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ABSTRACT

Hydrogen fuel promises a high engine efficiency and the ability to eliminate harmful emissions in an internal combustion engine. However, the ignition stability of hydrogen in compression ignition engine is unstable due to the high-auto ignition temperature of hydrogen. Replacing nitrogen with noble gases such as argon, krypton and xenon appears to be a promising option due to their high specific heat ratio. This paper aims to investigate the ignition stability in a heavy molecular noble gases atmosphere in a CI engine. In this study, Converge CFD software simulates a single-cylinder compression ignition engine model based on the Yanmar NF19SK engine parameters. Hydrogen combustion in a noble gas atmosphere resulted in low ignition stability when operated at low intake temperature. Based on this study, increasing intake temperature improves the ignition stability. As the result, argon is the most preferable among other noble gases. Further research should investigate the other noble gases’ capability under different parameters to improve engine thermal efficiency.
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ABSTRAK

Pembakaran hidrogen menjanjikan kecekapan enjin yang tinggi dan keupayaan untuk menghapuskan emisi dalam enjin pembakaran dalaman. Walau bagaimanapun, kestabilan pencucuhan bahan api hidrogen dalam enjin pembakaran mampatan adalah tidak stabil disebabkan suhu auto pencucuhan hidrogen yang tinggi. Penggantian nitrogen dengan gas adi seperti argon, kripton, dan xenon merupakan sebagai pilihan yang tepat kerana nisbah haba tentunya yang tinggi akan meningkatkan suhu ketika mampatan. Kajian ini bertujuan untuk menyiasat kestabilan pencucuhan dalam persekitaran gas adi yang mempunyai berat molekul yang tinggi dalam enjin pembakaran dalaman. Dalam kajian ini, perisian Converge CFD digunakan untuk simulasi sebuah model enjin pembakaran dalam silinder tunggal berdasarkan parameter enjin Yanmar NF19SK. Pembakaran hidrogen dalam persekitaran gas adi menghasilkan kestabilan penyalaan yang rendah apabila beroperasi pada suhu kemasukan yang rendah. Kajian juga mendapati bahawa peningkatan suhu kemasukan mampu meningkatkan kestabilan pencucuhan. Hasil dari perbandingan, argon merupakan gas yang disarankan berbanding gas adi yang lain. Namun, penyelidikan akan datang juga akan meneliti keupayaan gas adi yang lain menggunakan parameter enjin yang lebih sesuai untuk meningkatkan kecekapan haba enjin.

Kata Kunci: Kebolehbakaran; Ciri-ciri pembakaran; AMR

In Press

Extended Abstract (Maximum 4 Pages)				ReCAR2024 www.ukm.my/recar




8


INTRODUCTION
Hydrogen is well known as the most environmentally friendly fuel in many applications. Hydrogen fuel has high energy density, zero carbon emissions and durable in storage (Yang et al. 2022). In the transportation sector, hydrogen is commonly used in fuel cells and internal combustion engines (ICE), promising the cleanest emission products. The development of hydrogen in ICE, particularly in compression ignition (CI) engines, is more reliable for heavy-duty and high-performance operations due to the high energy efficiency. CI engine has the advantages of high compression power, low operational cost and long lifespan (Dibble et al. 2017). However, the high auto-ignition temperature of hydrogen around 858 K, is a significant challenge when operated in a CI engine, especially if the engine is operated in a normal ambient air atmosphere (Szwaja 2009). Moreover, the higher in cylinder temperature with hydrogen combustion results in the formation of NOx emissions (Kadir et al. 2020).
Noble gases have a higher specific heat ratio compared to nitrogen. Table 1 compares the thermo-physical properties of noble gases argon, krypton and xenon and also the properties of hydrogen and nitrogen. Specific heat ratio is the most important criteria in determining the effectiveness of gas to offer higher temperatures during compression. The compression of a higher specific heat ratio’s gas can increase the in-cylinder temperature to reach the auto-ignition temperature of hydrogen Equation 1 represents the relationship between the thermal efficiency and specific heat ratio, k (Cengel 2007; Dibble et al. 2017) which indicates that the thermal efficiency during the gas compression for higher specific heat ratio gas  which is aroundof 1.66 to 1.68 is much greater than nitrogen, which has a value of 1.40.
	
