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Cooled Pitot Tube in Plasma Jet: an Impact-Pressure
Recovery Model
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The time-dependent axisymmetric Navier-Stokes equations are numerically integrated to predict the steady-
state pressure at the forward critical point of a cooled pitot tube immersed in an air plasma flow. The flow is
assumed to be in chemical equilibrium. Real gas chemistry is coupled to the gasdynamics by means of a Gibbs
free energy minimization package. A Runge-Kutta multistage time integration to the central discretization of
the flux balance is used. Local time stepping and residual averaging technique are used to accelerate the
convergence to the steady state. Numerical results are presented for subsonic and transonic air plasma flows
at four Mach numbers from 0.1 to 0.8 for gas temperature in the range of 300-5000 K. The computed values
of the impact pressure are compared to values obtained from theoretical and semiempirical relations. The
comparative examination indicates that the computed impact pressure is much more sensitive to the temperature
difference between the gas and the pitot tube. It is found that this effect becomes greater for lower freestream
Mach number which is consistent with the experimental results of Hare. Additional calculations also reveal that
this effect increases as the freestream pressure decreases.

Introduction

LASMA technology encompasses a vast area of industrial

applications ranging from new material production, haz-
ardous waste removal, semiconductor fabrication to the steel-
making industry or in the metallurgy of materials like man-
ganese.'~* It has direct applications in space research where
the study of the thermal constraints undergone by the vehicles
during their atmospheric re-entry flight is performed by sim-
ulation using air plasma flows. Its growing potential has en-
couraged the development of numerical modeling*~* as well
as instrumentation to measure temperature and velocity in
high-temperature jets and plasma tail flames in order to char-
acterize their flow processes.

Beyond the temperature range of the thermocouples, op-
tical methods based on spectroscopy’ (from emission spec-
troscopy, absorption, fluorescence to Raman coherent ef-
fects), or the infrared characteristics of the plasma jet for
temperature measurements and laser velocimetry for velocity
measurements are difficult to use and subject to errors. As a
result of this, the calorimetric enthalpy probe is the most
frequently used instrument for applications in the 2500- 10,000
K range.® This type of probe was first developed by Grey et
al.” in the early sixties to measure temperatures and velocities
in high-temperature jets and plasma tail flames. It has been
used extensively and successfully for more than 25 yr in the
high-temperature field.”->” The probe must be internally cooled
to prevent destruction. To determine the temperature, the
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probe is used as a cooled calorimeter and the velocity is de-
duced from the impact pressure which is measured at the
probe tip. In the latter case, the probe is used as a cooled
pitot tube. To calculate the velocity from the impact pressure
value, theoretical or empirical equations are generally used.

For isentropic, inviscid deceleration of an incompressible
flow, the well-known Bernoulli equation is used. It links the
impact pressure p, to the freestream flow quantities: static
pressure p.., density p.., and velocity U... It is frequently writ-
ten in terms of pressure difference

N

Ap, = p, — p. = p,U (1)

If the compressibility effects are taken into account, the pres-

sure difference becomes
1 viy |
Mi) - l] (2)

where M., is the freestream Mach number, and v the ratio of
specific heats C,/C...

For viscous fluids flowing at Reynolds numbers above 100
(the Reynolds number is based on the radius of the impact
tube), the viscous forces acting on the fluid are very small in
comparison to the inertia forces and the above equations are
valid. As the Reynolds number is decreased below 100, how-
ever, the measured impact pressure departs from the true
stagnation pressure based on isentropic, inviscid deceleration,
and it is no longer possible to ignore the effects of viscosity.
This departure of the impact pressure from the Bernoulli
pressure is known as the Barker® effect and has been ob-
served experimentally by many authors.?*=?! In addition, en-
ergy transfers between the probe and the gas are very im-
portant since the gas temperature may vary from a thousand
degrees to about 300 K at the surface of the probe. To account
for the effects of both viscosity and heat transfer between the
probe and the gas, in 1970 Carleton'® proposed, for a plasma

y -

Ap, = py — p.. = p- [(1 +
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flow around a hemispherically tipped cylindrical body, the
following relation for the pressure difference:

1 ., 1piUS
Ap, = p, = p. = Epy,U; +3 -
L — ()
afl + (0,5576/\/Re)]

where a is the radius of curvature of the probe at the impact
point, & the viscosity, and Re is the Reynolds number defined
as aU. p/p.

