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Abstract: It is well know that, due to a very aggressive environment and to the rather high rarefaction level of the arc wind tunnel jet, the measure of fluid-dynamic quantities is difficult. For this reason, the aerodynamic characterizzation of the jet relies also on computer codes, simulating the operation of the tunnel. The present authors already used successfully such a kind of procedure for the tests in the arc wind tunnel (SPES) in Naples (Italy). In the present work an improved procedure is proposed. Like the former procedure also the present procedure relies on two codes working in tandem: 1) one-dimensional code simulating the inviscid and thermally not-conducting flow field in the heater, in the mix-chamber and in the nozzle up to the position, along the nozzle axis, of continuum breakdown, 2) Direct Simulation Monte Carlo (DSMC) code simulating the flow field in the remaining part of the nozzle. In the present computing procedure, the DSMC simulation includes the simulation both in the nozzle and in the test chamber. An interesting problem, considered in this paper by means of the present computing procedure, has been the simulation of the flow field around a Pitot tube and of the measure of the total pressure. The measure of the total pressure, under rarefied conditions, may be even four times the theoretical value. Therefore a substantial correction must be applied to the measured data. In the present paper a correction factor for the total pressure measured in SPES is proposed. The present analysis relies on twelve tests performed in SPES.
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INTRODUCTION

The arc wind tunnel is a facility for the simulation of the heat flux experienced by space vehicles in high altitude, hypersonic atmospheric re-entry. Tests are aimed at the: i) design of Thermal Protection System (TPS), ii) study of ablating materials, gain knowledge in aero-thermo-chemistry. It is well know that, due to a very aggressive environment and to rather high rarefaction level of the jet, the measure of fluid-dynamic quantities is difficult. For this reason, the evaluation of the jet aerodynamic parameters (velocity, temperature, gas composition, etc.) and therefore the aerodynamic characterization of the jet relies also on computer codes, simulating the operation of the tunnel or of the heater, of the mix-chamber and of the nozzle. Input data are: mass flow rate of the test gas, voltage and current to the heater, mass flow rate of water, cooling the torch and the nozzle and differences of temperature between exit and entrance.
The blow-down arc facility at Department of Industrial Engineering in Naples (Italy) [1-4], named Small Planetary Entry Simulator (SPES), was designed also for measuring aerodynamic forces and for carrying on basic research in the field of material catalycity. This facility is provided with a Pitot tube for the measure of the jet total pressure and with static pressure taps along the tunnel wall to be used in conjunction with the above mentioned computing analysis for the tunnel calibration and the evaluation of the jet parameters. More specifically, a correct measure of total and static pressures is important for the evaluation of the Mach number and of the dynamic pressure, the latter necessary for scaling the measured forces to the related coefficients.
The simulation of the flow field in SPES relies on a “simple”, hybrid procedure, coupling “continuous” and “rarefied” codes. Such a kind of procedure has been already used in former works by the present authors [1-3]. The procedure relies on two codes working in tandem; the output from the first one is the input to the second one: 

1) one-dimensional code simulating the inviscid and thermally non-conducting flow field in the heater, in the mix-chamber and in the nozzle up to the position, along the nozzle axis, of continuum break-down,
2) Direct Simulation Monte Carlo code simulating the flow field in the remaining part of the nozzle, starting from the continuum break-down position and in the test chamber.
The present procedure can be considered as an improved version of the former one. In fact, in the former version   [1-3], the DSMC simulations were related only to the divergent part of the nozzle and were aimed just at the evaluation of aerodynamic test parameters at the nozzle exit section. These data were then used as input to a DSMC code for a following simulation in the test chamber around the test model. In the present procedure, thanks to a more powerful version of the DSMC code and related computer, a run includes simultaneously the simulation of the flow field both in the divergent nozzle and in the test chamber. Even using this procedure, the average thermo-fluid-dynamic parameters in the core of the jet at the exit section of the nozzle, are considered as jet or “free stream” parameters. 
An interesting problem, analized in this paper by means of the present procedure, has been the simulation of the flow field around a Pitot tube and of the measure of the total or stagnation pressure. As reported by Stephenson [5] and Kokin [6], the measure of the total pressure, under rarefied conditions, may be even four times the theoretical value. Therefore, a substantial correction must be applied to the measured data. In the present paper a factor is proposed for the correction of the total pressure in SPES; a correct measure of the total pressure by a Pitot tube is important. In fact, the jet Mach number is usually determined from the measure of the total and of the static pressure. This factor has been evaluated by the comparison of the measured total pressure with that computed by the present procedure, it certainly includes also corrections linked to the measure tools such as pressure transducer.

