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STUDY OF THE ACCURACY OF GAS FLOW MEASUREMENTS USING
THE SONIC THROAT METHOD

B. Masure
Research Engineer, National Bureau of Aerospace Research
SUMMARY
*
The formula leading to a calculation of a gas flow using the sonic throat /1

]

method 1s recalled.

This relationship, which is deduced from the monodimensional theory and is
applied to the fiow of a gas without viscosity and constant specific heat,
must be affected by three corrective factors., These three factors are analyzed

in the case of air in succession: curvature of the sonic line, viscosity,

‘effect of compressibility.

Some experiments:.are described which confirm the calculation of the com=-

pressibility effect.

[y
- .

INTRODUCTION
Present-day industrial measurements of gas flow do not customarily have
gfeat accuracy. An error on the order of 1 to 2% is permissible. The situation
is not.the same when, for example, we consider the production of the supersonic

transport, where the acchracy required in calculating the flow is several

.. thousandths,

The use of a sonic throat, which can be put into operation very simply, [2
seems to be the most prartical means of obtaining such accuracy. We shall
analyze this method in this article. |

The mono-dimensional theoxry applied to qigas flow without viscosiﬁy, to

the throat of a flowmeter which has bggn.ggarted,‘makés it possible to write

* , , '
Numbers in the margin indicate pagination in the original foreign text.

4 . .
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the following ,
T w'pgray: A, (c: critical conditions) (1)

If this gas is perfect and has constant specific heat, a simple transforma=-

tion gives us

)

q ? . g.‘ . 9,2 ...I.)_.“‘_\.Q._.
g R e X VTR (i:stagnation conditions) (2)

whera the term between the brackets is a funation 6f vy and R.

Relationship (2) shows that the measurements of P, and T, make it possible
to arrive at the flow q if the three hypotheses of monodimensional outflow,
‘absence of viscosity, and gas which is perfect in terms of heat are satisfied.

In the opposite case, expression (2) must be affected by a corrective factor CD

which we are going to determine in the case of rotating flowmeters having a
'eircular meridian and suppliédwwith dry air, regarded as a real gas. |
| 1. Effect of Curvature of ‘the Sonic Line
l.1. Introducticn
The resolution by methods similar to the potential equation for the flow of
a gas which is perfect in terms of heat and is irrotational shbws that the
sonic surface is not planar and that == due to this fact -- the flow is less

than .that of monodimensional theory.

In general, these similar methods consist of imposing a law of velocity dis-
tribution on the axis.of symmetry, in the vicinity of the sonic point and =-- by
means of a limited expansion of the flow function =-- of deducing from this the
flow in the vicinity of the axis. The direction of the flow lines can then
‘be deduced and the radius of curvature at the top of these lines can be calcu-
lated, which makes it possible to define the local geometry of flow. 'In a re=-
ciprocal manner, a velocity gradient on the axis and a particuiar flow may B;

‘associated with a local geometry, characterized by the ratio ;9' of the radius of

curvature Rc of the meridian to the hélf-height h of the nozzle.

2 !

et ——————
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Unfortunately, the convergence of the series expansion is by no means assuréﬂ and
-- if the solutions obtained may be regarded as being valid in the immediate

vicinity of the axis, i.e., for sufficiently large values of Rc/h -- there are very
great doubts as to the small values of Rc/h' For example, in reference (1], the
P
. flow function ¢(s,y) is expanded up to the 6th order with respect to x and y, /3

The £low obtained than makes it possible to calculate the descending characteristic

- oy

starting irom the sonic point, and makes it possible to substantiate the fact, a
posteriori, that along this line the compatability conditions of the Cauchy problem :
are satisfied. This may be done in a satisfactory manner if Rc/h > 2.4 in the ‘

plane case.

1.2. Pléne Case

If we first consider the case of a plane pipe, it is known that the choice of ;

the velocity modulus V and the polar angle 6 as independent variables makes it

possible == by using the Molenbrock-Tchapliguine transformation -=- to obtain a :

system of linear, partial differential equations. If, on the other hand, we em=-

ploy a cpmpressibility law which =~ in the vicinity of the critical conditions ==

nred

is satisfactorily close to the compressibility law for a perfect gas, we can
obtain an exact, analytical solution in the transonic region [2]. A recent nu- |
merical experiment [3], with a compressibility law which is more réfined than ////
those proposed in [2], then makes it possible to caléulate the corrective factor

CDk which may be applied to (2) to take into account this effect of curvature:

c. = -Yield with effect of 'curvature of the sonic line

Dk yield of monodimensional flow
L4
Cuve A in Figure 1 gives the variations of this coefficient as a function of ;
) 11

h/Re' (h: half-height of the throat; R,: radius of curvature of the meridian). g
However, it should be noted tliat the exact analytical solution obtained in

[2], [3] imposes a certain flow in the region of increaséd subsonic flow.

