.000 1.00





image24.png
Spray Area





image25.png
Spray Area
Z X0.000 1.00

.




image26.png
Spray Area
Z X.000 1.00

.




image27.png
Spray Area

I




image28.png
Spray Area
Z X0.000 1.00

.




image29.png
Spray Area





image30.png
Time Step 1745 Solution Time 8.044 (s)

z X Volume Fraction of Air
F’ 0.00000 0.20000 0.40000 0.60000 0.80000 1.0000





image31.png
Volume Fraction of Air
0.00000 0.20000 0.40000 0.60000 0.80000 1.0000




image32.png
Time Step 1686 Solution Time 6.218 (s)

z X Volume Fraction of Air
F’ 0.00000 0.20000 0.40000 0.60000 0.80000 1.0000





image33.png
Volume Fraction of Air
IZ X 0.00000 0.20000 0.40000 0.60000 0.80000 1.0000

_





image34.png
Time Step 2000 Solution Time 6.148 (s)

z X Volume Fraction of Air
F’ 0.00000 0.20000 0.40000 0.60000 0.80000 1.0000





image35.png
Volume Fraction of Air
0.00000 0.20000 0.40000 0.60000 0.80000 1.0000





image36.png
Time Step 1773 Solution Time 4.6/71 (s)

z X Volume Fraction of Air
F’ 0.00000 0.20000 0.40000 0.60000 0.80000 1.0000





image37.png
Volume Fraction of Air
zZ X

0.00000 0.20000 0.40000 0.60000 0.80000 1.0000





