Comparison of Experimental and Simulations Results of a Large-Scale Propane Jet Fire using CFD Method and DNV-Phast Software
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Abstract
Jet fires is one of the most important factors in causing catastrophic accidents in process industries. Jet fire effects of accidents on process industrial can have severe consequences as it can cause domino effects. In the present study, vertical propane jet fires are simulated using computational fluid dynamics (CFD) with Shear Stress Transport (SST), Eddy Dissipation Concept (EDC) and Monte Carlo. These models are used for turbulence, combustion and radiation, respectively, and the results are compared with the DNV-Phast 7.2 software. The predicted radiations are validated at three horizontal distance points. The results show that the average radiation error predicted by the DNV-Phast 7.2 software and the CFD method with experiments data were 98% and 10.5%, respectively. The simulation results also show that it is not possible to accurately predict the amount of radiation during a propane jet flame by using the DNV-Phast 7.2 software; whereas the CFD simulations determine the amount of radiation at all locations.
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Notation
	Cp
	specific heat at constant pressure (kg.m2/(s2.K)) 

	C
	volume fraction constant = 2.1377

	C
	time scale constant = 0.4082  (-)

	fi
	gravity force (kg.m.s-2)

	F
	blending function

	Fr
	Froude number (-)

	h
	enthalpy of the mixture (kJ/kg)   

	i
	indicator

	Ib
	blackbody emission intensity (W/(m2.sr1.Hz1))

	Iv
	spectral radiative intensity depends on position r and direction s (W/ (m2.sr1.Hz1))

	k
	turbulence kinetic energy (m2/s2)

	Ka
	absorption coefficient (cm-1)

	Ks
	scattering coefficient (cm-1)

	L
	Flame length (m)

	P
	pressure (kPa)

	Prt
	Prandtl number (-)

	r
	position vector

	Ri
	rate of reaction of the species i (m/s)

	s
	direction vector

	
 
	path length (mol-1.dm3.cm-1)

	S
	source term of mass transfer equation 

	Se
	source term of energy balance equation 

	Srad
	radiation intensity source term 

	t
	time (s)

	ui
	velocity components in x-direction (m/s)

	uj
	velocity components in y-direction (m/s)

	xi
	physical coordinate in x-direction (-)

	xj
	physical coordinate in y-direction (-)

	XExp
	experimental value (-)

	XSim
	simulation value (-)

	Yi
	species mass fraction (%)

	Z
	vector length of flame (m)

	Greek letters
	

	1 , 2
	constants in turbulence models (-)

	β
	coefficient of thermal expansion (-)

	β1 , β2
	constants in turbulence models (-)

	
	turbulence eddy dissipation (m2/s3)

	t
	turbulent viscosity (kg/(m.s))

	 
	kinematic viscosity (kg/(m·s))

	T
	kinematic eddy viscosity (kg/(m·s))

	v
	Frequency for incident radiation (Hz) 

	
 
	fine scale length (m)

	ρ
	density (kg/m3)

	k1 , k2
	constants in turbulence models (-)

	ij
	viscosity stress (kg/(m.s2))

	
 
	reacting time (s)

	φ
	quantity transmitted by the current (-)

	
	scattering phase function (-)

	ω
	turbulent frequency (rad) 

	
	solid angle (rad)

	Abbreviations
	

	AARE
	Average Absolute values of Relative Error

	CFD
	Computational Fluid Dynamics

	EDC
	Eddy Dissipation Concept

	RTE
	Radiation Transfers Equation

	SST
	Shear Stress Transport




Introduction
Predicting the radiation and heat fluxes of sonic and subsonic jet fires in the chemical and process industries is very important. The main reason for the importance of considering this phenomenon is the probability of jet flame impact on adjacent equipment, and radiation effects on adjacent equipment and operators. Reviews show that a jet fire in industries causes a domino effect and will lead to catastrophic events1. To assess the risk of such situations, it is necessary to predict the amount of radiation from the jet fire. Therefore, simulating and predicting the amount of heat flux caused by accidental jet fires in industries will bring great benefits. Reviews of past industrial fire accidents shows that, in 50% of the jet fire cases reported in the accident databases, have caused more severe impacts through a domino effect2. In the 85% of the incidents, the flammable material originating the accident was LPG3. In recent years, the jet flames have been studied experimentally and theoretically. However, current knowledge about the prediction of heat flux from jet fires is still unclear, and precise studies have not been comprehensively conducted. The accurate prediction of these phenomena is a major issue for related industries. Most of the research’s currently focused on relatively small-scale jet flames, subsonic and flares whose characteristics are quite different from accidental jet flames4. The CFD simulation studies of LNG pool fire and jet fire scenarios have been used to better understand domino effects5,6. Many researchers in experimental and theoretical studies have proposed several mathematical models to estimate the radiation based on the shape of the jet flames. Accurate modeling of jet fires can be used to predict the effects and consequences of fire and radiation, by estimating the geometry of the jet fire and the amount of radiation and heat fluxes. However, necessary research is still needed to investigate sonic jet flames. For this reason, more efforts have been made to obtain a unified correlation for predicting sonic jet flames, for different fuels at a wide range of pressures and orifice diameter nozzles. Table 1 shows some of the researches developed on the jet fires.
	Table 1. Summary of jet fires researches.