Consequéntly, the soluticn obtained in the ;egion of the throat is only stricEly

s

valid if there is agreement between transonic flow obtained from the exact solution
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Figure 1. Calculation of the Flow. Effect of the Sonic Line Curvature.

A: Plane case; exact solution.

B: Case of rotation:Hall formula with three terms.

C: Case of rotation: Central line of the probable zone proposed by Stratford.
D: Case of rotation: Curve proposed by the author.
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S S

and the subsonic flow which precedes it. !
If we assume as a first approximation =-- as experiments have indicated --
that the nature of the flow in the sonic region is only slightly changed by the

flow in the subsonic region, we may regard the curve A as universal, which is in-

dependent of the upstream conditions and which may be applied to the case of

R T T L e e

i
% plane pipes.

e 1.3. Case of Rotation

If we now deal with the case of rotating pives, it is not possible to obtain
obtain

an exact analytical solution, and at the present time we may/only obtain approx-
~imate solutions.
§ ! - All of the solutions proposed are similar to each oﬁher for small curvatures,
but great disparity appears among the authors for large curvatures.

In Figure 1, we have shown (curve B) the variation of CDk as a function of

h/Rc obtained from the Hall formula with three terms [4], and applied to the case

of rotation. The solution proposed by Hall is in the form of a series with respect

to h/Rb’ of which 6n1y the first three terms are retained. According to [5], this

4
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Figure 1. Calculastion of the Flow. Effect of the Sonic Line Curvature.
A: Plane case; exact solution.,
B: Case of rotation:Hall formula with three texms. A
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D: Case of rotation: Curve proposed by the author. 5
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series probably divexges for the values of h/Rc > 0,625, This 1is the rcason why
curve B is drawn in a dotted line for h/Rc > 0.6.

In reference [6], Stratford, in comparing a group of theoretical results with
experimental results, suggests a reglon inside of which the valid values of ch
must be logically located., This rveglon 1is limited by an upper curve and a lower
curve. We have shown in Figure 1, curve C, the avarage of these extreme valuas.
Finally, curve D is obtained from the very fragmentary expérimental results which
are described later,

1l.4. Conclusion

We have tried to determine in a rather large region

%Oﬁhmc<1ﬁ
the variations of the coefficient CDk in the case of rotation.

/5
Due to the great dispersion which occurs for large curvatures, for purposes of

accuracy one should avoid designing the flowmeters with these curvatures.
2, Effect of Viscosity [7]
The effect of displacement caused by the boundary layer is characterized by

the thickness 6‘1). A reduction in the flow results

3 3

[

(1) at the throat.

The problem therefore amounts to determining Gc

We shall confine ourselves to the case of a turbulent boundary layer develop-
ing along an athermanous wall (Tp - Tf). We are then led to infsgrate the

Karman equation:

s H+tde, , d e G
B i [_u. = T oz Log (a.u. Y)] - ;;',f“ 5 (3) .

- LT e g 3 ™ B ok

e

where 6(2) represents the momentum thickness.

This‘integratibn must be preceded by a hypothesis witﬁ respect toﬁ;he
quantities H and Cf. J |

For H, the calculations performed by R. Michel [8] yield the following expres-

H
|
i
E
i
i
I
]
i
1
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On the other hand, the concept of the reference temperature proposed by

Eckert makes it possible to write the following:

(;5’39%-'4-)17: ¢ (M, T)

The integration of equation (3) in each particular case can be avoided for

the following two reasons: ;
Reason 1. Effect of the Reynolds number. ;
If we'assume a law having the foxrm u = kT¥ for the viscosity, it may be readily

showu [9] that, for pipes which are geometrically similar and which are subjected

to identical thermal conditions (this is the case here, since Tp = Tf), there is

a law of similarity which connects the quantity 6(1>/h to the Réynolds number

Re, , formed with the generating conditions and the radius h of the throat:
’

It may be shown that i1f C - (6(1)/h) Rel/6

6

1s the initial value at x = x_ /6

» this product may be expressed at the running

L

of the product C = (6(1)/h) Rel/

point x in the following form: |
(8V/R) Rellk = F (2/h, zo/h, Cyy h/R,)

in particular, at the throat (x = 0):
(81/) Relld = F (0, wpfh, Cy) h/R,).

