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ABSTRACT
Experimental methods using different pressure standards were applied to verify theoretical results obtained for the effective area of athe piston-cylinder assembly (PCA) and for pressures measured with a force-balanced piston gauge (FPG). The theoretical effective area was based on the PCA’s dimensional properties defined by thevia diameter, straightness and roundness measurements of the piston and cylinder, derived fromby gas-flow modelling, using principles of the rarefied gas dynamics, and presented as two values,: one obtained for absolute and the other for gauge- pressure operation mode. Both values have a relative standard uncertainty of 510-6. The experimental methods chosen were designed to cover the entire operating pressure range of the FPG from 3 Pa to 15 kPa. Comparisons of the FPG with three different PTB pressure standards operated in different pressure ranges – a pressure balance, a mercury manometer and a static expansion system – were performed using the cross-float method and by a direct comparison of the generated pressures. For the theoretical and experimental effective area, as well as for pressures generated by the FPG and the reference standards, all the results demonstrated full agreement within the expanded uncertainties of the standards. 
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Introduction
Force-balanced piston gauges (FPGs) present an important class of piston gaugegauges that enablesenable pressure measurementmeasurements from a few pascals to several tens of kilopascals. In these instruments, the force of the pressures acting on the piston of a piston-cylinder assembly (PCA) is measured by a high-accuracy balance. This force and the effective area () of the PCA can be used to calculate the difference in the pressures above and below the piston [1], [2]. At PTB, a force-balanced piston gauge manufactured by Fluke Calibration (USA), model) under the name FPG8601 [3], [4],] was characterisedcharacterized as a primary pressure standard by determining  of theits PCA from the PCA’s dimensional properties [5], [6]. For this, a rarefied gas dynamicsdynamics' model was used to determine the pressure distribution of the gas flow inside the gap between the piston and the cylinder [7]-[9]. ThreeThen, three experiments were then performed to validate the PCA’s effective area and the FPG pressures by comparing them with the pressures of three different standards. These standards have various operation principles and pressure ranges, as elaborated onexplained at length below.	Comment by Proofed: You have requested British English for this document, but you appear to have used the American spelling here. I have made the necessary changes here and elsewhere in the paper. 

Click here for more information on spelling conventions in US and UK English.

Experiments
Experiments thatwhich can be used for thea metrological characterisation of an FPG are described e.g. in, for example, [3], [10]-[17]. In the present studywork, experiments were specified thatwhich allowed the verification of the metrological characteristics obtained by the theoretical calculations. In the following sections, these experiments are described in detail. In all the experiments, a very low-pressure controller (VLPC),) produced by Fluke Calibration, was used to stabilisestabilize the FPG measurement and lubrication pressures, unlessif not announced otherwise stated.
Effective area determination
The FPG was calibrated against a Ruska pressure balance, model 2465A (gas- piston gauge), equipped with a PCA, serial no. TL1568, to determine the effective area of the FPG by the cross-float method, as described e.g. in [18], [19]. The Ruska PCA has an effective area equal to 3.35666  (1 ± 5.810‑6) cm2 (all uncertainties in this paper are given for  = 1, unless otherwise specified). The effective area of this Ruska PCA is traceable to thea state-of-the-art pressure balance thatwhich was used in the experiments on the redetermination of the Boltzmann constant [20]-[-22] and is the German national pressure standard in the range 180 kPa to 7.5 MPa range of absolute pressure. Both instruments, Ruska and FPG, were connected via the setup shown in Figure 1. 
[image: ]  [image: O:\3-3\3-33\Aktuell\FPG_PTB\Messungen\FPG gegen Ruska\20190529_083506.jpg]
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Figure 1. Experimental setup for cross floating between FPG and Ruska pressure balance: sketch of the whole setup (a) and life photo of the experiment (b).
A class E2 stainless-steel mass set of class E2 was used to characterisecharacterize the FPG balance [23]. A 10 torr capacitance diaphragm gauge (CDG) was placed in the measurement line to indicate the pressure difference between the twoboth instruments. The pressures of both instruments were controlled to maintainkeep the pressure difference measured with the CDG as close to zero as possible. The measurements were performed in gauge and absolute mode in the pressure ranges of 3 kPa to 15 kPa and 2 kPa to 15 kPa, respectively. The higher starting pressure point of 3 kPa in gauge mode was chosen due to a poor performance of the Ruska pressure balance’s poor performancebalance at lower pressures. 
During the measurement, valve V1, which separated both instruments, was closed, and valve V2 was opened. The pressure of the FPG was generated by the VLPC at the target pressure, and the variable pressure volume (PV) was used to generate the target pressure within the Ruska pressure balance. TheThen, the VLPC then finely adjusted the pressure within the FPG until the CDG indication of the CDG was close tonearly zero. Finally, valve V1 was opened and valve V2 closed to allow a direct cross -float between the FPG and the Ruska pressure balance. 	Comment by Proofed: The abbreviation in brackets isn't necessary here because it isn't used again in this paper. 