EXPERIMENTAL SETUP AND TEST CONDITIONS
Fig.1(a) shows the schematic of the Small Planetary Entry Simulator (SPES) at the Department of Industrial Engineering in Naples (Italy). SPES is made of a torch (PERKIN-EMLER 9MB-M) connected to a mix-chamber and then to a conical nozzle exhausting into the test chamber where pressure is lowered by two EDWARDS vacuum pumps in series: 1) mechanical booster (EH4200), 2) radial pump (E2M275). This vacuum system is able to achieve a static pressure of 10 Pa in the test chamber. The torch, the mix-chamber and the nozzle are cooled by water flowing in a double wall. The present tests were made using a conical nozzle with geometric characteristics: diameter of the inlet section 2.2(10-2 m, length of the convergent part 2.5(10-2 m, throat diameter 8(10-3 m, length of the divergent part 0.199 m, exit section diameter 0.06 m. The ratio exit area/throat area is 56 thus the nominal Mach number is 6.
The Pitot tube is chamfered to assume a quasi hemispherical shape. The dimensions are: length 0.055 m, outer diameter (D) 0.011 m, inner diameter 0.0045 m. The length-to-diameter ratio is 5 and the outer diameter to inner diameter ratio is 2.44. The Pitot tube is located at 0.02 m from the nozzle exit section. The pressure transducer is a EDWARDS mod. Barocel with a full scale of 105 Pa and with an uncertainty of about ±2%. Fig.1(b) shows the Pitot tube during a test (test #5, see Table 1).
Tests were made using Nitrogen as test gas. During each test, the following parameters were continuously measured:

(1) mass flow rate of Nitrogen in the torch: 
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(2) electric current I [A] and voltage E [V], therefore electrical power supplied to the heater: PE =IE [W],
(3) mass flow rate 
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 [kg/s] and difference between exit and entrance temperature (TH [K] of distilled water cooling the torch and the convergent part of the nozzle,
(4) mass flow rate 
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 [kg/s] and difference between exit and entrance temperature (TN [K] of water cooling the divergent part of the nozzle,
(5) static pressure in the mix-chamber: pmix [Pa],
(6) total pressure by the Pitot tube: pP [Pa].
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Fig. 1 - (a) block diagram of the Small Planetary Entry Simulator (SPES) in Naples, (b) Pitot tube (Test #2) 
Twelve tests were made with electric power to the heater in the range 9.50-22.0 kW and Nitrogen mass flow rate of 0.3 and 0.5 g/s. The water flow rates, cooling the torch (
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) and the nozzle (
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), were 0.13 kg/s for each test.    Table 1 reports the most meaningful test parameters, including the static pressure in the mix-chamber and the total pressure by the Pitot tube. 