	Flame Height (m)
	Inlet Pressure
(MPa)
	Jet Orientation
	Fuel
	Nozzle Size (mm)
	Author

	up to 14
	0.86 to 7.02
	Vertical
	Natural gas
	0.6-1070
	Chamberlain7,1987.

	up to 23.5
	up to 3.5
	Vertical
	Methane
	38–102
	Bagster et al.13, 1996.

	up to 10.7
	41.3
	Vertical
	Hydrogen
	5.08
	Schefer et al.8-10 ,2004,2007.

	up to 1.8
	up to 3.4
	Horizontal
	Hydrogen
	1–4
	Imamura et al.12 ,2008.

	up to 6.2
	up to 40.1
	Horizontal
	Hydrogen
	0.4–4
	Mogi et al.11 ,2009.

	up to 10
	up to 0.643
	Vertical
	Propane
	10-43.1
	Palacios et al.14-16 ,2011-2012.

	up to 4.79
	up to 0.613
	Horizontal
	Propane
	19.05
	Gopalaswai et al.19 ,2016.

	up to 10
	up to 0.011
	Horizontal/
Vertical
	Hydrogen
	5
	Makarov et al.17 ,2018.

	up to 6
	up to 90
	Vertical
	Hydrogen
	1.8
	Cirrone et al.18 ,2019.



Nowadays the consequence modeling for risk assessment in all of industries is very important. The DNV-Phast software is one tool for jet fire simulations20-25. The aim of fire simulation by software’s is the risk analysis in process plant but accurate results allow for risk prediction. In the present research, comparison and simulation of experiment radiations of vertical large-scale jet fires for propane with CFD and DNV-Phast 7.2 software have been conducted.  
Experimental set-up 
The predicted values for the simulations for a propane jet fire has been validated by experimental results obtained from previous studies of Palacios et al.14. The outlet nozzle diameter of the jet fire is 12.75 mm. A three set of radiometers located at 1.1 m, 3 m and 5 m from the nozzle and 1 m above the nozzle orifice, respectively, were used. A schematic of the experimental set-up is shown in Fig. 1. More details could be found at 14.
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Figure 1. Schematic of experimental set-up



Numerical simulation detail
Governing equations
The governing equations for the jet flame simulation are Navier-Stokes for turbulent flows related to the reaction26. The governing equations with turbulence and radiation models are shown in Table 2.
Turbulence model
The equations of SST turbulence model to simulate the jet fires are described in details in Table 2. The Favre-Averaged Navier-Stokes equations are solved in the axial cylindrical coordinates coupled with the k-ω models which its constants are represented in Table 227,28.
Combustion and Soot models
Eddy Dissipation Concept (EDC) model is used for turbulent combustion27. This model was developed by Magnuson30. EDC model concepts29 and detail chemical reaction mechanisms with soot models are presented in the literature28, 30, 31.
Radiation model
The aim of a radiation modeling is to solve the Radiative Transfer Equation (RTE). For solving the energy equation and the heat fluxes of jet flames, including the desired values, the term Srad as a source term has been obtained. The Monte Carlo method for predicting radiation heat transfer is basically a statistical and accurate method. In this study, due to the constant change of the fire surface, as turbulent flow, and the complexity of shape and geometry of the fire, the Monte Carlo method has been used for modeling30, 31. 
CFD Simulations
In the present study, a cylinder with a height of 8 m and a diameter of 10 m is shown as the computational domain in Fig. 2. The vertical propane jet fire simulated with an ambient air temperature of 303 K and a fuel temperature of 298 K at the nozzle outlet with a diameter of 12.75 mm as fuel inlet. The fuel inlet nozzle considered to bottom of the vertical cylinder as computational domain.
The combustion is simulated in a steady state, by considering gravity as opposite to the fuel injection. The SST turbulence model with the combustion (EDC) and the Magnesium Soot models as one-step reaction by Monte Carlo radiation model have been used. The boundary conditions of the domain are shown in Fig. 2. Weather conditions and fuel mass flow rates range 0.06 kg/s to 0.21 kg/s have been simulated, by using a home code coupled with ANSYS CFX 15.0 software, as one-step reaction type, according to the experimental data of Palacios et al.14. Experimental values of radiations have been evaluated at horizontal distances of 1.1, 3 and 5 m, respectively, from the fuel outlet nozzle at a height of 1 m above the ground. A system using double 24-core3.33 GHz processors with 48 GB RAM was used to solve governing equations.
	Table 2. Governing Equations with turbulence, combustion and radiation Models26, 27,29,30,34,35.

	
Momentum balance:
	Mass conservation:

 

	Energy balance:


	Mass balance:



	Transport Equations Shear Stress Transport (SST) k- Model

	Turbulence Kinetic Energy:


	Kinematic Eddy Viscosity:



	Specific Dissipation Rate:



	Closure Coefficients and Auxiliary Relations:










Note: Where F1 and F2 are the blending functions, which are equal to zero away from the surface (k-ε model), and switches over to one inside the boundary layer (k-ω model). 
Model constants:                             



	Combustion model (EDC)
The reaction rate of the species i, i.e. Ri, is calculated as follow:



                                     

	Radiation model
The spectral Radiative Transfer Equation (RTE) equation:





Mesh independency test
Mesh independence has been performed using the grid convergence index (GCI) method from Roache et al. method33. Three-dimensional convergence simulations are investigated using a direct method to determine the discretization error in CFD simulations. 
This method involves performing simulations on two or more successive grids, based on the use of the Richardson generalization. At first, the cylindrical symmetric axis mesh with 500400 elements has been selected, and after 20% of expansion in the radial and vertical directions. The number of meshes with higher elements of 907361, 1390000, and 2628000 have been reached. The results of the radiation values, obtained at three different horizontal distances, have been validated and compared with the experimental work of Palacios et al.14. The best simulation radiation results have been found to appear at the experiments simulated with a mesh number of 1,390,000. The 3D mesh structures of computational domain has been shown in Fig. 2.
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Figure 2. Computational domain and boundary conditions.
DNV-Phast 7.2 Software simulations
The DNV-Phast 7.2 software has been used to simulate a propane jet fire. In this software the jet flame model from the Thornton Research Centre32 describes the shape of a jet flame, under the influence of crosswinds, as the frustum of a cone. The emissive power and the fraction of heat radiated are based upon the experimental measurements in Chamberlain32. The propane jet fires have been simulated by DNV-Phast 7.2 Software using the weather conditions and orifice diameter described in Section 3.2. The fuel mass flow rates range have been 0.06 to 0.21 kg/s, as input data.
Results and Discussion
Radiation results
The radiation simulation results obtained with the DNV-Phast 7.2 software results are shown in Figure 3. These involve five cases, involving a propane jet fire obtained with a 0.05 to 0.21 kg/s range mass flow rates. In order to investigate the accuracy of the simulations, the predicted radiation values at three specific horizontal locations from Palacios et. al.14 experimental work, have been compared with the CFD and the DNV-Phast 7.2 simulation results in Figure 4. 
Figure 3 indicates that the DNV-Phast 7.2 software results shows a limited amount of radiation near the jet flame. The distance downwind in the horizontal axis of Fig.3 represents the distance from the central jet flame, indicating that the most changes in radiation up to a distance of 10 m from the jet flame. The minimum setting range from jet fire in this software is up to 10 meters.
The results show that in different mass flow rates, as we approach the jet flame, the radiation rises. The highest amount of radiation is seen at 0.4 to 1.2 meters from the jet flame.
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Figure 3. Radiation values, predicted by DNV-Phast 7.2, as a function of horizontal distances for various mass flow rates (0.06 to 0.21 kg/s) of propane jet fires.

Figure 4. Comparisons between the radiation profile obtained under different conditions from the flame axis for various mass flow rates of propane jet fires.
It has been observed that the values predicted by the DNV-Phast 7.2 software are much higher than the experimental values, with about 77.2% and 118% of errors from the experimental values for various mass flow rates range 0.06 kg/s to 0.21 kg/s. However, the predicted values obtained by the CFD method have a much lower error, 2.5% to 35% of error from the experimental values for various mass flow rates range 0.06 kg/s to 0.21 kg/s. The Average Absolute values of Relative Error (AARE), have been calculated for both cases through Eq. 1, and are shown in Table 3. 
	(1)
	



	Table 3. Comparison between the predicted results of Figure 4. 5.

	CFD Sim.
AARE (%)
	DNV-Phast 7.2 Sim.
AARE (%)
	Mass flow rate
  (kg/s)

	35
	101
	0.06

	3.6
	77.2
	0.1

	6.3
	118
	0.15

	5.1
	99
	0.2

	2.5
	97.7
	0.21



Centerline jet flame radiation
Radiation measurement equipment has limitations for measurement. Measurement range of the radiometers as instrument facilities in our experiment is up to 227 kW/m2. Due to the measurement limitation of the radiation during jet flame because the high temperature of the jet flame, the CFD method allows to predict the radiation in during of the jet flames. As a first step, a certain vertical distance of the jet flame height was normalized by the total jet flame height (Axial position Z/L%).
The centreline jet flame radiation has been analyzed through the simulation of the radiation emitted along the jet flame length axis. The change of emitted radiation values during the jet flame length distances has been plotted against the dimensionless centreline jet flame length, Z/L (Fig. 5).  Radiation changes during the jet flame show that the amount of radiation increases at the beginning of the jet flame then decreases at the top of the jet flame.
Figure 5 shows comparison of maximum emitted radiation predicted values along the centreline jet flame height, using the DNV-Phast software and the CFD method for various mass flow rates. The maximum values predicted by the DNV-Phast 7.2 software have been found up to be 161 kW/m2; while the predicted radiation values using the CFD method have been found up to be 1317 kw/m2.
	
	

	(b)

	

	
	

	
	

	
	


Figure 5. Centreline jet flame radiation values predicted with DNV-Phast 7.2 software and CFD method: (a, a1) 0.21 kg/s, (b, b1) 0.2 kg/s, (c, c1) 0.15 kg/s and (d, d1) 0.1 kg/s, (e, e1) 0.06 kg/s.

The cause of the irregularly predicted values of the centreline jet flame radiation obtained with the CFD method, shown in Fig. 5, is due to two reasons: (i) due to the constant change in the surface of jet fires, the expected radiation values during the centreline jet flame length have fluctuations17. And (ii) the combustion process in a vertical jet fire is divided into three parts, already been studied by Palacios et al.14. The first zone is found at the bottom, at the 40% of the jet flame height, the second zone concerns from 40% to 70% of the jet flame height, and the third zone is found from the 70% of jet flame height up to the jet flame tip. In the first zone, near the nozzle, the flame temperature is lower and the efficiency of combustion reaction is less, compared to the values found at the two other zones. In the second zone, the combustion reaction is higher than that found in the first zone, and the combustion performance is the highest of the three zones. In the third zone, the amount of fuel is much lower with a higher percentage of air; thus, a lower combustion reaction efficiency and thus lower temperatures are found in this region. Figure 5 shows that the closer we get to the top of the jet flame, the lower the radiation. This precisely analyzes the combustion efficiency in the three zones mentioned.
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	  (a)
	                           (b)