From the experimental results, the effective area was calculated by means of equation (1), 
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in which  is the pressure of the reference standard,  is the residual pressure onin the lower side of the FPG PCA, which is equal to zero in gauge mode,  is the thermal expansion coefficient of the FPG PCA and  is the force measured by the balance and corrected for buoyancy and lubrication pressure- change effects, as set out in according to [24] andas shown in equation (2), 
	
	(2)


where,  is the true mass of the internal reference mass used for the balance’s internal calibration,  is the reading of the balance when  is loaded,  is the indication of the balance resulting from the pressure difference,  is the indication correction due to the lubricant gas- pressure variation,  is the indication correction due to the drag- force change and  is the indication correction due to the atmospheric- pressure variation. 
The Ruska reference pressure () was calculated by means of equation (3), 
	
	(3)


where  is the local gravity acceleration,  and  are the masses and their densities, respectively,  is the density of the ambient gas,  is the piston’s additional volume (which is required as a correction due to the buoyancy produced by the pressure-transmitting medium) with density ,  is the effective area of the Ruska PCA, is the thermal expansion coefficient of the Ruska PCA,  is the residual pressure in the Ruska bell jar and  is the height difference between the reference levels of the pressure balance and the FPG.
FPG vs. mercury manometer
In this experiment, the FPG was calibrated against the PTB mercury manometer (HgM), model 1025B made by Schwien Engineering (USA), which was modified at PTB and metrologically characterised,characterized as described and validated in [25]‑[‑27]. The design of this instrument is shown in Figure 2. This manometer comprises two vessels filled with mercury and connected by a flexible tube (A) with the ability to change the height of one of the vessels mechanically. The change in height of the movable vessel is measured by means of a laser interferometer (B). The height levels of the mercury’s free surface in the vessels areis controlled by capacitance measurements (C1 and C2). In the experiments, the FPG was connected towith the HgM directly; this is demonstrated in Figure 3 shows this for measurements in gauge mode.
A CDG was placed between the two instruments to measure the pressure difference when changing the pressure in each instrumentof them. All connections were thermally isolated to minimiseminimize the effect of ambient temperature changes, even though all measurements were performed in an air-conditioned environment with awhose temperature stability was within 0.3 K. The measurements were carried out atin a pressure range from 100 Pa to 15 kPa in the gauge mode and from 1 kPa to 15 kPa in the absolute mode. 
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 				        (a)     						                (b)         
Figure 3. Experimental setup for cross floating between the FPG and the HgM in gauge- pressure mode: sketch of the whole setup (a) and life photo of the experiment (b).
[image: ]
Figure 2. PTB mercury manometer (HgM) with its reference (-) and measurement (+) pressure lines and climatisationclimatization temperature sensors (x).
In the gauge- pressure mode, the VLPC was used as usual. At the beginning, zero pressures were set in both instruments, and both instruments were zeroed. After zeroing, pressures were generated separately. in both instruments. When generating the pressures, valve V1, which separated both instruments, remainedstayed closed, and valve V2 was open, allowing the HgM to be connected to its pressure generator. Thus, the target pressure was generated by the VLPC within the FPG and by the pressure generator within the HgM. The height of the movable vessel was adjusted to make capacitances C1 and C2 equal (see Figure 2). ValveThen, valve V2 was then closed and, using the VLPC to finely adjust the pressure in the FPG, a close-to-nearly zero indication of the CDG was reached. Next, bypath valve V1 was opened to establish a direct connection and a pressure equilibrium between both systems. When equilibrium was achieved and all relevant indications became stable, their values and all conditions were recorded.	Comment by Proofed: I have made this deletion to avoid repetition. The meaning is clear. 