TABLE 1. Test conditions and measured pressure in the mix-chamber and by the Pitot tube 
	Test
	I [a]
	E [V]
	PE [kW]
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	(TH [K]
	(TN [K]
	pmix [kPa] 
	pP [Pa]

	1
	350
	41
	14.4
	0.3
	9.6
	5.4
	17.6
	1000

	2
	400
	44
	17.6
	0.3
	10.5
	6.3
	11.7
	1000

	3
	450
	45
	20.3
	0.3
	12.4
	8.8
	20.3
	1000

	4
	500
	44
	22.0
	0.3
	13.0
	6.5
	22.0
	1200

	5
	400
	48
	19.2
	0.5
	11.1
	6.8
	28.0
	1200

	6
	450
	48
	21.6
	0.5
	12.2
	8.4
	11.7
	1360

	7
	250
	38
	9.5
	0.3
	6.8
	4.1
	11.7
	740

	8
	350
	40
	14.0
	0.3
	9.9
	5.8
	11.7
	870

	9
	450
	42
	18.9
	0.3
	11.8
	8.4
	11.7
	960

	10
	350
	43
	15.1
	0.5
	9.2
	5.7
	19.2
	1000

	11
	250
	46
	11.5
	0.5
	6.9
	3.6
	19.2
	1250

	12
	450
	47
	21.2
	0.5
	7.8
	7.8
	19.2
	1200


COMPUTING CODES

One-dimensional code
The thermo-chemical state of the arc-heated gas, expanding from a pressurized reservoir, is determined quite easily by a procedure solving a one-dimensional, steady, inviscid and thermally non-conductive flow field. The net, total enthalpy (Hnet) is calculated from the electric power given the gas (PE) minus the thermal powers subtracted by the: cooling water in the heater (
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, C is the specific heat of water), in the mix-chamber and in the nozzle (
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), endothermic reactions of activation of vibration, dissociation and ionization of the molecules of Nitrogen in the torch (Pc), divided by mass flow rate:
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(1)
The Park chemical models [7, 8] modelled dissociation and vibration of Nitrogen. In the present application ionization was not considered. In fact, former tests [3] verified that the degree of ionization in SPES, evaluated by the Saha [9] equation at conditions pretty close to the present ones, was practically negligible. 
The code simulated the flow field in the heater, in the mix-chamber and in the nozzle up to the continuum breakdown position along the nozzle axis. This position is identified by the condition that the Bird’s continuum breakdown parameter P [10] is (0.02:
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where s is the local “speed ratio” (
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), ( is the local mean free path and L( is the scale length of density gradient (L(=(/(d(/dx)).
Table 2 reports the geometric and the aerodynamic data input to the DS2V code at the positions, along the nozzle axis, where the continuum breakdown is met: R is the radius of the section of the divergent part of the nozzle, L is the length of the remaining part of the nozzle, (N2 and (N are the molar fractions of Nitrogen and atomic Nitrogen, T is temperature, Tvib is vibrational temperature, V is velocity and N is the number density.
DS2V-64 bits
It is well known that the DSMC method [10, 11, 12] is currently the most developed and the most widely used method for the solution of rarefied flow fields from continuum low density to free molecular regimes. In fact, the Navier-Stokes equations fail in rarefied regime. This is due to the failure of the “classical” laws by Newton, Fourier and Fick, computing the transport parameters.

DSMC considers a gas as made up of molecules. It is based on the kinetic theory of gas and computes the evolution of millions of simulated molecules, each one representing a large number (say 1015) of real molecules in the physical space. The molecule-molecule and molecule-surface collisions are taken into account. The computational 
TABLE 2. Geometric and aerodynamic input data to the DS2V code
	Test
	R [m]
	L [m]
	(N2
	(N
	T [K]
	Tvib [K]
	V [m/s]
	N [1/m3]