	   (1)


This paper aims to investigate the ignition stability of hydrogen in noble gases in a compression ignition engine. A numerical approach is employed on a combustion chamber model based on a Yanmar NF19SK direct injection compression ignition engine. The noble gases such as argon, krypton and xenon replaced the 79% nitrogen in the air, operated in a low compression ratio engine at a high intake temperature.

TABLE 1. Thermo-physical properties of noble gases (Rayleigh 1997)
	Properties
	Hydrogen
	Nitrogen
	Argon
	Krypton
	Xenon

	Molecular weight (kg/mol)
	2.016
	28.014
	39.95
	83.3
	131.29

	Density (kg/m3) @ 32 ᵒC
	0.08375
	1.165
	1.7818
	3.708
	5.851

	Boiling point (K)
	20.25
	77.15
	87.29
	120.85
	166.1

	Melting point (K)
	13.95
	63.15
	83.6
	115.8
	161.7

	Specific heat capacity (J/kg.K)
	10.16
	1040
	519
	247
	159

	Specific heat ratio
	1.41
	1.40
	1.67
	1.68
	1.66



MATERIALS AND METHOD

This study conducts a numerical approach by using Converge Computational Fluid Dynamic (CFD) software. Converge CFD is a software equipped with an adaptive mesh refinery (AMR) tool to refine the mesh grid size. The refinery process is unique in that the mesh is automatically refined based on the combustion progress, allowing it to improve the mesh quality and combustion analysis accuracy (Morovatiyan et al. 2019; Hafiz et al. 2018).
Validation and Grid Independence Test
This study validates an experiment conducted by (Rey 2014). The experiment is carried out on Yanmar NF19SK direct injection compression ignition engine. Hydrogen is directly injected into the argon-oxygen atmosphere. Based on the same engine specification, the software transformed the 3D model of the combustion chamber into a triangulated model, as illustrated in Figure 2. The simulation operates on a closed combustion system, starting with the intake valve close (IVC) at 179 ᵒCA BTDC and ending with the exhaust valve open (EVO) at 179 ᵒCA ATDC. An injector located in the centre of the cylinder’s head injects hydrogen direct into the combustion chamber at 3 ᵒCA BTDC for 5 ᵒCA at an 8 MPa pressure. The intake temperature is kept constant at 380 K. Table 2 lists the engine specifications and parameters used in this study.
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(a) NF19SK 3D model    (b) triangulated model
FIGURE 2. Yanmar NF19SK engine 3D model dan triangulated model (Hafiz et al. 2018)

TABLE 2.	Engine specification (Rey 2014; Hafiz et al. 2018)
	Specification 
	

	Engine model
	Yanmar NF19SK

	Engine type
	Compression ignition

	Bore x stroke
	110 mm x 106 mm

	Engine speed
	600 RPM

	Intake valve close (IVC)
	179 ᵒCA BTDC

	Exhaust valve open (EVO)
	179 ᵒCA ATDC

	Compression ratio
	10

	Intake pressure 
	0.114 MPa

	Injection pressure
	8 MPa

	Nozzle diameter
	0.8 mm

	Injection timing
	3 ᵒCA BTDC

	Injection duration
	5 ᵒCA

	Intake temperature
	380 K

	Noble gas
	Air, Argon, krypton, xenon



The combustion model used in this study is SAGE detailed chemistry solver, which works to accelerate the simulation. The turbulence model used in this simulation is Reynolds-averaged Navier-Stokes (RANS) because of its small memory spaces, which shortened the operating time The Navier-stokes equation can solve all the models and equations based on PISO solver. Models of base grid with size of 0.003 m, 0.004 m, 0.005 m and 0.006 m tested. Results found that the most suitable grid size for this study is 0.005 m with the lowest percentage error of 9.89%, compared to the experiment conducted by (Rey 2014). Numerical studies by Hafiz 2018, and Shahsavan 2020 support the results of this study (Hafiz et al. 2018; Shahsavan et al. 2020).