[image: ]
Figure 4 Experimental setup for cross floating between FPG and HgM in absolute mode.
In the absolute- pressure mode, the VLPC was replaced with valve V4, which has having a finely controlled opening and closing mechanism, behind which a turbopump was located (see Figure 4). The lubrication pressure was equal to 40 kPa, allowing the measurement pressure inside the FPG to be achieved by calculated by means of equation (4), 
	
	(4)


[bookmark: _Hlk36467262]in which  is the height difference between the mercury levels in the two vessels,  is the height difference between the reference level of the HgM and the mercury surface in the lower vessel,  is the density of mercury,  is the density of the pressure-transmitting gas and  is the residual pressure in the upper vessel of the HgM. The FPG pressure was calculated by means of equation (5) with two additional components, containing the height difference  between the pressure reference levels of the FPG and HgM, and the residual pressure  on the reference side of the FPG, which appears only in the absolute- pressure mode, 
	
	(5)


FPG vs. static expansion system
The static expansion system (SES) [28], [29], see Figure 5, is a primary vacuum standard consisting of two stages of expansion,expansions starting with two small volumes (VL1 and VL2) and two intermediate volumes (VL4 and VL5) and concluding with a calibration vessel (VL6) with awhose nominal volume ofis 100 litresliters. UUC is the unit under calibration. This set of volumes enables the realisationrealization of the expansion ratios , which are presented in Table 1.

Table 1. Expansion ratios of the SES shown in Figure 5.
	Symbol
	Expansion ratio
	f

	f1
	
	9.173210-3

	f2
	
	7.423110-4

	f3
	
	9.197810-3

	f4
	
	7.437810-4

	f5
	
	9.17010-3



A Quartz Bourdon Spiral (QBS) wasis used to control and measure the initial pressure value  when filling the first volume with the nitrogen gas in a range between 1 kPa andto 100 kPa. The final pressures produced by SES  in the range of 10 mPa and 1 kPa can be calculated by means of equation (6),
	
	(6)


where  is the corrected expansion ratio, taking the additional volume of the UUC into account,.  is the initial temperature before and  is the final temperature after the expansion,.  is the virial coefficient, and  is the gas constant.
The SES was used to verify the FPG in the low- pressure range from 3 Pa up to 300 Pa. Because of the humidity of the nitrogen used inside the FPG and in order to keep the expansion volume VL6 defined, a CDG, with a13.33 kPa full range of 13.33 kPa and 1 mPa resolution, constantly separated the twowas always separating both systems, and its readings were taken into consideration in the comparison results.
[image: ]
Figure 5. Design of SES.
[image: ]  [image: E:\hashad work\Work photos\20180222_081950.jpg]
     			             (a)     						                    (b)             
Figure 6. Experimental setup for comparison between FPG and SES: sketch of the whole setup (a) and life photo of the experiment (b).
Figure 6 shows the experimental setup for the comparison of the FPG with the SES in absolute- pressure mode, where the SES is simply sketched simply with only two volumes. The VLPC was used to keep the pressure difference measured by the CDG as close to zero as possible. InitiallyAt the beginning, the QBS was used to set the pressure in VLS1. ValvesThen, valves V2 and V6 were then opened to expand the gas into the largerbigger volume VLS2 and the tubes connected to the left side of the CDG before V1. The total volume was measured precisely. The SES pressure value of SES was calculated according to equation (6).
Results
The results of the effective area determination based on the FPG calibration against the Ruska pressure balance, which was described in Section 2.1, are presented in Table 2 and Figure 7 for both gauge and absolute- pressure operation modesmode. 

Table 2. Experimental effective area A and its standard uncertainty u(A)  of FPG at nominal pressures p, in gauge and absolute modesmode.
	p / kPa
	Gauge mode
	Absolute mode