Reason 2: Effect of the Initial Conditions

We have systematically carried out calculations for a series of values for
the amount of curvature h/Rc at the throat of the pipe by varying greatly the
initial value C  as well as the abscissa xO/h of the initial point: provided that
the velocity at this point of departure is sufficiently small (Mo < 0.2), we have g
found numerically that the value Ggl)/h X Rei{: at the throat only depends on §

the amount of curvature h/Ré.
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Calculation of the Flow. Effect of Turbulent Viscosity.

We may then write:; .
(5/R) + Relly = F (A/R,)

Having thus calculated the value F(h/Rb) for
(0,05 < 4/R, < 1),

and setting

Cp = Flow corrected for the effect of displacement
S
ideal flow q
we immediately obtain the relationship
(1 = Cp,) » Rell} =2 F (}/R,)

Figure 2 gives the variations of this function. 17
For example, if Re, . = 10° and h/R_ = 0.25, 1 = C. = 4.5 x 1072,
i,h ¢ Pq

As a result of calculations which did not take into account the preceding

simplifying reasons, the values of CD published by Stratford [6] are in agreement

6 3

with our results, with the deviation never exceeding 0.5.10 ° in the region of

practical use (.15 S.h/Rc.i 1.

- 3, Virial Effect

It frequently happens that the supply pressures of flowmeters reach relatively

high levels ( > 10 bars). Under these conditions and attmoderate generating
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where Z is the compressibility factor which is known and which 1s determined with

Figure 3. Compressibility Factor Z.
temperatures (between 0 and 50 degrees centigrade), air dees not behave like a
perfect gas.

Its equation of state therefore takes the following form
p=2Z(Te) . pRT

the ald of the virial coefficients.
Figure 3, taken from reference [10], gives the variations of Z with p and T.
The tables of Mollier [10] which result from them have madu it possible Yor
u; to calculate a series of lsentropic and monodimensional expansions for differcat
generating conditions ‘and up to M - 1. We have thus determined a coefficient
CD , the rario of the real flow with the virial effect to the ideal flow'a' cal- ;
culated for vy = 1.4,
Figure 4 gilves the calculated values of (CD - 1).103 as a function of Py ;

v

and Ti‘

It should be noted that the correction is very well respresented, in the /8

generating pressure and temperature regions considered here, by the following

’

practical formula, which is linear as a function of Pyt

‘ {
Cp, = 1 + 0,035 ,I-,-’(’-%“-——_*"_"&,,

For example, for Py ™ 25 atm, Ti - 25° C, the virial'correction is 1%.
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Similar calculations have been carried out by Johnson [1l] and more
recently by J.C. Ascough [12].

In the report by Johnson, we may clearly see the linear character of the
correction as a function of the pressure, so that a comparison with our results
and those given in reference [11l] can be made in the form of Figure 5, where the

4 .
D~ 1].19- are given as a function of T,.
v Py ' +
The curves differ slightly above 25° ¢.

values of [C

This difference must be attributed
to the differences existing between the thermodynamic tables utilized in our cal-
culation; [10] and those [13] utilized by Johnson. However, at the present time
we cannot precisely define the factors which may explain these deviations.

With respect to the results given by Ascough, they are very'fragmentary, be-
We obtain from [12],

cause the generating pressure does not exceed 10 atm.

py = 10 atm and Ti = 290° c, CD = 1,0042, TFor the same generating conditions, we
v

9btain for our part CD = 1,0044, The agreement is therefore very good.

v

PR
1
I ¢

4, Experimental Verification of the Virial Effect

4.,1. Introduction

e e T 5 e e
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We have just analyzed successively three corrections to be applied to the
elementary formula for the flow of a sonic throat expressed by three coefficients:
CDK' CDGI CDV'
Each of the corrections obtained is on the order of 1%, and we may therefore %

write: us = Cp, * Cpy+ Gy, q

N The r&cent installation at the Taest Cantaxr of O.N.,E.R.A. at Modana of a new

| plant for compressed air having increased characteristics (pressure up to 50 bars,