RESULTS AND DISCUSSION

Figure 4 shows the compression of noble gases-oxygen and air, in the absence of hydrogen. The result shows that the compression of argon produced the highest pressure followed by krypton, xenon and air. It indicates that when the molecular weight of the gas decrease, the compression pressure increases. Even though nitrogen has a lower molecular weight than argon, krypton and xenon, its low specific heat ratio results in extremely low compression pressure. 


FIGURE 4. Compression pressure of noble gases atmosphere at ambient intake temperature

Figure 5 shows the in-cylinder pressure and temperature of hydrogen combustion in noble gases-oxygen and air atmosphere at the intake temperature of 380 K. When the hydrogen fuel is injected, the pressure rises exclusively in the argon-oxygen atmosphere, indicating that the ignition of hydrogen occurs only in the argon-oxygen atmosphere with a maximum pressure of 4.69 MPa. The ignition timing of hydrogen is found to be at 1.98 ᵒCA BTDC, with a very short delay of 0.004 ms. Hence argon is suggested as the stable working gas for hydrogen combustion in low compression ratio engine (Taib, 2021). 


Injection timing 
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FIGURE 5. Compression pressure of noble gases atmosphere at intake temperature of 380 K

The in-cylinder temperature of hydrogen combustion in krypton-oxygen and air shows a decreasing trend before the piston reaches the TDC position. The temperature distribution in the krypton-oxygen atmosphere is narrower compared to the xenon-oxygen atmosphere. The fundamental explanation was due to the lower specific heat capacity of noble gases compared to the lighter ones. However, in the study presented, the ignition is supplied from the ignition sources, which initiates and enhances the combustion (Shahsavan 2017). 
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FIGURE 6. Flame temperature distribution of hydrogen combustion in noble gases atmosphere




CONCLUSION

The study found that the noble gases atmosphere reduces the hydrogen ignition stability when operated at low intake temperature and low compression ratio. High molecular weight of xenon and krypton shows that the compression of these gases results in higher compression temperature and pressure. However, further suitable setup is needed to identify the stable ignition.  The study proves that argon-oxygen atmosphere is the most promising working gas for hydrogen combustion in compression ignition engines, compared to krypton and xenon-oxygen atmosphere. Future studies should study the engine operation with a high compression ratio and a suitable hydrogen injection parameter for the noble gas atmosphere to improve engine thermal efficiency.
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In-cylinder pressure (MPa)