	
	A / cm2
	u(A) / cm2
	A / cm2
	u(A) / cm2

	2
	
	
	9.80592
	4.810-4

	3
	9.80624
	2.610-4
	9.80601
	2.510-4

	5
	9.80620
	1.610-4
	9.80600
	1.810-4

	6
	9.80611
	8.810-5
	9.80602
	1.810-4

	8
	9.80607
	1.110-4
	9.80601
	1.510-4

	10
	9.80614
	8.310-5
	9.80601
	9.410-5

	11
	9.80617
	7.510-5
	9.80606
	1.010-4

	13
	9.80613
	7.210-5
	9.80598
	9.410-5

	15
	9.80610
	8.010-5
	9.80599
	8.710-5



In Figure 7, these experimental results are shown together with the results of a theoretical determination of FPG’s effective area, which is based on the dimensional properties of the PCA, was calculated using methods of the rarefied gas dynamics (RGD) methods and withhas a relative standard uncertainty of 410-6. Figure 7 also shows the effective area reported by the manufacturer with a relative standard uncertainty of 1310-6. All experimental and theoretical effective areas agree well in thatterms of the experimental standard uncertainties arebeing lower than typical FPG uncertainties [30].
The results of the pressure comparison between the FPG and the HgM are presented for gauge mode and absolute mode in Figures 8 and 9, respectively.
The pressure differences measured in gauge mode have a more pronounced scatter than in absolute mode, since the gauge- pressure measurements were affected by the instability of the atmospheric pressure. Because of the time constants of the FPG and the HgM differed considerably, the temporal reactions of the two instruments to the ambient pressure variations were significantly different, leading to the pressure differences observed in the experiment. In addition, the large volume of the tubes connecting the FPG to the HgM made it difficult to control the pressure during the measurements. Despite this, almost all pressure differences are covered by the expanded uncertainty ( = 2) of the HgM. 
[bookmark: _Hlk37071147]
Figure 7. Experimental (Exper.), RGD-calculated (Theor.) and manufacturer’s (Manuf.) effective areas of the FPG in absolute (abs.) and gauge (gauge) modesmode.

Figure 9. Differences in absolute pressures measured with FPG and HgM.

Figure 8. Differences in gauge pressures measured with FPG and HgM.
On the contraryContrariwise, in absolute- pressure mode, the measurements were free of the ambient pressure effect, and the results were characterisedcharacterized by a much lower scatter of the pressure differences (see Figure 9). The differences in the pressures measured with the FPG and those measured with the HgM are much smaller than the expanded uncertainty of the HgM [26], which demonstrates the consistency of the two pressure standards. 	Comment by Proofed: I have made this change because 'contrariwise' is not commonly used. 

In the lowest pressure range of the FPG operation (from 3 Pa to 300 Pa), consistency was verified via a comparison with the SES in the absolute- pressure mode. The results of the comparison of the two pressure standards in terms of the pressure differences and their uncertainties are shown in Figure 10.


Figure 10. Differences in absolute pressures measured with FPG and SES.

Above 30 Pa, the pressure differences agree with the standard uncertainty ( = 1) of the SES. At lower pressures, the scatter of the pressure differences is greaterbigger than the standard uncertainty of the SES, but it is in agreement with the expanded uncertainty ( = 2) and allows conclusions to be drawnmaking a conclusion about the consistency of the two standards aton the level of 10 mPa.
Conclusions
[bookmark: _Hlk36467530]For the theoretical and experimental effective area of the PCA, as well as for pressures generated by the FPG and the three reference standards based on different operation principles (the pressure balance, the mercury manometer and the static expansion system), all the results demonstrate full agreement within the expanded uncertainties ( = 2) of the three standards. Thus, the FPG, which has already been characterisedcharacterized as a primary pressure standard, is validated experimentally. For the pressure range from 3 Pa to 15 kPa, the FPG standard uncertainty is presently estimated as 10 mPa + 610‑6  . 
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Effective area / m2