Figure 6. Jet flame radiation contour predicted with CFD method: (a) 0.1 kg/s and (b) 0.2 kg/s. 
the Figure 6 shows the side view of the jet fire contours, predicted by the CFD method. Radiation changes in during of the jet flame can be observed. The amount of radiation in top of the jet flame is much lower than in the middle of the jet flame.
Conclusions
In this study, a propane vertical jet fire was simulated by the CFD method, based on SST turbulence, EDC combustion and Monte Carlo radiation models. Comparisons of simulated results with the CFD method and the DNV-Phast 7.2 software showed that the CFD method obtain predicted radiation values with about 10.5% of error from the experimental values; while simulation results obtained with the DNV-Phast 7.2 software had errors of about 98%, for horizontal distances between 1 to 5 meters from the jet flames. 
The simulation results also showed the DNV-Phast 7.2 software be not able to simulate and predict accurately radiation for targets located at distances of less than 3 meter from the jet flame; while the CFD method could accurately predict radiation for targets located at distances between 1 and 5 meters from the jet flame.
The simulation results also showed that due to the nature of a jet fire, as a turbulent flow and combustion changes during the flame, the surface of jet fire is constantly changing, so a more accurate prediction of radiation using CFD method is possible. 
Because of the relatively accurate evaluation of the CFD method at the three experimental points near the jet flames, the prediction of radiation during the jet flame is feasible and can be relied to the radiation results on this case. Therefore, due to the limitations of the measuring radiation devices, accurate prediction of the radiation values in during of the jet flame by CFD method can be simulated.
The simulation results of DNV-Phast 7.2 software also showed that there is much less radiation during the jet flame than the simulated CFD values ​​ (about 5 times lower). Given that the results predicted by the CFD method are in agreement with the experimental data (average 10.5% error), the results of CFD simulation can be trusted. Therefore, the CFD approach for consequence modeling in Oil and Gas industries risk analysis is much more reliable.
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DNV-Phast Sim.	0	2.0408163265306123	4.0816326530612246	6.1224489795918364	8.1632653061224492	10.204081632653061	12.244897959183673	14.285714285714285	16.326530612244898	18.367346938775515	20.408163265306122	22.448979591836732	24.489795918367346	26.530612244897959	28.571428571428569	30.612244897959183	32.653061224489797	34.693877551020414	36.734693877551031	38.775510204081634	40.816326530612244	42.857142857142854	44.897959183673464	46.938775510204081	48.979591836734691	51.020408163265309	53.061224489795919	55.102040816326536	57.142857142857139	59.183673469387763	61.224489795918366	63.265306122448997	65.306122448979593	67.346938775510196	69.387755102040828	71.428571428571431	73.469387755102062	75.510204081632651	77.551020408163268	79.591836734693871	81.632653061224488	83.673469387755105	85.714285714285708	87.755102040816325	89.795918367346928	91.83673469387756	93.877551020408163	95.91836734693878	97.959183673469383	100	113.25421445345307	137.73212680794904	144.25419236904082	138.42462945459127	133.80618584932293	137.72546995149784	139.5874092147096	138.89184115229105	136.69919947215465	133.5612691901552	129.75430046342726	125.43581594323052	120.70369625527341	115.6373752702567	110.30254029072782	104.76952045482713	99.110116013990634	93.397251722966899	87.7025924541378	82.09336983292134	76.62942615227756	71.361042134463261	66.364109129712972	61.590909153267035	57.096153508872533	52.891360366566012	48.979200761530691	45.355375862390204	42.011360266702241	38.935711565330884	36.10936090934414	33.515947334955001	31.138641448651061	29.114466832094887	27.301992520703539	25.627355580142204	24.079992437311162	22.649852394290274	21.327474646236119	20.164157139338592	19.206742598977904	18.307406824470917	17.462353713303791	16.667988788490526	15.920924533515855	15.217980569822737	14.55618007111795	13.932743510811939	13.345080595076707	12.790781036828289	CFX Sim. 	1.6604150999999999E-5	3.4482923999999997	6.8965681999999999	10.344844200000001	13.793120214285715	17.241396285714288	20.68967142857143	24.137946571428571	27.586221714285713	31.034496857142855	34.482771999999997	37.931047142857146	41.379322285714288	44.827597428571423	48.275872571428572	51.724147857142853	55.172422999999995	58.620698142857144	62.068973285714279	65.517248428571435	68.965523571428562	72.413798714285718	75.86207385714286	79.310349000000002	82.758624142857144	86.206899428571433	89.65517457142856	93.103449714285716	96.551724857142858	100	1	5	10	20	106.798844	503.761594	890.75750000000005	577.05531299999996	1017.16963	727.53337499999998	500.87317969999998	927.59612500000003	637.57806299999993	1057.4807499999999	351.11125513000002	511.3419414	194.66671880000001	352.93987500000003	414.06465600000001	230.66542379999999	141.28585939999999	100.337531	124.99366400000001	80.765249999999995	26.8709688	21.024787100000001	53.489574200000007	51.564113299999995	29.1203672	23.336296900000001	Z/L (%)

Radiation (kW/m2)