The right member is a sum of a Bernoulli term, a com-
pressibility term, and viscous term, respectively. The viscosity
£ and the density g are evaluated at a reference temperature.
This is taken to be the temperature corresponding to the mean
boundary-layer enthalpy 2z = 0.5(h,, + h.)), where w denotes
body surface conditions.

This model for pressure recovery at the stagnation point of
a cool impact probe was confirmed for an argon plasma flame
flowing at Reynolds number below 100 by Carleton and Kadlec*
from their experimental results.

In 1977 Hare* carried out experiments where probes were
immersed in low-pressure plasma tail flames. The author first
compared measures obtained using a cooled pitot tube with
those obtained using an uncooled ceramic probe. He then
went on to measure the impact pressure using a carbon impact
tube heated up to 2500 K and positioned on the axis of a
turbulent nitrogen jet at 300 K. The results show quite clearly
that, as argued first by Smith and Churchill** in 1965, the
presence of a thermal boundary layer surrounding the probe
tip does affect the magnitude of the measured impact pres-
sure, and this effect becomes significant when the temperature
difference between the probe and the gas exceeds 1800 K.
Hare verified that none of the relations above explain the
results, and concluded that until an explanation can be found,
the use of cooled probes to measure velocity in high-temper-
ature jets from the impact pressure is not recommended. In
spite of these objections raised by Hare, due to a lack of any
alternative, cooled pitot tubes are still widely used in different
laboratories and industrial sites. However, certain scientists
were worried by these objections and wished to ascertain,
more precisely, the limits of such an instrument in measuring
the flow velocity in air plasma torches in the range of at-
mospheric pressure. That is the reason why, in this article,
we concern ourselves with the use of a cooled pitot tube to
measure air plasma flow velocity. More precisely, this article
aims at establishing an unquestionable link between the im-
pact pressure and the freestream velocity for extreme free-
stream conditions in which the probe may be used, i.e.: 1)
pressure in the range 0.25-1 atm; 2) temperature in the range
300-5000 K; and 3) Mach number in the range 0.1-0.8.

With this end in view, the Navier-Stokes equations are
solved for a plasma flow of five-species equilibrium air. This
work completes and improves on that of a former article®
where the governing equations were solved using the well-
known MacCormack’s scheme for the subsonic case (0.3 =
M, = 0.8). Furthermore, it is based on a numerical method
well suited to the calculation of the steady-state solution and
which allows one to extend the domain of application to the
low-subsonic case (up to M, = 0.1).

In this article we first detail the theoretical model and the
numerical algorithm. Then, computed impact pressure for
freestream conditions given previously are presented and
compared to those obtained from the relations (1-3) in order
to show evidence of Hare’s restraints. Computed flowfields
reveal the effectiveness of the method employed which ob-
tains an accurate steady-state solution.

Unfortunately, the experimental data used in the above-
mentioned experiments cannot be used in a validation pro-
cess. In the rare cases for which the precise test conditions

can be deduced from the experiments these conditions are
outside the applicability domain of the present numerical model.

Analysis
Governing Equations
The governing equations of the plasma flow around a pitot
tube are the axisymmetric Navier-Stokes equations written in

an arbitrary coordinate system ¢ = &x, y) and n = n(x, y)
as (see Peyret and Viviand*')

q. = —F - G, - (Ily)H 4)
where
p pU
= — 1 pl/l — =1 puU + g\p - g.\’T.\:\ - g_rT.\_r
q=1 pv|’ k=7 U + §p — &7 — &7,
e (e + p)U — &R — &S
pV
G = |PWY - Ty - T
pVV + n\p - T’,\'T\l\' - 1’_\'7-_\"\‘
(e +pV—-—nR-nS
pv
H=J! puy — T,
pV: - T,\[\" + THH
(e +pyw—-3S
with
T = 328U, + 2nu, = Ev, — v, — (V)]
T.\\' = M(g\'ué + n,\-“q + g\’vt + T)\Vn)
T = iu[26v, + 200, ~ Eu, — nu, — (V)]

Too — %M[_":}”g - N, - §\~V§ - Vv, + 2(V/Y)]
R = ur, + vr, + kT,
S =ur, + vr,, + kT,

where the derivatives of the temperature, T, and 7,, are ex-
panded by chain rule
T\' = g\'TE + 7)\T

n

T\‘ = gyT{ + n\-Tn

In these equations, p, e, p, u, and v are the density, total
energy per unit volume, pressure, axial, and radial velocity
components, respectively.

