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THE EFFECT OF COMPRESSIBILITY ON THE PRESSURE READING
OF A PRANDTL PITOT TUBE AT SUBSONIC FLOW VELOCITY*

By 0. Walchner
SUMMARY

The effect of compressibility of a flow on the pres-
sure readiang of a normal Prandtl pitot tube (fig. 2) was
investigated while the air speed approaches the velocity
of sound. Errors arising from yawed flow wcre also de-
termined up to 20° angle of attack. In axial flow, the
Prandtl pitot tube begins at w/a =~ 0.8 to give an incor-
rect static pressure rcading, while it records the tank
pressure eorrectly, as anticipdted, up to sonic velocityes
I surmesyibe o, 7 A ustrate the recorded pressure ermors
for different angles of attack. If ecrrors up to within
=1 perceat are permissible in the spced prediection, the
pressure difference P, = Pz recorded by the Prandtl
pitot tube can be evaluated through the equation
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wherecby the range of wvalidity extends to w/a € 0.95 and
yawed flow up to 109, The equation is plotted for standard

atmospherc in figure 9.

Owine to the compressibility of the air, the Praandtl
pitot tube manifcsts compression shocks when the air specd
approaches veloecity of sound. This affects the pressure
reading of the instruments Because of the inerecasing im-
portance of high speed in aviation, this compressibility
effect ds investigated in detail., (The results of similar
investigation by Ponetti (rcference 1) are not directly
comparable with the present findings because his instrument
was not of normal dimensions.)

¥MUber den Einfluss der Xompressibilitft auf die Druckan-
zcige eines Prandtl-Rohres bei Strdmungen mit Unterschall-
geschwindigkeit." Jahrbuch 1938 der deutschen Luftfahrt-
forschung. '
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INTRODUCTION

Ivery stationary compressible or incompressible par-
allel flow may be visualized as being the creation of loss=-
free discharge from a tank in which the medium 1is at rest
under a higher pressurc, The speed can be predicted ac-
cording to Bernoulli if the static pressure of the flow
and “the tank pressure are knowns.

The introduction of a body in such a flow produces
in the stagnation point the same state as in the tank so
long as there 1s no encrgy loss on the streamlines toward
the stagnoation point, Ia incompressible fluid, the flow
toward the stagnation point is free from loss, and like-
wise in compressible flow so long as the spced remains be-
low the velocity of sound. But in supersonic flow a conm-
pression shock forms before the obstacle which divides the
zones with supersonic spced upstream from the subsonic
speed downstream toward the stagnation point. Energy is
lost in this compression shock, hence the pressure in the
stagnation point becomes lower than the tank pressure.

Thus a Prandtl pitot tube with its forward orifice in
the stagnation point indicates the tank pressure o/fiatihte
flow if the medium is incompressible, or, when in compres-

-

sible fluid the spced rcmains subsonic,

The field of disturbance which is impressed upon the
undisturbed flow in the circulation about the Prandtl
pitot head disappears again downstream. Now, the normal
Prandtl pitot is so designed that the static orifice is at
the plance wherc in incompressible fluid the undisturbed
state is re-cstablished. Then the speed can be predicted
on the basis of the pressure readings of the Prandtl tube.

In compressible fluid the curvature of the strcam-~
lines around the head of the tube is amplified because of
the change of density with the pressure.. So long as the
local velocity of sound is not excecded at any point (the
velocity of sound changes with the temperature along a
stream filament) the field of disturbance is merely dise=
torted while qualitatively renmaining similar to that in
incompressible flowe. But its character changes as soon
as the flow vclocity becomes high enough to create a zone
with supersonic speed during the circulation about the
Prandtl tube, which downstream nust again change to sub-
sonic flow with & compression shock. This¥calges a more




NeALCsds Teechnical Memorandum Nos 217 3

or less severe disturbance in the flow at the static ori-
ficeref thewPrendblppibots with the 'pesultifthats thelpress
sure of undisturbed flow can no longer be measured at that
POil’lto

Strictly'speaking, the speed prediction with 'the
Prandtl pitot thereforc is coatingent upon the knowledge
of the errors of the pressurc readings from calibration
of the instrument and. their correction. ¢The experimental
determination of this correction is related in the foilow=-
inge

ﬁotation

w, veloelty in undistuarbed £lows

a, veloecity of sournd in undisturbed flow;

py density in undisturbed flow;

Py, pressure in undisturbed flow;
Poo tank pressure;
Do Dppessu¥e at forward orifiice ©f Prandtl pitoebs
P>, Pressure at lateral orifice of Prandtl pitot;

Ky ratio of specifie: heat at. congitant) pressuretand
constant volume, respectively.