DNV-Phast Sim.	0	2.0408163265306123	4.0816326530612246	6.1224489795918364	8.1632653061224492	10.204081632653061	12.244897959183673	14.285714285714285	16.326530612244898	18.367346938775515	20.408163265306122	22.448979591836732	24.489795918367346	26.530612244897959	28.571428571428569	30.612244897959183	32.653061224489797	34.693877551020414	36.734693877551031	38.775510204081634	40.816326530612244	42.857142857142854	44.897959183673464	46.938775510204081	48.979591836734691	51.020408163265309	53.061224489795919	55.102040816326536	57.142857142857139	59.183673469387763	61.224489795918366	63.265306122448997	65.306122448979593	67.346938775510196	69.387755102040828	71.428571428571431	73.469387755102062	75.510204081632651	77.551020408163268	79.591836734693871	81.632653061224488	83.673469387755105	85.714285714285708	87.755102040816325	89.795918367346928	91.83673469387756	93.877551020408163	95.91836734693878	97.959183673469383	100	113.25421445345307	137.73212680794904	144.25419236904082	138.42462945459127	133.80618584932293	137.72546995149784	139.5874092147096	138.89184115229105	136.69919947215465	133.5612691901552	129.75430046342726	125.43581594323052	120.70369625527341	115.6373752702567	110.30254029072782	104.76952045482713	99.110116013990634	93.397251722966899	87.7025924541378	82.09336983292134	76.62942615227756	71.361042134463261	66.364109129712972	61.590909153267035	57.096153508872533	52.891360366566012	48.979200761530691	45.355375862390204	42.011360266702241	38.935711565330884	36.10936090934414	33.515947334955001	31.138641448651061	29.114466832094887	27.301992520703539	25.627355580142204	24.079992437311162	22.649852394290274	21.327474646236119	20.164157139338592	19.206742598977904	18.307406824470917	17.462353713303791	16.667988788490526	15.920924533515855	15.217980569822737	14.55618007111795	13.932743510811939	13.345080595076707	12.790781036828289	Z/L (%)

Radiation (kW/m2)


DNV-Phast Sim.	0	2.0408163265306123	4.0816326530612246	6.1224489795918364	8.1632653061224492	10.204081632653061	12.244897959183673	14.285714285714285	16.326530612244898	18.367346938775515	20.408163265306122	22.448979591836732	24.489795918367346	26.530612244897959	28.571428571428569	30.612244897959183	32.653061224489797	34.693877551020414	36.734693877551031	38.775510204081634	40.816326530612244	42.857142857142854	44.897959183673464	46.938775510204081	48.979591836734691	51.020408163265309	53.061224489795919	55.102040816326536	57.142857142857139	59.183673469387763	61.224489795918366	63.265306122448997	65.306122448979593	67.346938775510196	69.387755102040828	71.428571428571431	73.469387755102062	75.510204081632651	77.551020408163268	79.591836734693871	81.632653061224488	83.673469387755105	85.714285714285708	87.755102040816325	89.795918367346928	91.83673469387756	93.877551020408163	95.91836734693878	97.959183673469383	100	113.10933412900371	137.83778196540808	143.92745763826292	137.62428929357876	134.3928848021591	138.35649302057243	139.88496242447411	138.93519817802922	136.53084159931413	133.19978783916167	129.2038416332089	124.68950969832629	119.76622497441797	114.50195777919458	108.97251648176102	103.25391142196362	97.424098786829731	91.561719641547157	85.742932568638324	80.037788926585677	74.507155674457536	69.200680789504318	64.191964654101611	59.428388696473448	54.964833142665725	50.808674081451066	46.958575377649439	43.406025417036183	40.143690872971213	37.149819252882445	34.407173514326132	31.89772738635309	29.730849348890381	27.820733409579891	26.067666083251957	24.450963388667198	22.959678381374676	21.583498345181813	20.374164154081143	19.382739089252702	18.452843645227013	17.580375491645384	16.76145222256293	15.992418203158168	15.269845282064423	14.590529048954487	13.951481952043521	13.349924292576635	12.783273873745653	12.249114134119637	CFD Sim.	1.6604150999999999E-5	3.4482923999999997	6.8965681999999999	10.344844200000001	13.793120214285715	17.241396285714288	20.68967142857143	24.137946571428571	27.586221714285713	31.034496857142855	34.482771999999997	37.931047142857146	41.379322285714288	44.827597428571423	48.275872571428572	51.724147857142853	55.172422999999995	58.620698142857144	62.068973285714279	65.517248428571435	68.965523571428562	72.413798714285718	75.86207385714286	79.310349000000002	82.758624142857144	86.206899428571433	89.65517457142856	93.103449714285716	96.551724857142858	100	1.1000000000000001	4.05	9	21	116.798844	533.76159400000006	800.75750000000005	507.05531300000001	1317.1696299999999	637.53337499999998	550.87317970000004	827.59612500000003	737.57806299999993	957.48075000000006	391.11125513000002	453.3419414	203.66671880000001	322.93987500000003	494.06465600000001	260.66542379999999	191.28585939999999	150.33753099999998	104.99366400000001	60.765250000000002	36.8709688	25.024787100000001	50.489574200000007	41.564113299999995	39.120367200000004	20.336296900000001	Z/L (%)

Radiation (kW/m2)


DNV-Phast Sim.	0	2.0408163265306123	4.0816326530612246	6.1224489795918364	8.1632653061224492	10.204081632653061	12.244897959183673	14.285714285714285	16.326530612244898	18.367346938775515	20.408163265306122	22.448979591836732	24.489795918367346	26.530612244897959	28.571428571428569	30.612244897959183	32.653061224489797	34.693877551020414	36.734693877551031	38.775510204081634	40.816326530612244	42.857142857142854	44.897959183673464	46.938775510204081	48.979591836734691	51.020408163265309	53.061224489795919	55.102040816326536	57.142857142857139	59.183673469387763	61.224489795918366	63.265306122448997	65.306122448979593	67.346938775510196	69.387755102040828	71.428571428571431	73.469387755102062	75.510204081632651	77.551020408163268	79.591836734693871	81.632653061224488	83.673469387755105	85.714285714285708	87.755102040816325	89.795918367346928	91.83673469387756	93.877551020408163	95.91836734693878	97.959183673469383	100	113.10933412900371	137.83778196540808	143.92745763826292	137.62428929357876	134.3928848021591	138.35649302057243	139.88496242447411	138.93519817802922	136.53084159931413	133.19978783916167	129.2038416332089	124.68950969832629	119.76622497441797	114.50195777919458	108.97251648176102	103.25391142196362	97.424098786829731	91.561719641547157	85.742932568638324	80.037788926585677	74.507155674457536	69.200680789504318	64.191964654101611	59.428388696473448	54.964833142665725	50.808674081451066	46.958575377649439	43.406025417036183	40.143690872971213	37.149819252882445	34.407173514326132	31.89772738635309	29.730849348890381	27.820733409579891	26.067666083251957	24.450963388667198	22.959678381374676	21.583498345181813	20.374164154081143	19.382739089252702	18.452843645227013	17.580375491645384	16.76145222256293	15.992418203158168	15.269845282064423	14.590529048954487	13.951481952043521	13.349924292576635	12.783273873745653	12.249114134119637	Z/L (%)