	1
	0.0082
	0.1665
	0.5237
	0.4763
	1301
	3558
	2608
	1.37(1022

	2
	0.0094
	0.1578
	0.4002
	0.5998
	1198
	3694
	2888
	1.03(1022

	3
	0.0088
	0.1622
	0.3646
	0.6354
	1306
	3764
	2929
	1.18(1022

	4
	0.0084
	0.1651
	0.3189
	0.6811
	1399
	3808
	2983
	1.30(1022

	5
	0.0122
	0.1363
	0.6121
	0.3879
	1020
	3541
	2801
	9.35(1021

	6
	0.0110
	0.1454
	0.5270
	0.4730
	1208
	3585
	2937
	1.14(1022

	7
	0.0094
	0.1575
	0.6546
	0.3454
	1065
	3426
	2481
	1.04(1022

	8
	0.0083
	0.1658
	0.5349
	0.4651
	1279
	3533
	2598
	1.34(1022

	9
	0.0092
	0.1592
	0.3815
	0.6185
	1233
	3718
	2911
	1.07(1022

	10
	0.0133
	0.1281
	0.6822
	0.3178
	883
	3440
	2692
	7.97(1021

	11
	0.0143
	0.1199
	0.7473
	0.2527
	776
	3360
	2597
	6.91(1021

	12
	0.0116
	0.1409
	0.5675
	0.4325
	1112
	3569
	2866
	1.03(1022


domain is divided in cells. The cells are used for selecting the colliding molecules and for sampling the macroscopic fluid-dynamic quantities. The most important advantage is that the method does not suffer from numerical instabilities and does not directly rely on similarity parameters, like the Mach and the Reynolds numbers. On the other hand, the method is inherently unsteady; the steady solution is achieved after a sufficiently long simulation time.

DS2V-64 bits [13] considers air as made up of five neutral reacting species (O2, N2, O, N and NO) and relies on the built-in Gupta-Yos-Thompson [14] chemical model, consisting of 23 reactions. For the computation of the normal and the tangential stress on the surface, the code implements both the Maxwell and the Cercignani-Lampis-Lord (CLL) models [10, 11, 12]. In this application, the diffusive, fully accommodated Maxwell model has been used.
DS2V is “sophisticated”. As widely reported in literature [15, 16, 17, 18], such a kind of code implements computing procedures providing efficiency and accuracy higher than those from a “basic” DSMC code. Besides being “sophisticated”, DS2V is also “advanced”, allowing the user to evaluate the quality of a simulation. The user can verify, by the on line visualization of the ratio of the molecule mean collision separation (mcs) and the mean free path (λ) in each computational cell, that the number of simulated molecules and collision cells are adequate. In addition, the code allows the user to change (or to increase), during a run, the number of simulated molecules.

The ratio mcs/λ has to be less than unity everywhere in the computational domain. Bird [15] suggests 0.2 as a limit value for an optimal quality of a run. In addition, the code gives the user information about the stabilization of a run by means of the profile of the number of simulated molecules as a function of the simulation time. The stabilization of a DS2V calculation is achieved when this profile becomes jagged and included within a band defined by the standard deviation of the number of simulated molecules. In the present application, the quality of a DSMC run is evaluated also in terms of the simulation time (ts). In fact, the longer the simulation time the larger the sample size and therefore the time averaging the fluid-dynamic quantities during the evolution toward the steady state conditions. The average of the molecular properties is equivalent to making the calculation with a larger number of molecules. Therefore, achieving a one to one correspondence between real and simulated molecules could be possible, so that the fluctuations match those in the real gas. A rule of thumb suggests considering a run stabilized, from a fluid-dynamic point of view, when the ratio of the simulation time on the fluid-dynamic time tf (tf is the time to travel the computing region at the free stream velocity) ts/tf is about 10.
ANALYSIS OF RESULTS

As examples of the computation by the present procedure, Figs. 2(a) and (b) show the 2-D spots (shown during a DS2V run) of temperature and of the Mach number for test #7 and therefore of the related computing region made of the divergent part of the nozzle (from the abscissa where P>0.02 is met) and a region (about 0.09(0.1 m2) of the test chamber around the Pitot tube.
The core of the jet has been considered as the region between the axis of the jet and the ordinate y=0.01 m which is practically twice the outer radius of the Pitot tube. The jet parameters, or the “free stream” parameters, were calculated as averages in the core.