DESCRIPTION OF TEST EQUIPMEILT

The high-speed tunnel (Prandtl type) employed is shown
in figure 1, A container B 1is pumped enpty so that the
atnospheric air (pressure Pos density p,, and speed
Wene= 0) flowsg¢ @after opening of cock H, as a free jet
through the test chamber M into the container. On leav-
ing the entrance cone E the air stream attains the spoed
w, bthe pressure expands to p and the density to p; a
indicates the velocdity of sound in the free jet. The wind
veloeity w is regulated with the nozzle V whose nar-
rowest section is adjustable. So. long a8 $he pressure in
B stays low enough to produce velocity of sound in the
narrowest section of V, the Jjet remains stationary and
the flow volume and jet velocity, respectively, change only

.
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when the narrowest section of V 1is changed, with the
provision that the section of the entrance cone is greater
than the narrowest section of nozzle V.

The speced w and the Mach nunber %, respectively,
in,. the:free jet follow, according to Bernoulli;,from, the

Po. The pressure p i tapped throusgh a
p <

wall orifice shortly before the exit from the entrance
cone, and the tank pressurec Pgyo which, of course, nust
not be confused with the pressure in container B, corre-
sponds to the atmospheric air pressure. Then Bernoullils
equation for stationary compressible flow without substan-
tial local height differcnces eadsh

pressure ratio

2 . 1
Y /\c P - const (1)
e / P

J

Since adiabatic change of state may be assuned (x = 1.405 P
for air) in the flow through the entrance coney henee

1 s
- 5 — | “—> (2)
P po\P :

the integral in cquation (1) becones

' Lfppan ™5 0k

~n 4P K b S %
& = . §2 K = —————-—K L (3)

i k=1 po k-1p
Tor the state of rest p is replaced By Pos. Pu OT. 2050
and w Dby Wwo = 0, whence the constant of the Bernoulli

equation K v g
K P % P P =
B e BT i (—3> =1 (4)
K - 1 po R

Entering equations (3) and (4) in équation (1) gives the
flow velocity in the free jet at .

N

D Bl =
WA = Eolf P <;;2 = 7 (6)
R P
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This equation is known as the discharge formula for the
case where a flow with wvelocity w, pressure p, @and
density p 1is produced through adiabatic discharge from
a tank in which the mediun rests under pressure DpPge

Then the introduction of the velocity of sound in the
free ijot

I
a = = A
J/ " (6)
gives the Mach number
5 R T
iy Yor e
a K~ 1 N

Thus, w5 ps &, D, and g denote the state quanti-

tiles “of “undisturbed flow ‘“for the Prandtl pitot tube, “the
didmensions of which are giveh in figure 2¢ The pressure
at the forward orifice is hercafter indicated with pj
and the pressure at static orifice on the side with Pss
For deternining the effect of yowed flow, the tube could
be turned in the sense of the arrow in figure 1.

The measurenents included the incorrect readings
caused by conpressibility effects and yawed flow, i.es,
the pressure differences Po = P -and pi* Py} OVer &
specd range from around 0.55 times sonic velocity up to
near the velocity of sound. The pressure field in the vi-
cinity of .the forward part of the Prandtl tube was treated
by the Schlieren method and photographed.

RESULTS

The first appearance of a shock wave was recorded by
the Schlieren method at a Mach number of w/a = 0.7. The
intengity of the shock increases very little at first by
an inecreasing Mach number. Figure 3 is a Schlieren record
Bt sowfw= 10486+  Thoe dark area denotes a compression of the
nediun in flow direction and the light areas an expansion.
Note the compression toward the stagnation point followed
by, expansion at circulation about the heads  Behind this
expansion a compression follows againes The supprising faet
now is the location of the shock wave in the middle of the
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expansion zone (light area). It probably is no genuine
compression shock, which: would have to lie at the transi-
t ional podnt ‘from ‘superisionic tio isubsoniic ifliowy but nather
a condensatijon ‘shiock whilch sin yitseffectiis wery: much
like the genuine shock., Such expansion shocks in the ex-
ponsion zone are, for instance, frequently observed in
Laval nozzlecs when inducting atnospheric aire Illunina-
tion of the dark field readily zevesls the onset  of con=
densation (nebulosity) to be coincident with the shock.