Argon	-179	-173.98734999999999	-168.97823000000005	-163.9819	-158.99231999999995	-153.99780999999996	-148.98563999999999	-143.9905	-138.99833999999998	-133.98208	-128.99050999999997	-123.99896000000001	-118.98283000000004	-113.99127999999996	-108.99973999999997	-103.98360000000002	-98.992060000000038	-93.975929999999948	-88.984379999999987	-83.992840000000001	-78.976710000000026	-73.985159999999951	-68.993619999999964	-63.977489999999989	-58.985940000000028	-53.994400000000041	-48.978259999999977	-43.986719999999991	-38.995180000000005	-33.979040000000055	-28.987499999999955	-23.995959999999968	-18.979820000000018	-13.988280000000032	-9.9802899999999681	-9.4639200000000301	-8.972150000000056	-8.4557800000000043	-7.9640000000000555	-7.472219999999993	-6.9558600000000297	-6.4640799999999672	-5.9723000000000184	-5.4559400000000551	-4.9641599999999926	-4.4723800000000438	-3.956009999999992	-3.464240000000018	-2.9798200000000179	-2.4802300000000059	-1.9802100000000564	-1.4799699999999802	-0.98005000000000564	-0.48010999999996784	1.9949999999994361E-2	0.5201799999999821	1.0198799999999437	1.519800000000032	2.0203500000000076	2.5242799999999761	3.0218300000000227	3.5249599999999646	4.0317599999999629	4.5326499999999896	5.0211399999999458	5.5256100000000288	6.0251100000000406	6.5259700000000294	7.0303900000000112	7.5381700000000365	8.0277200000000448	8.5217499999999973	9.0202000000000453	9.5229600000000119	10.006819999999948	15.027270000000044	20.025909999999953	25.011349999999993	30.026700000000005	35.029040000000009	40.018090000000029	45.028059999999982	50.021589999999946	55.02809000000002	60.042130000000043	65.031960000000026	70.009149999999977	75.010200000000054	80.011790000000019	85.008969999999977	90.010689999999954	95.007470000000012	100.00806	105.01305000000002	110.00710000000004	115.00765999999999	120.00874999999996	125.02117999999996	130.01475000000005	135.01463000000001	140.01844000000006	145.03259000000003	150.00860999999998	155.01083000000006	160.03025000000002	165.00872000000004	170.00874999999996	175.01404000000002	179.01586999999995	0.11401398	0.11427811	0.11495767	0.11604848	0.11757132000000001	0.11956086	0.12206763	0.12512771	0.12881635999999999	0.13324444999999999	0.13847606000000001	0.14466491000000001	0.1520164	0.16066502999999999	0.17090205	0.18311768	0.19760263	0.21502671000000001	0.23588666999999999	0.26111916000000002	0.29200420999999999	0.32970199	0.37626794000000002	0.43455576000000001	0.50737381000000004	0.59944189999999997	0.71728289999999995	0.86735097999999999	1.0595783999999999	1.3061391	1.6151332	1.9930064999999999	2.4337228999999998	2.8978937999999999	3.2421788	3.2818546999999998	3.3183140999999998	3.3550846999999999	3.3885673000000001	3.4204526999999998	3.4521009	3.4804054	3.5068280000000001	3.5324507000000001	3.5547561999999999	3.5749485000000001	3.5937812	3.6093962999999998	3.6224954999999999	3.6356687999999999	3.6540374	3.8756312999999998	3.9749970000000001	4.0850058999999996	4.1994999999999996	4.3104038999999998	4.4104241999999996	4.5122603000000003	4.6050389999999997	4.6519896000000003	4.6701195999999996	4.6830521000000003	4.6870751999999998	4.6845314	4.6757339	4.660704	4.6404690000000004	4.6153464	4.5857590999999998	4.5521134999999999	4.5161737999999998	4.4768344000000004	4.4342069000000004	4.3884362000000001	4.3419878000000001	3.7745410000000001	3.1588764999999999	2.5876147	2.0962611999999998	1.6970893	1.3812617	1.1328132	0.93951161999999999	0.78788860000000005	0.66852160999999999	0.5744496	0.49949049000000001	0.43885544999999998	0.38967928000000002	0.34953219000000002	0.31646869999999999	0.28911552000000001	0.26631736	0.24722158	0.23120586000000001	0.21768176	0.20624938000000001	0.19654969999999999	0.1883669	