Figures 3(a), (b), (c) and (d) show the profiles of velocity (a), density (b), temperature (c) and Mach number (d) at the nozzle exit section for tests #4 and #7. These tests have been chosen because they are the most and the least energized tests, respectively (see Table 1). The higher the electrical power, the higher the velocity, the lower the density and the higher the temperature. As shown by the profiles of the Mach number (Fig.3(d)), the effect of increasing temperature is stronger than that of increasing velocity.
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Fig. 2 – 2-D maps of (a) temperature and (b) Mach number defining the DS2V computing region (test #7)
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Fig. 3 – Profiles of: (a) velocity, (b) density (c) temperature, (d) Mach number at the nozzle exit for test #4 and #7

Table 3 summarizes, for each test, the values of important parameters computed by the present procedure. The values of mcs/( and ts/tf verify the quality of the DS2V computations; the maximum value of mcs/( is 0.378 and the minimum value of ts/tf is 10.3. Even though the ratio mcs/( does not meet the optimal value of 0.2, it is less than 1, as required by the DSMC method. For an immediate and direct evaluation of the results, Table 3 reports the numerical values of the: i) jet enthalpy Hjet (Hjet=V2/2+cpT), ii) total pressure computed by DS2V (pDS2V), pDS2V has been evaluated as the average of pressure on the bottom surface of the Pitot tube, iii) the stagnation pressures ahead (p01) and after (p02) a normal shock wave as computed by the well known Raleigh formula: 
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Both the Reynolds number after a normal shock wave (Re2D) and the free stream Knudsen number (KnD) are based on the Pitot tube outer diameter (D).
TABLE 3. Computed parameters
	Test
	mcs/(
	ts/tf
	Hjet [MJ/kg]
	Re2D
	Ma
	KnD
	pDS2V [Pa]
	p02 [Pa]
	p01 [Pa]
	pDS2V/pP
	p01/p02