If, during flow around an obstacle in the wind tun-
nelr of ‘the {desecribed: type, a condensatbtion shoeeclk acEUTS,
this process is not transferable to the case of a body
noving at the same Moch nunber in calm atmospheric air.

For the condensation shock depends on the relative humidi-

ty in the undisturbed flow and it is greater in the wind
tunnel Dbecause of the lower pressure in the free jet than
in the atmospheres Further investigation shows, however,
that shocks of the low intensity of figure 3 scarcely
falsify the static pressure record with the Prandtl tube,
so that the defective model similitude as regards hunid-
ity causes no appreciable error.

1,

W
Another Schlieren reccord taken at o = & 0 et it

shown in figure 4. On the schlieren enanating from the
head of the Pranmdtl tube a Mach angle of about 52° can be
observediy il , a Local velocity of about .26 trnes™the
local wvelocity of sound. The transition "from this “super=
sonic zone in subsonic flow is consumnated in a strong
compresision shocks

Pigures 5 to 7 illustrate the pressure records of
the Prandtl tube in relation to the corresponding values
of the undisturbed flow - as an ideal instrument should
record - for different p,/p, along with the correlated
w

k3

fron equation (7). The mcasurenents at the different
it

C
gngles of attack are indicated with different marks.

As anticipated, the pressure p, 1in ascil als sEiliow
recorded by the Prandtl tube agrees with the tank pres-
s e, viof the undisturbed flow throughout the entire
subsonic zone (fig. 5k n W bie tn cigelais inTE yawed flow, pj
drops below ©py, as in incompressible fluid. But this
deparature is at first very slight and independent of the

*Sce footnote on page 7.
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Mach nunber.,  Up to 152 angles of attack, the error due
to yaw amounts to < 1 percent. It increases, however,
rapidly with increasing angle‘of attack, and the measure~
ments themselves manifest then a relationship with the
Mach aunber.

In contrast to 'p,, the pressurec Dy recorded with
the statie orifice of the Prandtl pitot already discloses
perceptible deviations with respect to the pressure of un-
disturbed flow Pp in the subsonic flowe. In ‘axial f£ilow
they begin to show at w/a = 0.8, although the shock waves
ascertained by the Schlieren method are still so faint at
around w/a < 0.8 as to cause no percertible disturbdance
in the adiabatic flow.

Fron 2 it DS - lom, Dz« begins @ gradual spise wrelioe=
a
tive to p. At first, the opposite night have been ex-
pected, since energy is lost in the shock. But the rec-=
ords werec well reproducible and they give a definite,
' P

i 5

P
line curvature with increasing Mach number might play some
part heréins  NWo increase in py relative to p under the
cffect of compression shock alone is cxpected until the lo-
cal velocity .prior to thc shock has exceeded. the velocity
of sound to such an extent that a velocity substantially
lower than that of undisturbed flow is produced after the
shock,

even though snall, increase of The change in strean-

P2
P
before the air speed approaches velocity of sound. This
ties in with the fact that the local supersonic zone ex-
pands with increasing Mach number, the conpression shock
being ultimately placed behind the static opening which

then records the pressure in the supersonic zone._ The

’ : P
Schlieren record disclosed a marked decrease of i? at

The reccords indicate a rapid decrease of shortly

*At supersonic velocity, p, becones snaller than p, as
a result of pressure loss through the compression shock
formed before the instrument.,. Then the increcment of pres-
sure in the stagnation point with respect to the pressure
of undisturbed flow is, according to Prandtl:

; r . :
2
—g 3 K + 1 ("'+l> kW g 2 9’_)2 .
ol Sl Tk K\W
\ |

N2
EREINTE O

A
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the exact instant where the shock passes over.the static
test Tpoinid . : :