. fl;w up to 20 kg/sec) has made it possible to subject the preceding ideas to the
test of experimentation, particularly with respect to the effect of the compres- !
sibility factor. The principle underlying the experiment comsists of determining

-- by means of two different methods -- the same output of a constant flow

successively traversing two sonic throats, having sufficiently different sections §
so that the generating pressures upstream from these two throats are of clearly
different levels. Therefore, let (Figure 6) two sonic throats (1) and (2) be
traversed by the same steady flow.

The flow traversing (1) is:

PiA
@=kx \}T—i + Cp,, * Cny, * Coy,
The flow traversing (2) is: i ' /10 f
' P, |

fa=k X 7 VT, CD,‘: . Cns. . CD‘..
If the flqw is constant: 9 = 99

Therefore:

or

?.‘:3 . ‘:\.‘l \/I—: — CDm CD& CDV. <4)
o G T CDM CDG, CDv, .

Let us consider the right-hand term in the preceding equation (4).
C ' e o |
The quantity Dkl ~ which is related to the geometry of the two throats is

b A s L L oy
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Mgurae 6,
the Compressibility Effect (Virial Effect)

Independent of the generating conditioms.,
C
The quantity D61

S———

C
D62
we shall see further on.

is, in the case under consideration, almost comstant, as

Consequently, the quantity

P“l AC. rI.T
P\'n AOA ' 'T-: c
must follow an expansion similar to that of the ratio Dvl when, from one test
%
, V2
to the other, one varies the level of the generating pressure Pil.

This is what the experiments which we are going to describe, and those which
were performed at the O.N.E.R.A. Center at Modane were trying to verify.

4.2, Description of the Experimental Arrangement'at Modane

The experimental arrangement includes two throats placed in a cascade

arrangement and each preceded by a tranquilization chamber. /11

4.2,1. Arrangement upstream from the first throat.

The first throat (Figure 7), with a diameter of 31.981 mm, is preceded by a

tranquilization chamber with a diameter of 125 mm. The Mach number Ml of flow in

this chamber is close to 0.04. This tranquilization chamber, which is relatively

small, is itself preceded by a spherical buffer of 1 m3, which provides a connec-

tion with th{ céentral supply of compressed air. This central supply may furnish

in 2 to 5 minutes a flow of air which is essentially constant at a quasi-constant

temperature. -

F ¥ Wepuin v, crww & .

e

///
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Figure 7. Arrangement Upstream from the First Throat
C.S.: sonic throat upstream

C.: Aqmel capsule

D.H.: Desgranges and Huot manometric balance

. E.: air-oil pressure exchanger

s V.F.: escape valve i
: V.: remote control wheel for the escape valve
(1) - supply

e :‘g, —

An escape valve (V.F.), which is manually controlled by means of a wheel V, %
makes it possible to provide constant pressure in the sphere Psph' é

(A) Measurement of Psph' The pressure of the sphere PS is transmitted by

ph ?
means of an air-oil pressure exchanger E to a differential Aqmel capsule with !

; gauges C (0-3 bars). The counterpressure 1s provided by a Desgranges and Huot :

manometric balance (0-60 bars). , |

This is the principle underlying the measurement of Psph'

{
(B) Calculation of P,. Calibration before the tests was performed in order to %

11
evaluate the coefficient ;
— Pwh - Pﬁ |

By ' :

for charge losses between the sphere and the input of the first throat (on the order

of 1 per thousand).

i
i

By knowing Psph’ one can also calculate Pil.

(C) Measurement of Tii This is done by means of a thermocouple placed in the -

flow. | /12 | %f

$.2.2, ‘Arrangement'Upstream‘from‘the'Second'Throat.

o L R

The second throat, with variable diameter, is preceded by a tranquilization

19

)
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chamber with a diameter of 170 mm. The Mach number Mz in this chamber, which

varies with the dilameter of the throat, always remains very small.