0.18143757999999999	0.17559427	0.17069359000000001	0.16666259	0.16335659999999999	0.16071926	0.15872172000000001	0.15729480000000001	0.15641886999999999	0.15610447	Krypton	-179	-173.99404000000004	-168.98379999999997	-163.98161000000005	-158.97910000000002	-153.99887999999999	-148.98046999999997	-143.98815000000002	-138.99597000000006	-133.97976000000006	-128.98820999999998	-123.99666999999999	-118.98053000000004	-113.98900000000003	-108.99747000000002	-103.98135000000002	-98.989799999999946	-93.998249999999985	-88.982120000000009	-83.990580000000023	-78.999029999999948	-73.982899999999972	-68.991359999999986	-63.999810000000025	-58.983680000000049	-53.992129999999975	-48.975999999999999	-43.984460000000013	-38.992910000000052	-33.976779999999962	-28.985239999999976	-23.993690000000015	-18.97756000000004	-13.986020000000053	-9.9995400000000245	-9.4991899999999987	-8.9992899999999736	-8.4994400000000496	-7.999119999999948	-7.4993200000000115	-6.9994799999999486	-6.4993299999999863	-5.9992499999999609	-5.4991599999999607	-4.9995400000000245	-4.4992700000000241	-3.9643300000000181	-3.4751700000000483	-2.9832599999999729	-2.4895900000000211	-1.9947399999999789	-1.4984200000000101	-0.9453600000000506	-0.44628000000000156	5.3850000000011278E-2	0.55480000000000018	1.0009499999999889	1.5037200000000439	2.0078999999999496	2.5135099999999966	3.0208400000000211	3.52995999999996	4.0407999999999902	4.5534099999999853	5.0108699999999544	5.5257400000000416	6.0422300000000178	6.502550000000042	7.0220600000000104	7.5429100000000062	8.007129999999961	8.530399999999986	9.0548499999999876	9.5208000000000084	10.046029999999973	15.096720000000005	20.100649999999973	25.053469999999948	30.079219999999964	35.066400000000044	40.073030000000017	45.089519999999993	50.069569999999999	55.058300000000031	60.109569999999962	65.114509999999996	70.054849999999988	75.074709999999982	80.067679999999996	85.046780000000012	90.046140000000037	95.046190000000024	100.04621999999995	105.04686000000004	110.04672000000005	115.04660999999999	120.04641000000004	125.04768999999999	130.04809999999998	135.04705999999999	140.04612999999995	145.04651000000001	150.04656	155.04818	160.04623000000004	165.04679999999996	170.04669000000001	175.04809	179.00139999999999	0.11401398	0.11426786	0.11492338000000001	0.11597689999999999	0.11745011	0.11936324	0.12178194000000001	0.12472766	0.12827649999999999	0.13253335999999999	0.13755521000000001	0.14348896	0.15052396000000001	0.15878534	0.16854358999999999	0.18015919999999999	0.19389517000000001	0.21027967	0.23002407	0.25371190999999998	0.28243582	0.31768822000000002	0.36083379999999998	0.41426524999999997	0.48129698999999998	0.56516029999999995	0.67177662000000005	0.80655756999999995	0.97786344000000003	1.1957751000000001	1.4664431	1.7945802	2.1740580999999999	2.5707407	2.8620513000000001	2.8970034	2.9376213999999998	2.9765988999999999	3.0139868999999999	3.049731	3.0838684999999999	3.1161675999999998	3.1465488000000001	3.1749255999999999	3.1948991000000002	3.2093143999999998	3.2226686999999998	3.2329838	3.2414744999999998	3.2480563999999998	3.2526185999999999	3.2549511	3.2552626999999998	3.2533938999999998	3.2494209000000001	3.2433282000000001	3.2361349000000001	3.2260233999999999	3.2137817000000002	3.1993923	3.1829317000000001	3.1644234999999998	3.1439043	3.1214176999999999	3.0997897000000001	3.0737966999999999	3.0460381000000001	3.0199448000000002	2.9890119999999998	2.9565362999999998	2.9264247000000001	2.8912146999999999	2.8547085000000001	2.8213301	2.7827221	2.3784288	1.9700882	1.6056857	1.2955653	1.0480406	0.85231668000000005	0.69935621000000003	0.58100461000000003	0.48824152999999998	0.41443938000000002	0.35658824	0.31093901000000002	