The contravariant velocity components U and V are related
to u and v by

U=¢&u+ &v
' (5)

V=mnu+ nv

Intrinsic (also called body-oriented) coordinates are used,
such that £ is the distance along the body surface, 7 is the
distance normal to the body surface.

Here, J is the transformation Jacobian

J = §\‘7I_\v - f_\'nv\ = (xgyn - x’r/yrf)’l (6)

The various metric coefficients are easily formed from the
derivatives x,, y,, etc., using the relations

g.\' = Jyr,’ g\' = _Jx-rﬂ ne = —Jy‘t’ T'y = JX‘-' (7)

&
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The viscosity and the thermal conductivity depend on the
temperature according to data of Pateyron et al.*
The system is supplemented by the equations of state

p=pRT S Vi (8)

i=1 i
(e/p) = €t + 0'5(142 + Vz) (9)

with

N T p
eim - E Yi (h/I + J;“ Cpi dT> - -p_ (10)

i=1

where e, R, T,, h;;, C,;, Y:, and m; are the internal energy
of the gas per unit mass, universal gas constant, reference
temperature, heat of formation at 7, constant-pressure spe-
cific heat, mass fraction, and molecular weight of the ith spe-
cies (i = 1,..., N), respectively.

Chemistry Coupling
For the present analysis, the Navier-Stokes equations are
coupled to an equilibrium real-gas chemistry package. The
equilibrium state of the gas at each mesh point is computed
by minimizing the Gibbs free energy. The minimization is
performed using the iterative method of Brinkley.¢-37
Since the upper limit temperature is restricted to 5000 K,
ionization and radiation of the atomic species are neglected.
The primary species O,, O, N, N, and NO are considered.
The equilibrium constants are taken from JANAF thermo-
chemical tables.*®
For each diatomic species, the vibrational energy is assumed
to be in thermodynamic equilibrium with the other internal
energy modes. Using a simple harmonic oscillator model, the
expression for the equilibrium vibrational C, ; is given as™
C\\n»i = Ru?——_ex—p(lf')—n s U = GVih’ , = Oz» Nz» NO
lexp(u;) — 1]
(11)

where 8,,,; is the so-called characteristic temperature of vi-
bration of the ith diatomic species. Although the JANAF
tables use partition functions that include anharmonic vibra-
tional effects and electronic contributions in calculating the
equilibrium constants, the simplifying assumption of a har-
monic oscillator model for vibrational energy can be reason-
ably applied in the present analysis due to the relatively low
temperature level and thermodynamic equilibrium.

Body Surface Equation

The body surface equation is assumed to coincide with the
Stokes’ stream surface through the stagnation point for an
axisymmetric steady irrotational flow of an ideal fluid ob-
tained by combining a uniform flow and a source at the origin.
The distance of any point M on the body surface from the
axis of symmetry Ox is given by

y? = 1031 + cos a) where a = (0x,OM) (12)
Here, w is the asymptotic radius of the body as « approaches
0 (Fig. 1). In Fig. 1, a is the radius of curvature of the body
at the impact point which corresponds to o = 7.

Computational Mesh

Figure 2 shows the computational grid about the pitot tube
with 61 points in both of the two directions. The axis of
symmetry is located midway between two ¢ lines. Grid lines
are clustered at the symmetry axis and near the body surface
in order to achieve a good resolution of the flow in these
regions of high gradients. From the axis of symmetry, the
mesh width in the ¢ direction is stretched geometrically by a

Fig. 1 Schematic of the pitot tube surface.