(a) Measurement of Pi . ~ A method which is identical to that used to measure
2
the pressure in the sphere Psph is used to measure the static pressure Py in the %
tranquilization chamber of the second throat. |

A knowledge of Mz makes it possible to calculate Pi .
2.,

(b) Measurement of Tié During one test, the flow upstream from the first ;

throat is maintained at room temperature, so that the thermal exchange with the

walls, which is negligible, makes the temperature profile very flat. In the

second tranquilization chamber, there is necessarily a temperature deviation be-
%; tween the fldw and the walls due to the Joule~Thomson effect. This is the reason
why a grating of nine thermocouples is placed in this second chamber, in order to
take into account a possible temperature profile. The temperature Tiz is then a
weighted average of the nine individual measurements. ;

4.3, Test Sequence

One test lasts from 1 to 2 minutes depending on the level of the supply pres-

[EERUREPEL St it S

it
S s e s e+ e
P e

sure Psph’ on the order of 10 to 45 bars, with the flow going from 2 kg/sec to

9 kg/sec.

ﬁuring these gusts, the pressure Psph is kept comstant at + 5 millibars by

Dl i

means of the escape valve V.F. (See Figure 7), which is controlled manually by the
wheel V, depending on the readings of the differential capsule C which are dis-

played visually by a spot on a luminous screen.

During one gust, the temperature 'I.‘i decreases slightly from 1 to 2 degrees.
1
All of the quantities are recorded electrically. One gust makes it possible q

4

to make about 4 measurement points.

4.4, Experimental Résults

Two series of tests were performed corresponding to two different sonic 3
throats downstream, adapted to the second tranquilization chamber. The sonic throat

13
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dowvmstream remains unchanged.
The geometric characteristics of the upstream thxoat and of the two throats :

L13

downstream are shown din Figure 8.
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Figure 8. Sonic Throats used in the Experiment |
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? Figuré 9. Experimental Results,
‘ Upstream throat (1): Rl/hl = 4
- Downstream throat (2b): Rzlhz = 4
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4.4.1., Experimental Results with the Downstream Sonic Throat No. 2b
(Rz/h2 = 4),

These results are shown in Figure 9 where the following are shown as a function
of Pil:
~-= the experimental values of the quantity

-PuﬂsAc' T-'
P, R \/Tf‘

coxresponding to 5 gusts with different pressure lavals, with each gust comprising

4 measurement points ( two gusts for P,
C 1
-=- the quantity Dvlr calculated from the experimental values of Pil, Piz’

<,

w 25,3 bars),

2
Til’ Tiz by means of the useful relationship given above:

, = P, (atm)
CDV = 1 -+ 0,030 ,m

CDV: . CDR; . CUS:
Cpyz Cng, Cps,

where 9&&==1;
Dx,

-- the quantity

The two upstream throats and downstream throats are actually similar geometrically.

We thus do not have the uncertainty which occurs in determining the coefficients CD .
k

In addition o .
' Cps, = 1 — 3,2 x 107 for P, = 20 bars

CDG. = 1‘_" 4 X 10-3 1

Cpg, =1 == 2,84 X 103

| Cps, = 1—365x 108 for Pil = 40 bars

from which we find that:

e

=28 = 1 4 0,8 X 107 for P;, = 20 bars

CDs N

C
_CBQ =1+ 0,8 x 10~ -for P, = 40 bars.
Ds, -

First of all, it should be noted that the experimental values are very closely

grouped around their average ( ={~ ) within one gust, with the deviation not ex-

ceeding 1 x 10-3. It should also be noted that the experimental values of the

et s R e e
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cfuant:it:y Py, Ac \/

increase linearly with Pi and in a similar manner to the calculated quantity
1

C
D
» which confirms the effect of the compressibility factorx.

S

v2
It may be finally stated that there is a systematic deviation on the order

of 1.2 x 10”2 between
l'l Ac. \/ C C C
d DVI DK Dﬁ!
T;: an CDV CDI-. E;;;

4.4.2, Experimental Results with the Sonic Throat No. 2 (R2/h2 = 1), /15

These results are shown in Figure 10.
P‘. Aa' . '1‘ CDV‘

P e

Just as in Figure 9, we obtain the quantities p‘ A va.

(calculated).