Radiation (kW/m2)


DNV-Phast Sim.	0	2.0408163265306123	4.0816326530612246	6.1224489795918364	8.1632653061224492	10.204081632653061	12.244897959183673	14.285714285714285	16.326530612244898	18.367346938775515	20.408163265306122	22.448979591836732	24.489795918367346	26.530612244897959	28.571428571428569	30.612244897959183	32.653061224489797	34.693877551020414	36.734693877551031	38.775510204081634	40.816326530612244	42.857142857142854	44.897959183673464	46.938775510204081	48.979591836734691	51.020408163265309	53.061224489795919	55.102040816326536	57.142857142857139	59.183673469387763	61.224489795918366	63.265306122448997	65.306122448979593	67.346938775510196	69.387755102040828	71.428571428571431	73.469387755102062	75.510204081632651	77.551020408163268	79.591836734693871	81.632653061224488	83.673469387755105	85.714285714285708	87.755102040816325	89.795918367346928	91.83673469387756	93.877551020408163	95.91836734693878	97.959183673469383	100	112.78602503040108	138.75290882360247	142.02717237236294	132.94091577543489	138.54370947049611	142.07454017226627	141.74648972674566	139.33232832542211	135.65508104772826	133.05685137064074	125.84670811730658	120.0544269408074	113.82082825013975	107.26093476610835	100.49441863954279	93.644966997131149	86.834041180437907	80.173027884330253	73.7566393651216	67.703260982612633	61.967732445711057	56.630618055655162	51.695496498200725	47.197483749991811	43.099428578038491	39.380882036332096	36.016672775527496	32.979194807626541	30.498479403170005	28.259857271825386	26.210545703874345	24.353025755929846	22.660231941382655	21.297189462751291	20.106856168111939	19.000821433368692	17.972732102591987	17.016608450182602	16.126862259100573	15.298299913501024	14.526115057962897	13.805874265503451	13.133498277458729	12.505240693552542	11.91764286533404	11.367603553053144	10.852214839083478	10.368837282203065	9.9150548323903713	9.4886557142446293	CFD Sim.	1.6604150999999999E-5	3.4482923999999997	6.8965681999999999	10.344844200000001	13.793120214285715	17.241396285714288	20.68967142857143	24.137946571428571	27.586221714285713	31.034496857142855	34.482771999999997	37.931047142857146	41.379322285714288	44.827597428571423	48.275872571428572	51.724147857142853	55.172422999999995	58.620698142857144	62.068973285714279	65.517248428571435	68.965523571428562	72.413798714285718	75.86207385714286	79.310349000000002	82.758624142857144	86.206899428571433	89.65517457142856	93.103449714285716	96.551724857142858	100	0.96299999999999997	3.9	11	26	166.798844	443.761594	900.75750000000005	417.05531300000001	1097.1696299999999	733.53337499999998	560.87317970000004	907.59612500000003	600.57806299999993	957.48075000000006	451.11125513000002	501.3419414	124.6667188	302.93987500000003	433.06465600000001	200.66542379999999	161.28585939999999	110.337531	134.993664	86.765250000000009	20.8709688	22.024787100000001	55.489574200000007	41.564113299999995	30.1203672	22.336296900000001	Z/L (%)

Radiation (kW/m2)


DNV-Phast Sim.	0	2.0408163265306123	4.0816326530612246	6.1224489795918364	8.1632653061224492	10.204081632653061	12.244897959183673	14.285714285714285	16.326530612244898	18.367346938775515	20.408163265306122	22.448979591836732	24.489795918367346	26.530612244897959	28.571428571428569	30.612244897959183	32.653061224489797	34.693877551020414	36.734693877551031	38.775510204081634	40.816326530612244	42.857142857142854	44.897959183673464	46.938775510204081	48.979591836734691	51.020408163265309	53.061224489795919	55.102040816326536	57.142857142857139	59.183673469387763	61.224489795918366	63.265306122448997	65.306122448979593	67.346938775510196	69.387755102040828	71.428571428571431	73.469387755102062	75.510204081632651	77.551020408163268	79.591836734693871	81.632653061224488	83.673469387755105	85.714285714285708	87.755102040816325	89.795918367346928	91.83673469387756	93.877551020408163	95.91836734693878	97.959183673469383	100	112.78602503040108	138.75290882360247	142.02717237236294	132.94091577543489	138.54370947049611	142.07454017226627	141.74648972674566	139.33232832542211	135.65508104772826	133.05685137064074	125.84670811730658	120.0544269408074	113.82082825013975	107.26093476610835	100.49441863954279	93.644966997131149	86.834041180437907	80.173027884330253	73.7566393651216	67.703260982612633	61.967732445711057	56.630618055655162	51.695496498200725	47.197483749991811	43.099428578038491	39.380882036332096	36.016672775527496	32.979194807626541	30.498479403170005	28.259857271825386	26.210545703874345	24.353025755929846	22.660231941382655	21.297189462751291	20.106856168111939	19.000821433368692	17.972732102591987	17.016608450182602	16.126862259100573	15.298299913501024	14.526115057962897	13.805874265503451	13.133498277458729	12.505240693552542	11.91764286533404	11.367603553053144	10.852214839083478	10.368837282203065	9.9150548323903713	9.4886557142446293	Z/L(%)