Press. Diff.	1998.8583000000001	1998.8590000000002	1998.8942999999999	1998.9072999999999	1999.8239000000001	1999.8367000000001	2998.6408999999999	2998.6424999999999	2998.6878999999999	2998.6994999999997	2999.8927000000003	2999.8928000000001	4998.1498999999994	4998.1696999999995	4998.3642	4998.3670000000002	4999.6869999999999	4999.6881000000003	7997.9386999999997	7997.9543999999996	7998.0806000000002	7998.0910000000003	9997.9884000000002	9997.9920000000002	9998.6594999999998	9998.674500000001	9999.1864000000005	9999.1904000000013	12997.589000000002	12997.603999999999	12997.645999999999	12997.651	13000.869000000001	13000.874000000002	14997.431999999999	14997.437	14999.161999999998	14999.165000000001	15001.867	15001.87	-6.7799999998214844E-3	-3.4159999999928914E-2	-7.7400000001262015E-3	-1.2890000000084001E-2	-6.4409999999952561E-2	-6.6689999999994143E-2	8.6999999998624844E-3	4.9999999998817657E-3	2.0700000000033469E-2	1.2700000000222644E-2	-4.6900000000050568E-2	-5.6700000000091677E-2	3.0099999999947613E-2	2.7500000000145519E-2	1.6100000000278669E-2	9.5000000001164153E-3	-6.5700000000106229E-2	-6.0800000000199361E-2	3.6100000000260479E-2	2.4300000000948785E-2	2.0800000000235741E-2	3.4999999999854481E-2	-6.1999999999898137E-2	-4.5100000000275031E-2	2.930000000014843E-2	2.9600000000755244E-2	2.9399999999441206E-2	1.0999999999512511E-2	-5.4000000000087311E-3	-1.1000000000422006E-2	2.2500000000945874E-2	1.0499999998501153E-2	-1.7400000000634464E-2	-1.6400000000430737E-2	-3.0000000002473826E-2	-1.4999999999417923E-2	-2.899999999863212E-2	-5.4000000000087311E-2	-3.8000000000465661E-2	-6.6000000000713044E-2	-2.0999999998821295E-2	-2.9000000000451109E-2	-3.19999999992433E-2	-8.0000000016298145E-3	-6.5000000000509317E-2	-5.0000000001091394E-2	Uncertainty k=2	100	300	1000	2000	3000	5000	8000	10000	13000	15000	0.11249937990779835	0.11534473658306615	0.12670095339321741	0.14291768583378189	0.15937697600230449	0.19260961794283168	0.24284206900707947	0.27648109927699743	0.32706730267582407	0.36085179849855137	u-	100	300	1000	2000	3000	5000	8000	10000	13000	15000	-0.11249937990779835	-0.11534473658306615	-0.12670095339321741	-0.14291768583378189	-0.15937697600230449	-0.19260961794283168	-0.24284206900707947	-0.27648109927699743	-0.32706730267582407	-0.36085179849855137	Pressure / Pa