0.27357277000000002	0.24343629999999999	0.21886046000000001	0.19855059999999999	0.18173568000000001	0.16773884	0.15603009000000001	0.14619881000000001	0.13791665	0.13092496000000001	0.12501555	0.12002573	0.11582257	0.11229744999999999	0.10936323000000001	0.10695180999999999	0.10500677999999999	0.10348694	0.10235660000000001	0.10159105	0.10117434	0.10108486999999999	Xenon	-179	-173.99495000000002	-168.99125000000004	-163.99352999999996	-158.98055999999997	-153.97635000000002	-148.98256000000003	-143.99023999999997	-138.99788999999998	-133.98125000000005	-128.98964999999998	-123.99811	-118.98199	-113.99045000000001	-108.99892	-103.98279000000002	-98.991239999999948	-93.99971000000005	-88.983579999999961	-83.992049999999949	-78.975940000000037	-73.984389999999962	-68.992849999999976	-63.97672	-58.985170000000039	-53.993619999999964	-48.977480000000014	-43.985940000000028	-38.994389999999953	-33.978259999999977	-28.986719999999991	-23.99517000000003	-18.979040000000055	-13.987499999999955	-9.9795100000000048	-9.463139999999953	-8.9713600000000042	-8.4550000000000409	-7.9632199999999784	-7.4714400000000296	-6.9550799999999526	-6.4633000000000038	-5.971520000000055	-5.4551500000000033	-4.9633800000000292	-4.4715999999999667	-3.9552300000000287	-3.4634499999999662	-2.9789200000000164	-2.4793799999999919	-1.979060000000004	-1.479349999999954	-0.97925999999995383	-0.47913000000005468	2.0669999999995525E-2	0.52080999999998312	1.0208599999999706	1.5206600000000208	2.0213300000000345	2.5258499999999913	3.0227800000000116	3.5211000000000467	4.0208800000000338	4.5277099999999564	5.0209200000000465	5.5218399999999974	6.0205600000000459	6.5208999999999833	7.0205300000000079	7.521349999999984	8.0208699999999453	8.5230999999999995	9.0259200000000419	9.5210200000000214	10.00166999999999	15.003460000000018	20.006610000000023	25.003130000000056	30.001930000000016	35.001750000000015	40.002280000000042	45.004379999999969	50.00287000000003	55.004099999999994	60.002290000000016	65.008410000000026	70.001859999999965	75.003259999999955	80.002280000000042	85.005909999999972	90.002129999999966	95.002050000000054	100.00388999999996	105.00549000000001	110.00662999999997	115.00207999999998	120.00568999999996	125.00211000000002	130.00476000000003	135.01454999999999	140.00304000000006	145.00671	150.00782000000004	155.00237000000004	160.00193000000002	165.00427999999999	170.00360000000001	175.00234	179.04021	0.11401398	0.11426297000000001	0.11490551	0.11593824	0.11738700000000001	0.11927483	0.12163751	0.124527	0.12800603999999999	0.13217734	0.13709547	0.14290185999999999	0.14978047	0.1578514	0.16737481000000001	0.17869695999999999	0.19206914999999999	0.20799618	0.22715779	0.25010974000000002	0.27803527	0.31190206999999998	0.35344181000000002	0.40503836999999998	0.46894922999999999	0.54901420999999995	0.65046709000000003	0.77826830999999996	0.94009997000000001	1.1451633999999999	1.3988822000000001	1.7052299	2.0581982999999999	2.4260315000000001	2.6969078	2.7280525999999998	2.7566651000000002	2.7855154999999998	2.8117828	2.8367958999999998	2.8616274000000002	2.8838427000000002	2.9045907999999998	2.9247244000000001	2.9422674	2.9581732999999999	2.9730253000000002	2.9853676	2.9957623999999998	3.0070654999999999	3.0238714	3.0384391000000002	3.050773	3.0608320999999998	3.0686404	3.0741892000000002	3.0774802999999999	3.0785456999999998	3.0706647	3.0572702	3.0421805000000002	3.0252389000000002	3.0065235000000001	2.9858340999999999	2.9640987000000001	2.9404921000000002	2.9155001999999999	2.8889947	2.8611806	2.8320162	2.8017177000000002	2.7701050999999999	2.737384	2.7042011000000001	2.6711431000000001	2.2957779	1.9104406	1.5613174000000001	1.2666914	1.0283068	0.83965104999999995	0.69176543000000001	