’

Cpg, =1 —3,2 X 10-3
Cps, = 1 — 2,2 X 10-3
Cpg, = 1 — 2,84 X 103
| Cps, =1 —1,95 x 10~

for Py, = 20 bars

for P‘, 40 bars

from which we find that

=1—1 X 107 ‘for P; = 20 bars

CDs‘ :
Cos, | =1 —109 X 10~%or P;, = 40 bars,
This calculation enables us to show in Figure 10 the variations of g-’?l!-cbs'
v Dy, D3,

The great degree of uncertainty which appeared above in the determination of the

coefficient CD for large curvatures prevents us, a priori, from drawing the
k
quantity ' /16
CDv. . CD8| . CD" '
CDVI CD&. CDL|

It should first be noted that the experimental values are still better grouped

around their average ( -]-—) and within one gust than in the preceding example, with

-3

the deviation not exceeding 0.5 x 10 ~ this time.

16
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Figure 10. Experimental Results.
Upstream throat (1): Rl/hl = 4,

Dovnstream throat 2: Rz/h2 -1

It should be noted that the quantity p
i

o]} AC- T—T
P Ag,’ \/’—ﬁ: CD
increases linearly with Pi » with the slope equal to that of the quantity V1 .
1 [¢
D
V2

The effect of the compressibility factor is thus again confirmed.

A large divergence should finally be noted

P“ A’cl “. CDV. CDs. ‘

3, is caused in part by the great curv=-

This divergence, on the order of 14.5 x 10
ature of the second sonic throat. We shall return to this point in 4.4.3.

4.4,3, Discussion of the Measurement Accuracy

The measurement of pressures Pi and Pi by means of the differential Aqmel
1 2
capsule and the Desgranges and Huot manometric balance yields an absolute error of

_-1-_,.'1.0"2 bars at the maximum. Therefore,

A R TR T o
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£ & 0,8 x 107
T

AD
‘p-‘—" & 1,25 x 09

The errors involved in the measurement of the diameters of the throats Ac
1

and Ac2 on the oxder of 2 x 10"3 mm to 5 % 10"3 mm,depending on the diameter, can
be neglected.

We assume an error of 0.2° C in the measurement of Til (1 thermocouple) and
of 0.1° C in the measurement of Tiz (9 thermocouples).

The calculation of the error then shows that the quantity

P“ [} ‘I}"c‘. [ ’T;l.
W “\Go ;T;:

iy known with an relative error on the order of 2 x 10-3. The experimental values

obtained show us that around their average the deviation i1s at the most 1 x 10-3.
3

The deviation of 1.2 x 10 ~ between ;
¥ ooams ;x

Py A T,

. 'I-)-{t' L] Kﬁ ’ ‘ ;I;ﬂ ) : -9-‘—)-‘:-‘ . E—% . -Cwnzn‘)—a;" . i;:

W O L N CDV: Dy, C”Sn A

which was found in the first series of tests must be regarded as a.systematic
error, without knowing to what this error may be attributed.

If we assume that this same systematic error occurs for the second series of 2//

measurements (Rl/hl = 4y R2/h2 = 1), it must be concluded that the quantity
C

D, 1
Cl -3 s

5 — has a value of 1+ 13.3 x 10 ~. !
Dy |
2
However, the error involved in the determination of C, 1s negligible %

k 3

since, for small curvatures, all the theories yield identicai results: ?
C 3 .

Dklvg_l-l.dxlo-. .

Co,
One can then obtain the value Dkl:
Coy, (Rofhy = 1) = ,9853.
This value which is shown in Figure 1 has enabled us to draw the curve D

tangent to the curve B for h/Rc _ 0.4 and passing through the experimental point: i

c / .

hW/R_ = 1, Jk = 0.9853
c 4
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General Conelusion

We have just successively analyzed three corrections to be applicd to the
elementary formula for the flow of a sonic throat expressed by three cocfficicnts:
Cowr Cpes Coy
’ Each of the corrections obtained is on the oxder of 1%, and we can therefore

write: ‘
Priet w= CDga Cp,sc pr. :i.

The diagrams represented here apply to alr. The coefficient ¢

D is only given
here in the case of a turbulent boundary layer in the presence of an adiabatic wall,
The accuracy measurements, performed at Modane, confirm the calculation of the
compressibillity effect.

In the flow measurements it 1s wise to avoid the high curvatures at the level
of the throat, especially because -~ in agreement with Stratford -- we estimate
that a moderate curvaturé (R/h = 4) makes it possible to xeduce to a minimum the pos=~
sible error on the effect of flow reduction caused by the boundary layer, whose

laminar character or turbulent character cannot always be affirmed a priori.
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