Fig. 2 61 x 61 grid for pitot tube; global view and enlargement.

factor of 1.06 for a distance of 31 mesh widths, and by a factor
of 1.16 up to the downstream boundary. In the n direction,
an analogous point distribution is performed from the body
surface to the freestream boundary. An enlargement of the
grid is also shown in Fig. 2.

Boundary Conditions

Along the body surface (n = 0), temperature is specified
T = T,, and the no-slip velocity boundary conditions are
u=v=0(r U=V =0). Due to the possible low Reynolds
number of the plasma flow, the approximation of zero normal
pressure gradient cannot be enforced. The pressure on the
body surface can then be obtained by combining the mo-
mentum equations evaluated at the wall. One such relation
is found by simplifying 7, (£ momentum) + =, (» momen-
tum):

pemé + mé) + p,(ni + ) = b7 + M,

+ nlé + E)Tos t 2NN Ty T METe T NI,

+ ()7 + 0Ty — T (13)

In the present application, subsonic flow in the far field is
considered, and therefore, the boundary conditions are based
on the theory of characteristics for locally one-dimensional
inviscid flow normal to the boundary. The locally one-di-
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mensional Riemann invariants, entropy, and tangential ve-
locity component are given by

R, =Vr-n - 3 i lc (14a)
R, = V,in + 5 1¢ (14b)
Ry = 1 (%) (14c)

R, =V, —(V,n)n (14d)

where V, is the plasma flow velocity, n is the unit vector
normal to the far-field boundary, and ¢ is the local sound
speed.

For a thermally or calorically perfect gas, ¢ becomes (yp/
p)'?, where v is the ratio of specific heats C,/C,. For a real
gas, this is no longer valid. But an analogy can be made by
defining c as (8,/p)"?, where®

B =1+ (plpei) (15)
For subsonic inflow, R, R;, and R, are given from outside
(R,,, = R,..,m = 1,3, and 4) and R, from inside (dR,/on

At the symmetry axis (y = 0), p, u, and e are even functions
with respect to y, and v is an odd one: (p, u, v, e)7(x, y) =
(p. u, =v, &) (x, —y).

At the downstream boundary, the pressure is specified and
the other flow variables are extrapolated.

Numerical Procedure

The scheme used to calculate the steady-state solution via
a pseudotransient formulation is based on a central, second-
order finite difference discretization of the flux gradients and
a separate time-integration method. Following Jameson et
al.,*! Jameson,** efficient dissipation terms, convergence
acceleration techniques are added to the scheme. The sepa-
rate treatment of the space and time discretizations is a con-
venient way to assure a steady-state solution independent of
the time step. This method may be extended to the Navier-
Stokes equations.*~*

Spatial Discretization

In this method, the governing equations are first reduced
to a system of time-dependent ordinary differential equations
(ODEs) by using the conventional three-point centered dif-
ference discretization of the first and second derivatives, ex-
cept that the derivatives of the temperature T, and 7, in the
terms R and § are approximated by fourth- order accurdte
tive-point differences. The use of such high-order approxi-
mation is made in order to reduce the associate truncation
error for these derivatives. These ODEs can be written as

dg;;
W R(q:)) (16)

with the residual defined by

Fi+l./ - Fi—l.j _ Gi,j+1 - Gi.i—l
20¢ 2A7n

Hi.j
-— 17

ij

R(ql,/) = -

In order to control the high-frequency waves which are not
damped by the scheme, the nonlinear artificial dissipation
model of Jameson et al. (Jameson et al.,* Jameson*>*), ex-
tended to general curvilinear coordinates by Pulliam*’ is ap-
plied. In order to avoid deterioration of accuracy, it is nec-
essary to reduce the artificial dissipation in the vicinity of the
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solid boundary by multiplication with a factor which goes
quadratically to zero with Mach number.

Time Integration

A four-stage Runge-Kutta (RK) time marching scheme is
applied to solve the previous ODEs. The general form of such
scheme is

!+ aAR[q”

(18)
"+ aAR[g?

o

q

q |
=g, + awAR[q!)]

q ]

q). + a,AtR[qY]

!