0.57616148	0.48541842000000002	0.41387608999999997	0.35695647000000003	0.31150889999999998	0.27478184999999999	0.24494352999999999	0.22049216999999999	0.20036946999999999	0.18366990999999999	0.16974276999999999	0.15807887000000001	0.14827288	0.14001194	0.13301974	0.1271148	0.12211748	0.11789866	0.11437319999999999	0.11142823	0.10900778	0.10705725000000001	0.10552905999999999	0.10439142999999999	0.10362049	0.10319927	0.10310719	Nitrogen	-179	-173.99212999999997	-168.97725000000003	-163.97515999999996	-158.98825999999997	-153.98119999999994	-148.98416999999995	-143.99589000000003	-138.98530000000005	-133.99893999999995	-128.98862999999994	-123.97834	-118.99203	-113.98173999999995	-108.99543000000006	-103.98514	-98.998829999999998	-93.988539999999944	-88.978250000000003	-83.99194	-78.981649999999945	-73.995340000000056	-68.985050000000001	-63.998739999999998	-58.988449999999943	-53.978169999999977	-48.991849999999999	-43.981559999999945	-38.995250000000055	-33.984960000000001	-28.998649999999998	-23.988359999999943	-18.978079999999977	-13.991759999999999	-9.9965700000000197	-9.496530000000007	-8.9963800000000447	-8.4964400000000069	-7.9962100000000191	-7.4963699999999562	-6.9964700000000448	-6.496560000000045	-5.9961700000000064	-5.4963800000000447	-4.9963199999999688	-4.4958800000000565	-3.9946599999999535	-3.495679999999993	-2.9961299999999937	-2.4963800000000447	-1.9964099999999689	-1.4955200000000559	-0.99643000000003212	-0.49641999999994368	4.2799999999942884E-3	0.50400999999999385	1.0042099999999436	1.5051600000000462	2.0059099999999717	2.5034900000000562	3.0056899999999587	3.5039600000000064	4.0036700000000565	4.50454000000002	5.006650000000036	5.5035299999999552	6.0039199999999937	6.5036400000000185	7.0064499999999725	7.5073300000000245	8.006909999999948	8.5035800000000563	9.0042700000000195	9.5036199999999553	10.00046999999995	15.017150000000015	20.00436000000002	25.001080000000002	30.011409999999955	35.00482999999997	40.000689999999963	45.033490000000029	50.03440999999998	55.025520000000029	60.001240000000053	65.027240000000006	70.014530000000036	75.004339999999956	0.11401398	0.11424757000000001	0.11485422000000001	0.11582814	0.11718431999999999	0.11895959	0.12118006000000001	0.12388945	0.12716330000000001	0.13104329000000001	0.13565643999999999	0.14109371000000001	0.14746050999999999	0.15498224999999999	0.16379452	0.17423865999999999	0.18653262000000001	0.20119851999999999	0.21869378	0.23955895999999999	0.26482630000000001	0.29531728000000002	0.33271012	0.37843318999999997	0.43526494999999998	0.50605014999999998	0.59422929999999996	0.70553690000000002	0.84474393999999997	1.0196292	1.2341819000000001	1.4924759999999999	1.7865215999999999	2.0913301999999998	2.3150257999999999	2.3436775000000001	2.3781195999999998	2.4113875999999999	2.4435308999999998	2.4744666999999998	2.5043120999999999	2.5328577999999999	2.5600266	2.5856534999999998	2.6033816999999999	2.6150435999999999	2.6251921	2.6337426000000002	2.6407052000000002	2.6460826000000002	2.6498084	2.6517493000000001	2.6521602	2.6510235	2.6483227999999999	2.6440584	2.6382222	2.6308148999999998	2.6218634000000001	2.6114549	2.5994506999999998	2.5860845000000001	2.5712576999999999	2.5550090999999999	2.5373511999999998	2.5186156999999998	2.4985257000000001	2.4772813999999999	2.4547637	2.4312494	2.4067785000000002	2.3815048000000001	2.3551348000000001	2.3280113	2.3002723999999999	1.9926094999999999	1.6752575000000001	1.3835035	1.1339952	0.93064493999999998	0.76790902000000005	0.63820507000000004	0.53650059000000005	0.45614523000000001	0.39237883000000001	0.34081951999999999	0.29959290999999999	0.26608113999999999	Pressure  (MPa)
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