Pressure difference / Pa




Press. Diff.	100.03275000000001	100.03286	100.03304	100.03327	100.04575999999999	100.04587000000001	100.08462	100.08477000000001	100.08481999999999	100.08485999999999	100.08485999999999	100.11236	100.11236	100.11238999999999	100.11251000000001	299.96644000000003	299.9667	299.97941000000003	299.97951999999998	299.97955999999999	299.97977000000003	300.03339	300.03362000000004	300.03408999999999	300.05608999999998	300.05633	300.05651	300.05653000000001	300.05663000000004	999.93361000000004	999.93427999999994	999.94707000000005	999.94727	999.94729000000007	999.95476000000008	999.95480999999995	999.95501000000013	999.96784000000002	999.96796000000006	999.9681700000001	999.97491000000002	999.97495000000004	999.97516000000007	999.97530000000006	999.97530999999992	1999.7309	1999.7311999999999	1999.7315000000001	1999.7441000000001	1999.7444	1999.8723	1999.8724	1999.8728000000001	1999.8729000000001	1999.8732000000002	1999.8861999999999	1999.8861999999999	1999.8864000000001	1999.8865000000001	1999.8867	2999.5889999999999	2999.5893000000001	2999.6032	2999.6035999999999	2999.7673999999997	2999.7676999999999	2999.7678999999998	2999.7785999999996	2999.7789000000002	2999.7809999999999	2999.7815000000001	2999.7815000000001	2999.7820999999999	2999.7822999999999	4999.0585999999994	4999.0726999999997	4999.0727999999999	4999.0727999999999	4999.0729000000001	4999.3406999999997	4999.3418000000001	4999.3429999999998	4999.3564999999999	4999.3584000000001	4999.5060000000003	4999.5063	4999.5077999999994	4999.518	7999.1152999999995	7999.1155999999992	7999.1169	7999.118199999999	7999.1267000000007	7999.1355999999996	7999.1359999999995	7999.1509000000005	7999.1553000000004	7999.1789999999992	7999.1805999999997	7999.1805999999997	7999.1805999999997	9998.9109000000008	9998.9125000000004	9998.9148000000005	9998.9184999999998	9998.9277000000002	9998.9794000000002	9998.9822000000004	9998.9822999999997	9998.9825000000001	9998.9974000000002	9999.0036	9999.008600000001	9999.0105999999996	9999.0126999999993	12998.179000000002	12998.191000000001	12998.192999999999	12998.192999999999	12998.192999999999	12998.422	12998.424000000001	12998.424999999999	12998.436	12998.436	12998.44	12998.645	12998.646999999999	12998.646999999999	12998.649000000001	12998.661	14998.338	14998.341	14998.341	14998.341	14998.343999999999	14998.346000000001	14998.346000000001	14998.348	14998.353000000001	14998.355999999998	14998.390000000001	14998.397999999999	14998.404	14998.413999999999	7.3853832062610536E-2	9.371752726117677E-2	9.0541472981442439E-2	3.7385683860208019E-2	5.9843345411167093E-2	6.7724625382155068E-2	5.0968288206632906E-2	4.4830684108646324E-2	3.5783508032409372E-2	5.3728860660598343E-2	3.4746636522541507E-2	3.4209135889042841E-2	3.2211766009766052E-2	3.6176505768324319E-2	5.7028889500472246E-2	0.11773436259932168	7.8520270719707241E-2	9.8758752831258789E-2	2.6743480198831548E-2	6.8648222568469919E-2	6.6440853884216722E-2	7.4847194715687237E-2	6.263297829690373E-2	6.3161662998538759E-2	3.4198062462735379E-2	3.9950171211501129E-2	1.6800421007474142E-2	5.073570391755311E-2	3.3658062462677663E-2	6.6213574573680489E-2	7.2624347465534811E-2	2.7741474226786522E-2	3.6574637336912019E-2	7.5458283779767044E-2	4.0520189019957797E-2	8.4412286194492481E-2	4.1340884719261339E-2	3.9424397340553696E-2	8.3246494514241931E-2	4.1091765393957758E-2	4.6245800208112087E-2	6.0196375594614437E-2	3.0016857219493431E-2	7.9811054058268383E-2	5.3835271702496357E-2	4.7404430698861688E-2	3.4121557158186988E-2	1.3847905556076512E-2	7.1155686160864207E-2	-5.0777024398485082E-5	1.1946072803766583E-2	7.567179521424805E-2	8.3279259323944643E-2	0.11112438588793339	7.0967059959002654E-2	0.12869338941254682	0.15565783120314336	9.5536849445807093E-2	9.0443434299459113E-2	0.12619603655025458	-3.3706720923873945E-2	-4.1002443372235575E-3	5.5821253770773183E-2	1.447528152311861E-2	-5.4368501382214163E-2	0.11710490743280388	-8.9291013487127202E-3	-0.12870147954890854	3.2731095178405667E-2	6.9282134631976078E-2	1.7849365101483272E-2	5.4773591678895173E-2	-9.6610466944184736E-3	5.4135581941409328E-2	1.0196202529186849E-3	-0.14086669252264983	-2.8430557729734574E-2	2.4364613289435511E-2	7.4198711960889341E-2	0.25655164762156346	7.269292873388622E-2	0.11443621965463535	0.13888611756465252	7.7065226127160713E-2	0.37045004127867287	-0.25384563576426444	-0.12351973391741922	0.15844385253876681	-0.10959000359162019	-0.30263564278266131	-0.17410697389914276	4.9296491501081618E-2	2.9810988745339273E-2	3.533383975536708E-2	-0.11586717972386396	0.13887702730062301	0.15517062074468413	1.5856128778978018E-2	-0.12027792521803349	-5.3654221318538475E-2	2.3244263350534311E-2	-0.27493180878809653	-7.779375248355791E-2	-0.10660826822640956	-0.11784779434310622	-0.12295426348646288	-0.34323409876014921	-7.948438570019789E-2	0.20277309940138366	-3.3356995172653114E-3	0.3406429460264917	-0.19386073144778493	5.4804928400699282E-2	2.8707433866657084E-3	6.9859901310337591E-2	-8.2672391488813446E-2	-0.11481728074795683	-0.24447818296175683	-0.20799466038988612	-0.16352163877127168	-0.38296790563981631	0.18175560563940962	0.2226462571961747	-0.2085756748856511	-0.15175882425319287	7.2167159580203588E-2	-3.6336856639536563E-2	-0.10742607774227508	-0.13174554058605281	-4.5510065509006381E-2	-0.18334472340029606	-3.833239374216646E-2	2.9611868030769983E-3	-1.9010026215255493E-2	-6.2970106810098514E-3	-0.14161138828058029	-0.1402641744025459	-0.12595872387646523	-5.5323233613307821E-2	-0.11967933497544436	0.15762905134033645	-1.9480151629977627E-2	-0.11836104548274307	-2.4815698749080184E-2	-6.2050329799603787E-2	Uncertainty k=2	100	300	1000	2000	3000	5000	8000	10000	13000	15000	0.11537126270183976	0.11800422800297419	0.12947425604976126	0.15066018581811935	0.16901213599115361	0.21184755799059363	0.25294683892050485	0.31990783122586908	0.35347777314088524	0.37324473569567873	u-	100	300	1000	2000	3000	5000	8000	10000	13000	15000	-0.11537126270183976	-0.11800422800297419	-0.12947425604976126	-0.15066018581811935	-0.16901213599115361	-0.21184755799059363	-0.25294683892050485	-0.31990783122586908	-0.35347777314088524	-0.37324473569567873	Pressure / Pa