The second-order algorithm of Jameson and Baker* is ap-
plied. ThlS corresponds to the following coefficient values:
@, =%, =3, a =13, a, = 1. This algorithm is convenient
to program and no intermediate solution needs to be stored.
Its numerical propertles have been studied in detail in Ref.
49. This scheme is stable for a Courant number C, = 2V?2 if
the dissipative effects are small enough.™ Moreover, the dis-
sipation terms are frozen at the level (0) to reduce the com-
putational effort required for their evaluation at each stage
of the RK scheme.

Convergence Acceleration to Steady State

Attainment of the steady state can be accelerated by the
use of a spatially variable time step, with the present algorithm
remaining stable for relatively high values of the Courant
number. At each grid point the solution is allowed to advance
in time following the criterion

At,, = Cyo! (19)

&7 if
where o ; is the spectral radius scaling defined as
= Ul +cVE+ E+|V]+cVnl+ a2 (20)

In this equation, the Courant number C, is either constant
everywhere Cy = Cy .. OF it satisfies the following law:

o X
CN min (Tesidual”’ CNm;\x) (2])
where residual” is defined by
max, )i
residual” = ¢;7—| (22)
max, ;| (p.); |

In practice, y = 2.

The use of the law (21) increases the robustness of the code
which is required to get past the initial transients.

Convergence can also be accelerated by the use of the im-
plicit residual average technique proposed by Jameson and
Baker.#* This step is introduced to give an additional implicit
character to the general algorithm, and thereby increase the
maximum allowable Courant number. It also has the benefit
of smoothing the high-frequency variations of the residual. In
the present application, it is sufficient to apply the smoothing
at the second and fourth stages of the RK scheme.

Regarding the treatment of the boundary conditions at the
body surface, updated values for the surface pressure are
obtained from Eq. (13) by central differencing the ¢ deriva-
tives, forward differencing the n derivatives, and solving tri-
diagonal system of equations for p along the body surface.
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Table 1 Effect of the grid size on the computed value Ap

Grid size A s M AN yins MY Emax> ME 7 mins MY Ap, Pa
61 x 61 2.00 x 10-° 2.00 x 10-7 0.086 0.078 46,802
9] x 91 1.25 x 107 1.25 x 103 0.086 0.078 46,712
61 x 66 2.00 x 10-° 2.00 x 10~> 0.086 0.156 46,762

“Effective minimum grid spacing in the § dircction.
"Effective minimum grid spacing in the » direction.

‘Downstream boundary location.
UFar-ficld boundary location.

Table 2 Comparison for the freestream velocity between the numerical value and the
theoretical or semiempirical approximations deduced from the computed pressure
difference, M, = 0.1, p, = 1, atm

Velocity U.., m/s deduced from

Numerical
value Ap, = Ap Ap, = Ap Ap, = Ap
p.. atm T.,K U., m/s and Eq. (3) and Eq. (2) and Eq. (1)
1.0 300 34.79 34.79 34.82 34.86
1.0 2000 87.81 88.35 88.88 §9.00
1.0 3500 115.95 117.41 119.03 119.19
1.0 5000 145.09 149.26 152.47 152.68
0.5 300 34.79 34.79 34.85 34.89
0.5 2000 87.81 §8.81 89.85 89.97
0.5 3500 116.58 119.11 122.43 -122.60
0.5 5000 145.48 152.58 158.64 158.88
0.3333 300 34.79 34.79 34.88 34.92
0.3333 2000 87.81 89.23 90.77 90.89
0.3333 3500 117.00 120.41 125.42 125.60
0.3333 5000 145.70 155.50 164.24 164.50
0.25 300 34.79 34.79 34.91 34.96
0.25 2000 87.81 89.72 91.74 91.87
0.25 3500 117.31 121.65 128.30 128.49
0.25 5000 145.87 158.66 169.92 170.21
0 B 1.418 & ABOVE
B 137310 1.418
E 1.329 10 1.373
-1 1.284 T0 1.329
_ 1.240 10 1.284
= 1.195 T0 1.240
2, 1.151 10 1.195
= 1.106 T0 1.151
2 1.062 10 1.106
-3 S 1.017 T0 1.062
= — 0.973 T0 1.017
3 . e
i 0.839 T0 0.884
-5 B Beow 0.839
0 1000 2000 3000 4000 5000 FRESIURE: (AT}
Number of steps
. . . . . 4866.7 & ABOVE
Fig. 3 Time history of density residual. S5 4 Ty SRR
4164.1 TO 4515.4
Results and Discussion o e
The Navier-Stokes solver described above is applied to a 3110.3 TO 3461.6
variety of flowfields around the pitot tube. The radius of D e
curvature of the tube at the impact point is 0.002 m. The 2056.4 T0 2407.7
potential flow solution serves as initial condition for the cal- e 1 o5 T
culation. First we present the results of a simulation of a 1002.6 TO 1353.9
transonic air plasma flow around a pitot tube whose surface S
temperature is kept constant at 7,, = 300 K. The freestream BELOW  300.0
conditions are M., = 0.80, p.. = 1 atm (0.101325 MPa), and TENPERATURE (K)