Radiation (kW/m2)


DNV-Phast Sim.	0	2.0408163265306123	4.0816326530612246	6.1224489795918364	8.1632653061224492	10.204081632653061	12.244897959183673	14.285714285714285	16.326530612244898	18.367346938775515	20.408163265306122	22.448979591836732	24.489795918367346	26.530612244897959	28.571428571428569	30.612244897959183	32.653061224489797	34.693877551020414	36.734693877551031	38.775510204081634	40.816326530612244	42.857142857142854	44.897959183673464	46.938775510204081	48.979591836734691	51.020408163265309	53.061224489795919	55.102040816326536	57.142857142857139	59.183673469387763	61.224489795918366	63.265306122448997	65.306122448979593	67.346938775510196	69.387755102040828	71.428571428571431	73.469387755102062	75.510204081632651	77.551020408163268	79.591836734693871	81.632653061224488	83.673469387755105	85.714285714285708	87.755102040816325	89.795918367346928	91.83673469387756	93.877551020408163	95.91836734693878	97.959183673469383	100	111.98583910351051	139.26996072899743	137.56153388982165	138.61695278370789	144.90663188944743	145.26813840463899	142.53971329135413	138.02963879285593	132.26508070694177	125.53558142604058	118.02390190154551	109.93712503437591	101.49758674605641	92.940817991212029	84.495430744333319	76.420916434086422	68.745301414979807	61.62585524764544	55.111667502885766	49.271429037777921	44.053122431449339	39.420811720928626	35.35073205973309	32.133077988663267	29.257874942129241	26.691447097567067	24.404539967275678	22.715997336890879	21.17158170703993	19.758921958768379	18.466196540592751	17.282397364330237	16.197368494477015	15.201817758232199	14.287294752446449	13.446148314869516	12.671472559085302	11.957021046636658	11.29725599077643	10.687119900922863	10.122096156100639	9.5981268664693982	9.1115650590717507	8.6591312120647252	8.2378740274334241	7.8451352169662849	7.4785180138259868	7.1358590945758831	6.8152035916445213	6.514782885413827	CFD Sim.	1.6604150999999999E-5	3.4482923999999997	6.8965681999999999	10.344844200000001	13.793120214285715	17.241396285714288	20.68967142857143	24.137946571428571	27.586221714285713	31.034496857142855	34.482771999999997	37.931047142857146	41.379322285714288	44.827597428571423	48.275872571428572	51.724147857142853	55.172422999999995	58.620698142857144	62.068973285714279	65.517248428571435	68.965523571428562	72.413798714285718	75.86207385714286	79.310349000000002	82.758624142857144	86.206899428571433	89.65517457142856	93.103449714285716	96.551724857142858	100	0.99	4.423	9.6300000000000008	21.23	109.798844	553.76159400000006	690.75750000000005	517.05531300000007	917.16962999999998	797.53337499999998	590.87317970000004	900.59612500000003	517.57806300000004	1000.4807500000001	301.11125513000002	411.3419414	164.66671880000001	422.93987500000003	400.06465600000001	200.66542379999999	111.28585940000001	120.337531	134.993664	60.765250000000002	20.8709688	29.924787100000003	63.489574200000007	31.564113300000002	20.1203672	13.336296899999999	Z/L (%)

Radiation (kW/m2)


DNV-Phast Sim.	0	2.0408163265306123	4.0816326530612246	6.1224489795918364	8.1632653061224492	10.204081632653061	12.244897959183673	14.285714285714285	16.326530612244898	18.367346938775515	20.408163265306122	22.448979591836732	24.489795918367346	26.530612244897959	28.571428571428569	30.612244897959183	32.653061224489797	34.693877551020414	36.734693877551031	38.775510204081634	40.816326530612244	42.857142857142854	44.897959183673464	46.938775510204081	48.979591836734691	51.020408163265309	53.061224489795919	55.102040816326536	57.142857142857139	59.183673469387763	61.224489795918366	63.265306122448997	65.306122448979593	67.346938775510196	69.387755102040828	71.428571428571431	73.469387755102062	75.510204081632651	77.551020408163268	79.591836734693871	81.632653061224488	83.673469387755105	85.714285714285708	87.755102040816325	89.795918367346928	91.83673469387756	93.877551020408163	95.91836734693878	97.959183673469383	100	111.98583910351051	139.26996072899743	137.56153388982165	138.61695278370789	144.90663188944743	145.26813840463899	142.53971329135413	138.02963879285593	132.26508070694177	125.53558142604058	118.02390190154551	109.93712503437591	101.49758674605641	92.940817991212029	84.495430744333319	76.420916434086422	68.745301414979807	61.62585524764544	55.111667502885766	49.271429037777921	44.053122431449339	39.420811720928626	35.35073205973309	32.133077988663267	29.257874942129241	26.691447097567067	24.404539967275678	22.715997336890879	21.17158170703993	19.758921958768379	18.466196540592751	17.282397364330237	16.197368494477015	15.201817758232199	14.287294752446449	13.446148314869516	12.671472559085302	11.957021046636658	11.29725599077643	10.687119900922863	10.122096156100639	9.5981268664693982	9.1115650590717507	8.6591312120647252	8.2378740274334241	7.8451352169662849	7.4785180138259868	7.1358590945758831	6.8152035916445213	6.514782885413827	Z/L (%)