	1
	0.333
	18.7
	8.10
	21.61
	3.94
	0.094
	532
	537
	3140
	0.532
	5.85

	2
	0.252
	16.2
	9.21
	18.99
	3.95
	0.100
	534
	559
	2776
	0.534
	4.97

	3
	0.269
	19.0
	9.41
	17.93
	3.73
	0.110
	543
	544
	2488
	0.543
	4.57

	4
	0.344
	30.0
	9.69
	17.38
	3.62
	0.112
	558
	550
	2364
	0.465
	4.30

	5
	0.362
	10.3
	9.33
	35.37
	4.63
	0.057
	981
	1015
	10177
	0.818
	10.03

	6
	0.354
	13.6
	10.33
	33.98
	4.40
	0.059
	1036
	1112
	9050
	0.762
	8.14

	7
	0.314
	16.2
	7.38
	24.82
	4.23
	0.082
	518
	542
	4195
	0.700
	7.74

	8
	0.256
	15.3
	8.03
	21.49
	3.97
	0.093
	528
	528
	3170
	0.607
	6.00

	9
	0.376
	16.8
	9.36
	18.78
	3.80
	0.104
	542
	564
	2732
	0.565
	4.84

	10
	0.311
	10.8
	8.53
	34.50
	4.92
	0.058
	784
	884
	11405
	0.784
	12.90

	11
	0.289
	10.9
	7.84
	34.47
	5.12
	0.057
	688
	795
	12451
	0.550
	15.66

	12
	0.378
	10.3
	9.78
	35.58
	4.47
	0.057
	1016
	1085
	9458
	0.847
	8.72


For completeness, the values of some parameters are also shown graphically. More specifically, Figs.4(a), (b), (c) and (d) show the influence of the electrical power on parameters, important for the aerodynamic characterization of the jet, such as: jet enthalpy (a), Mach number (b), Knudsen number (c) and Reynolds number after a normal shock wave (d). As expected, an increase of the electric power involves an increase of temperature, therefore: i) as seen before, an increase of the sound speed and finally a decrease of the Mach number, ii) according to the Variable Hard Sphere (VHS) model [11, 12, 13], a decrease of the collision section of the colliding molecules and finally an increase of mean free path or Knudsen number and iii) an increase of viscosity and therefore a decrease of the Reynolds number. The trends are more pronounced for the tests made with the lower N2 flow rate (
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=0.3 g/s). Figures 4(b). (c) and (d) indicate that the flow field in each test is in transitional regime. In fact, according to Vallerani [19], the transitional regime is defined by 10-1<Re2D<104 and, according to Moss [20], by: 10-3<KnD<50.
Figure 5(a) shows the profiles of pressure measured by the Pitot tube and computed by DS2V both made not-dimensional by the stagnation pressure behind a normal shock wave (p02). According to the suggestions by Stephenson [5] and Kokin [6], the measured and computed pressures are correlated in concise form by the Reynolds number behind a normal shock wave. In agreement with their results, for the tests made with 
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=0.3 g/s, namely in more rarefied conditions, with increasing Re2D the present ratio pP/p02 shows an evident trend toward unit; from 2.18 (test #4, Re2D(17.38) to 1.37 (test #7, Re2D(27.82). For the tests with 
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=0.5 g/s, pP/p02 shows no appreciable trend and, due to a lower rarefaction level, the values of pP/p02 are closer to unit; pP/p02 ranges from 1.22 (test #6, Re2D=33.98) to 1.11 (test #12, Re2D=35.58). The match of the DS2V data and the theoretical ones from Eq.2 is excellent in the whole Re2D interval; pDSMC/p02 ranges from 0.96 to 1.01 for tests with 
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=0.5 g/s. Figure 5(b) shows the ratio of the computed and measured stagnation pressures as a function of the electrical power. The best fit curve of the ratio of the computed and measured pressures, for tests with 
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CF=0.98923 - 0.03902PE + 0.00077 PE2




(4)
the correlation coefficient is 0.8829.
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Fig. 4 – Influence of the electrical power on the: (a) jet enthalpy, (b) Mach number, (c) Knudsen number, (d) Reynolds number after a normal shock wave
CONCLUSIONS and further developments
Due to very aggressive environment and to rather high rarefaction level of an arc wind tunnel jet, the measure of fluid-dynamic quantities is difficult. For this reason, the evaluation of the jet aerodynamic parameters usually relies also on computer codes, simulating the operation of the tunnel. The procedure, processing the tests in the arc wind tunnel SPES in Naples (Italy), is hybrid continuum/molecular.
In the present paper, an updated version of such a kind of procedure is proposed and tested. Thanks to a more powerful version of the DSMC code (DS2V-64 bits) and related computer, the current procedure includes the flow simulation simultaneously in the divergent nozzle and in the test chamber. Even using this procedure, the average thermo-fluid-dynamic parameters in the core of the jet at the exit section of the nozzle, are considered as “free stream” parameters.
The present procedure processed twelve tests in SPES with electric power in the range 9.5-22.0 kW and Nitrogen mass flow rate of 0.3 and 0.5 g/s. The important problem of the overestimation of the stagnation pressure measured by the Pitot tube, typical of the hypersonic, low density wind tunnel, has been considered. A correction factor has been evaluated by means of a correlation of the measured and the computed of total pressure. 
Further tests in SPES at conditions involving more rarefied flow fields have been already scheduled; tests will be made by a nozzle with area ratio 100 (nominal Mach number 7) and the total pressure will be measured by Pitot tubes with outer diameters smaller than that of the current tube.
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Fig. 5 – Profiles of the ratios of (a) stagnation pressure measured by the Pitot tube and computed by DS2V as functions of the Reynolds number behind a normal shock wave and (b) stagnation pressure computed by DS2V and measured by the Pitot tube as function of the electric power
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