T, = 5000 K. The computation is performed on the 61 X 61
base grid with effective minimum grid spacing A¢§ = 2 x 1073
m, An = 2 X 10~% m, and maximum Courant number of 4.

For the present calculation, the present method requires
5000 time steps to converge, i.e., to satisfy simultaneously the
following convergence criteria:

residual” < 104

Apn+1 _ Apn

= 10-7
Apn+l

where Ap is the numerical value of the difference between
the impact pressure and the freestream pressure. This takes
approximatively 1 h on an IBM 3090-VF computer.

0.896 & ABOVE

0.827 T0 0.896
0.758 T0 0.827
0.688 TO 0.758
0.620 TO 0.689
0.551 T0 0.620
0.483 TO 0.55!
0.414 TO 0.483
0.345 TO 0.414
0.276 TO 0.345
0.207 T0 0.276
0.138 T0 0.207
0.069 TO 0.138
0.000 TO 0.0869
BELOW 0.000

MACH NUMBER

Fig.4 Detail showing pressure, temperature, and Mach number shaded
contours in the vicinity of the body nose.
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Fig. 5 Difference between the impact pressure and the atmospheric
freestream pressure vs freestream temperature for a) M, = 0.8, b)
M, = 0.55, ¢c) M, = 0.3, and d) M, = 0.1. For information only,
the segments which are plotted on the numerical solution markers
represent 2% of the computed value.

Numerical convergence history is shown in Fig. 3, which
plots the logarithm of the normalized residual of density vs
the number of time steps.

In order to judge the accuracy of the numerical results a
grid refinement is performed. The present test case is recom-
puted with 91 x 91 points. Table 1 shows the computational
details and the Ap comparison for both fine and base grids.
The solution for both grids is within 0.2%.

The effect of varying the placement of the far-field bound-
ary is also investigated. A 61 x 66 grid is generated from the
61 x 61 base grid by just adding five points in the 7 direction.
That leads to double the distance between the outer boundary
and the body surface. As shown in Table 1, the pressure
difference is nearly identical for the two grids.

As the difference in Ap is relatively small for all three grids,
the 61 x 61 base grid is used for all the computations.

372 })
354 K\

A
\A 9

Pressure Difference (Pa)

Y
a apt friom Eq.(1) \-\"_'_—
® ApZ from Eq{2)
318 ™
| Ap3 friom Eq{3)
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232 \ R p—
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b) Free stream temperature (K)
210
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[
&
g 1ss
I
o
]
£ ¢ )
2 180 ®
° ‘q “ﬂ—\ ———
S
g \ i
v
E 165 BN
I \
150
0 1000 2000 3000 4000 5000
c) Free stream temperature (K)

Fig. 6 Pressure difference vs freestream temperature for M, = 0.1
anda) p. = 1, b) p. = 1 and o) p. = 1 atm. For information only,
the segments which are plotted on the numerical solution markers
represent 2% of the computed value.