Radiation (kW/m2)


DNV-Phast Sim.	0	2.0408163265306123	4.0816326530612246	6.1224489795918364	8.1632653061224492	10.204081632653061	12.244897959183673	14.285714285714285	16.326530612244898	18.367346938775515	20.408163265306122	22.448979591836732	24.489795918367346	26.530612244897959	28.571428571428569	30.612244897959183	32.653061224489797	34.693877551020414	36.734693877551031	38.775510204081634	40.816326530612244	42.857142857142854	44.897959183673464	46.938775510204081	48.979591836734691	51.020408163265309	53.061224489795919	55.102040816326536	57.142857142857139	59.183673469387763	61.224489795918366	63.265306122448997	65.306122448979593	67.346938775510196	69.387755102040828	71.428571428571431	73.469387755102062	75.510204081632651	77.551020408163268	79.591836734693871	81.632653061224488	83.673469387755105	85.714285714285708	87.755102040816325	89.795918367346928	91.83673469387756	93.877551020408163	95.91836734693878	97.959183673469383	100	117.61455993002845	144.19634222818593	149.45920820363602	161.54087296299281	161.74586979777249	157.22133897096649	149.83194799084478	140.16996373984153	128.65112612048713	115.81382115616034	102.36414771376887	89.221505195303706	76.56075485926506	65.289715330102567	55.449615761295611	47.053169971830648	40.69092248284138	35.458864107941679	31.309319226298857	28.247989144402311	25.525609938722461	23.134977171436951	21.022634153510268	19.154887682281096	17.500805995465669	16.033033171871583	14.727581428776219	13.563589669368254	12.52296338728058	11.590223685179273	10.751894752014339	9.9964109332687006	9.3137990319991051	8.6954479348614555	8.1339098962279426	7.6227304866634382	7.1563037985248297	6.7297495228749415	6.3388087519542342	5.9797556953709758	5.6493228563866698	5.3446375604132381	5.0631680434535289	4.8026775869371585	4.5611854264090086	4.3369333670469326	4.1283572126206822	3.9340622602936324	3.7528022355815769	3.5834611434732233	CFD Sim.	1.6604150999999999E-5	3.4482923999999997	6.8965681999999999	10.344844200000001	13.793120214285715	17.241396285714288	20.68967142857143	24.137946571428571	27.586221714285713	31.034496857142855	34.482771999999997	37.931047142857146	41.379322285714288	44.827597428571423	48.275872571428572	51.724147857142853	55.172422999999995	58.620698142857144	62.068973285714279	65.517248428571435	68.965523571428562	72.413798714285718	75.86207385714286	79.310349000000002	82.758624142857144	86.206899428571433	89.65517457142856	93.103449714285716	96.551724857142858	100	1	5	10	25	107.798844	505.56159400000001	950.75750000000005	677.05531299999996	1117.1696299999999	867.53337499999998	480.87317969999998	887.59612500000003	699.57806299999993	997.48075000000006	421.11125513000002	588.3419414	180.66671880000001	389.93987500000003	524.06465600000001	220.66542379999999	171.28585939999999	120.337531	134.993664	89.765250000000009	23.8709688	31.024787100000001	33.489574200000007	41.564113299999995	39.120367200000004	29.336296900000001	Z/L (%)

Radiation (kW/m2)


DNV-Phast Sim.	0	2.0408163265306123	4.0816326530612246	6.1224489795918364	8.1632653061224492	10.204081632653061	12.244897959183673	14.285714285714285	16.326530612244898	18.367346938775515	20.408163265306122	22.448979591836732	24.489795918367346	26.530612244897959	28.571428571428569	30.612244897959183	32.653061224489797	34.693877551020414	36.734693877551031	38.775510204081634	40.816326530612244	42.857142857142854	44.897959183673464	46.938775510204081	48.979591836734691	51.020408163265309	53.061224489795919	55.102040816326536	57.142857142857139	59.183673469387763	61.224489795918366	63.265306122448997	65.306122448979593	67.346938775510196	69.387755102040828	71.428571428571431	73.469387755102062	75.510204081632651	77.551020408163268	79.591836734693871	81.632653061224488	83.673469387755105	85.714285714285708	87.755102040816325	89.795918367346928	91.83673469387756	93.877551020408163	95.91836734693878	97.959183673469383	100	117.61455993002845	144.19634222818593	149.45920820363602	161.54087296299281	161.74586979777249	157.22133897096649	149.83194799084478	140.16996373984153	128.65112612048713	115.81382115616034	102.36414771376887	89.221505195303706	76.56075485926506	65.289715330102567	55.449615761295611	47.053169971830648	40.69092248284138	35.458864107941679	31.309319226298857	28.247989144402311	25.525609938722461	23.134977171436951	21.022634153510268	19.154887682281096	17.500805995465669	16.033033171871583	14.727581428776219	13.563589669368254	12.52296338728058	11.590223685179273	10.751894752014339	9.9964109332687006	9.3137990319991051	8.6954479348614555	8.1339098962279426	7.6227304866634382	7.1563037985248297	6.7297495228749415	6.3388087519542342	5.9797556953709758	5.6493228563866698	5.3446375604132381	5.0631680434535289	4.8026775869371585	4.5611854264090086	4.3369333670469326	4.1283572126206822	3.9340622602936324	3.7528022355815769	3.5834611434732233	Z/L (%)

Radiation (kW/m2)
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