.The efifiect rofipawed Flow on the static pressure rec=
ord is the same as for pl s "but of igreater ponclcnitle
1
Figure 7 finally shows the pressure difference
=i ipid S idin Smatiiol Nt of N Spigl =MEpl afior (AN fieke einttl Yanigll efslh foiia Ui

1
qc’!,-
v L e

PREDICTION -OF SPEED

The measurcment of the flow velocity in the compres-
sible medium by Prandtl pitot tube requires, strictly
speaking fEfiirsit ) ohle replacement of thefpecorded prercisures
based on the described calibration, by the corrcsponding
values for undisturbed flow, i.e., the solution of equa-
tions (5) and (7), respectively. But this procedure is
not convenient for practical use,

In fact, since exact!aeccuracy is a secondary con-
sidieratifon fin fmany cases and a small error dis freqguently
admissible, some approximate solutions are attcmpted.
Expressing equation (7) in the form

/ Riss,. 1
o =v//__3__ (1 & EE_;;51> K 2 7 (72)
aQ K - 1 \ P J

and substituting thc pressure p with equation (6) by

B

2
a 2
p = PT‘=%"’2 T (6a)
K K(w/a)
equation (7a) gives after solution with respect to Po =%
: w
L 3 2
N T K = 0 /Mi> o (8)
P. - P ==Ww 1l o+ — =) - 1
3 2 SRR rK(w/a)2

i : |

N -
Thus equation (8) gives the pressure gradient neces-
sary bo enmeate by adiabatic procless from dstates off rest e
flow with the characteristic quantities p, p, w, -and a.
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With binomial development of the bracketed term, the first
approximation gives for this pressure gradient, as for ine-
compressible” fluid,

(pg = D)' = -g- w? (8a)

Second approximation gives

2
P als e e _1
(po - ' = — w 1 4+ —( — 8Db
Po - D) A 4\a>_l (8b)
and in third approximation leaves
i LL__]
P L w2 & i M
p.o=p)ttt ==y? |1 + —( — + —( = | (8c)
(10 B 2 L 4K\a > 24 '\n) o

Figure 8 gives those approximate values in relation
to the exact values of cquation (8), along with the value
of P, = Pz 1in relation to P, = P as recorded with the
Prandtl pitob tube in axial flowe. It dss seen, thabithe
pressure difference ©p, = pp recorded by the Prandtl pitot
departs qualitatively from the corresponding value for uns
disturbed flow p, - p Just as the second approximation
(equation (8b)) does from the exact value (equation(8)).

W N o
For — < 0,95, the differcence betwecn (py = p)!'! and
a

P, = Py likewise becomes small gquantitatively and amounts

to less than +2 percent.

Hence (pg - p)'' in equation (8b) can be replaced
by’pl —~ Doy which thus affords an enpirical equation

—

_ P i 1/w \2 |
By ™ Pa = p we |1 % Zj<z-) i (9)

fronm which the speed w 1in the range of < 095 can be

(@)
o=

determined to within less than =1 percent, when p aznd
a arc given., The omissions in the approximate calcula-
tion at large Mach numbers are approximately cqualized by
the effects of the compression shocks. ZEven in yawed flow
up to 10° equation (9) leaves within w/a £ 0.95 a speed
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error of less than 1 percent. Equation (9) is shown plot=
ted for standard atmosphere in figure 9. The curves with
paraneter H give the flying speed w with respect to
the pressure difference p, = Pz to be recorded with the
Prandtl pitot tube for different altitudes up to HE=
kiloneters. DLines with constant Mach number up to

W

a

= 0,95 have been included.

With a potential error in speed of‘i £l perecent, the
evaluasion of p, - pg gives according to equation {9) or
(9a): a result which is accurate enough for many practical
casess

Tpanslation by J. Vanier,
National Advisory Committee
for Aeronautics.

1. Panetti, M.: Problemi della tecnica sperimentale alle
alte velocita. Convegno di scienze fisiche, mate=
matiche e naturali. Roma, Reale Accademia D'Italia,
1986, XTIV,
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compared to pressure record P;-Pg ity effect and yawed flow.

with Prandtl pitot tube.
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Figure 3.- Schlieren record at Figure 4.- Schlieren record at
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Figure 9.- Correlation of eq. (9) for flight at
standard altitude.