Pressure, temperature, and Mach number contours in the
vicinity of the body nose are shown in Fig. 4. A thermal
boundary layer surrounding the probe is created. As argued
by Smith and Churchill,** and observed experimentally by
Hare* for low-pressure plasmas, the presence of this layer
could affect the magnitude of the measured impact pressure.
To verify these assertions and give some idea of the magnitude
of the effect, a comparison is made between the computed
values of Ap and those obtained from Eqs. (1-3) for 7, =
300 K and freestream temperature in the range 300-5000 K
as the freestream Mach number and pressure vary. The results
of the comparison are summarized in Figs. 5 and 6. Hereafter,
Ap,, Ap-, and Ap; represent the pressure differences deduced
from the Eqgs. (1), (2), and (3), respectively.

Effect of the Freestream Mach Number

By comparing in Fig. 5 the pressure differences for p,. =
1.0 atm and M., = 0.8, 0.55, 0.3, and 0.1 (diagrams a—d), it
can be seen that for all these configurations the computed
pressure difference Ap is higher than the other ones. Putting
to one side the specific transonic case (Fig. 5a), the solution
given by the Carleton’s relation is generally the closest to the
computed value. Furthermore, the departure of Ap from Ap,
increases as the freestream temperature increases and the
freestream Mach number decreases. For M, = 0.1 and T,
= 5000 K, when the temperature difference between the gas
and the probe is the highest, a 5.43% deviation of Ap from
Ap- is observed.
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Figure 5d reveals slope changes of Ap and Ap; at about
T. = 3500-4000 K for M, = 0.1, while for higher Mach
number they are ever-decreasing functions of T,.

Effect of the Freestream Pressure

Diagrams a—c in Fig. 6 correspond to p.. = 3, 3, 1 atm,
respectively, for M, = 0.1. For such conditions compressi-
bility effects are negligible, and in this case Ap, and Ap, are
very close together. The effects of viscosity, heat transfer,
and reactivity on the impact pressure may in this way be
distinguished from the compressible effects.

The slope change of the curves Ap and Ap,, observed pre-
viously in Fig. 5d, becomes more pronounced. Both of the
curves pass through a minimum for 7, = 3500 K. At 7., =
5000 K, the computed value Ap deviates from the Carleton
pressure difference Ap; by

9.65%  for  p. = iatm
13.22%  for  p., = 3 atm
17.15%  for  p, = jatm

We can see that these values indicate that the departure be-
tween the value deduced from Carleton’s relation (Ap,), and
the value resulting from the numerical calculation (Ap), in-
creases significantly as the freestream decreases. This tends
to confirm the restraints raised by Hare, especially if one
wants, as he did, to take measurements for very low free-
stream pressure.

Since impact tubes are frequently used to determine the
velocity of a flowing gas, it was interesting to evaluate, for a
Ap given by the numerical model, what values of velocity the
use of Egs. (1), (2), or (3) might lead to. These values are
compared to the velocity value used as the initial condition
in the numerical calculation of the Ap. The results are pre-
sented in Table 2. A maximum 17% deviation of the initial
value U, from the Bernoulli solution can be seen.

Conclusions

The principal goal of this research was the development of
a numerical tool in order to relate the pressure sensed by a
cooled pitot tube in a plasma flow to the freestream velocity.
The solution algorithm is based on the use of a multistage
time-stepping procedure combined with the conventional sec-
ond-order spatial discretization. The numerical results indi-
cate quite clearly under which conditions and in which mea-
sure the classical relations (Bernoulli, “‘compressible,” and
Carleton) are put into question when high temperature dif-
ference between the plasma jet and the probe occurs. The
departures of the computed impact pressure from those de-
duced from these classical relations are evaluated.

All these results taken together show the influence of the
real-gas effects (e.g., viscosity, conduction, atomic recombi-
nation) and compressibility effects. On the whole, the values
deduced using Carleton’s relation are the closest to the results
obtained from the numerical model contained in this article.
This is not surprising because out of three relations looked
at, it is his semiempirical relation which best takes account
of real-gas effects.

Within the range of the atmospheric pressure, we consider
that Carleton’s relation can be validly employed to link the
impact pressure to the freestream flow conditions, and thus
to deduce the freestream velocity of the plasma flow. How-
ever, as soon as the pressure is lower than the atmospheric
pressure, we observe that the values given by Carleton’s re-
lation deviates considerably from our calculated values. This
tendency confirms the experimental results of Hare,* which
concern low-pressure plasma flows.
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