Pressure difference / Pa




Press. Diff.	2.9922047161800003	2.9704950726499999	2.9758477243999999	2.9890520660150002	2.9795317574000002	2.9721300467000002	3.0096026638	9.9807997405000002	9.9629440005000003	9.974093099500001	9.9805269982999985	9.9646171973000008	9.982707940500001	10.006508074741999	10.005062712601001	9.9972287058209997	19.93472833949	19.936994232415	19.934548464199999	19.928516285000001	19.925508400999998	19.921585744000001	20.006302938114999	19.998620142511001	20.010800695768001	29.936691494000002	29.930600777999999	29.918856443999996	52.465052590000006	52.97094224648	53.038528092139991	53.034176615490004	52.972084808999995	53.103338188000002	99.589149605999992	99.685947009000003	99.739862165999995	99.740082189999995	99.668541470000008	149.581849716085	149.57588296899999	149.64960717	149.66449025560001	149.682352407	149.92234635214001	149.9768929244	299.11405728715999	299.07673081400003	299.20011441398015	299.222314102523	299.15788463799998	299.165113265	299.14671847900001	299.23769446990002	299.79636225299998	-6.4444182027152408E-3	1.6263007631482473E-2	1.0910781167033701E-2	-2.2844042686460675E-3	8.2259277471972148E-3	1.6629329514816327E-2	-1.8852472802883824E-2	-1.4289997181100134E-2	3.5881644716493355E-3	-6.5600588572607421E-3	-1.2017264789962567E-2	4.9096887034618675E-3	-1.2202609111039209E-2	-2.0972219544370674E-2	-1.753054850351532E-2	-8.6960986427797593E-3	-8.4023545578801873E-3	-6.6788740006309411E-3	-4.2295557395135575E-3	7.8728386168798181E-3	1.387072942115708E-2	1.7803863913705698E-2	-1.7960120225545495E-2	-9.2768615937508514E-3	-1.9463610352172367E-2	5.1292171115669305E-2	4.9400186555626391E-2	5.4171461305642765E-2	6.3411375312085738E-3	-1.8082070383790949E-2	-4.8716658254434719E-2	-1.5404335536310043E-2	6.1567503282489611E-2	-1.3763084949175663E-2	5.868318409788742E-2	7.7749064529029965E-2	7.8775993894055318E-2	6.7583054619220206E-2	7.9208424384418663E-2	-1.1433502782608684E-2	5.18476411400286E-2	5.5980001962865344E-2	4.6051288584180838E-2	3.5804231841666478E-2	-8.412996057984401E-3	-1.2014606213313073E-2	2.3091893639957561E-2	0.11625041349702769	5.8917102784960207E-2	4.9711055540626603E-2	0.12040323705707578	0.12773618835200296	0.16945195108581856	9.7370120192863396E-2	0.11263369522907851	Uncertainty k=2	3	10	20	30	50	100	150	300	2.1571562099683333E-2	2.9075910328399655E-2	4.6125144499359852E-2	6.4296059050993851E-2	0.11359107462118329	0.20067036656674883	0.30464351497514397	0.60447093014991771	u-	3	10	20	30	50	100	150	300	-2.1571562099683333E-2	-2.9075910328399655E-2	-4.6125144499359852E-2	-6.4296059050993851E-2	-0.11359107462118329	-0.20067036656674883	-0.30464351497514397	-0.60447093014991771	Pressure / Pa


Pressure difference / Pa
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