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CHARACTERISTICS OF A 400 CONE FOR MEASURING 

MACH NUMBER, TOTAL PRESSURE , AND FLOW 

ANGIES AT SUPERSONIC SPEEDS 

By Frank J . Centolanzi 

SUMMARY 

An experimental inves t igat i on was conducted to determine the char­
acteristics of a 400 cone for use in the measurement of Mach number, 
total pressure, and flow angles . The cone had a total-pressure orifice 
at the apex and four equally spaced static-pressure orifices on the sur­
face . Pressure measurements were taken at angles of pitch up to 260 at 
Mach numbers of 1.72, 1 .95, and 2. 46 for Reynolds numbers of 3 .12 and 
5 .41 million per foot. This instrument is capable of measuring Mach 
number within approximately ±1 . 0 percent and the flow angles within 
±0 . 25° . The total pressure can be measured within ±0 . 5 percent at a 
Mach number of 1.72 and within ±2 . 0 percent at a Mach number of 2. 46 . 
These flow quantities can be determined from the measured cone pressures 
and charts presented in this report . In general , an iterative procedure 
is required; however, in practi ce , such a procedure is necessary only 
for accur ate determination of the Mach number and total pressure at Mach 
numbers near 2. 5 . 

I NTRODUCTI ON 

An instrument which is capable of measuring Mach number, total 
pressure, and flow angles simultaneously is of considerable value for 
both flight and wind- tunnel applications . One type of instrument suit­
able for this purpose is described in references 1, 2, and 3 and consists 
of a cone with four equally spaced static-pressure orifices on the sur­
face a~d a total- pressure orifice at the apex . However, the existing 
experimental data for such instruments are restricted to low supersonic 
or subsonic Mach numbers and , in most cases, to small flow angles . 
Because of the need for data over a wider range of Mach number and flow 
angles on instruments of this type, the present investigation was under­
taken . The characteristics of five identical 400 included- angle cones 
were determined experimentally at Mach numbers of 1.72, 1.95, and 2. 46 
for angles of pitch up to 260

• 
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difference in pressure coeffi cient between orifices 
Psc - PSa 

c and a ) ---- ­
q l 

(fig. 2) 

difference in pressure coefficient between orifices 

d and b ) PSd - PSb (fig . 2) 
q l 

pitot pressure measured behind normal shock wave at cone 
apex 

total pressure ahead of normal shock wave at cone apex 

Mach number ahead of normal shock wave at cone apex 

static pressure on cone surface 

static pressure ahead of normal shock wave at cone apex 

arithmeti c mean of four static pressures, 

~ (psa + PSb + Ps c + PSd) 

dynamic pressure ahead of normal shock wave at cone apex 

velocities in X) Y, Z directions (fi g. 2) 

vel ocity ahead of normal shock wave at cone apex 

Cartesian coordinates of body axes (fig. 2) 

angle of attack, deg (fig . 2) 

angle of Sideslip, deg (fig. 2) 

angle of downwash, deg (fig. 2) 

angle of pitch of cone axis ) deg (fi g . 2) 

angle of sidewash, deg (fig. 2) 
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angle of roll, deg (fig. 2) 

Subscripts 

1 conditions ahead of normal shock wave at apex of cone 

2 conditions behind normal shock wave at apex of cone 

a ,b,c,d position of orifices on cone surface (fig. 2) 

8 quantity at angle of pitch 

8=0 quantity a t zero angle of pitch 

MODEIS AND APPARAWS 

Wind Tunnel 

The Ames 1- by 3-foot supersonic wind tunnel No . 1 is a single 
return, variable-pressure wind tunnel having a Mach number range at the 
time of these tests of 1. 4 to 2 . 5 . The Mach number is changed by varying 
the contour of flexible plates which comprise the top and bottom walls 
of the tunnel. 

Models and Support 

The test models were cone-cylinder combinations utilizing cones 
with an included angle of 400

• The cones were constructed of stainles s 
steel within decimal tolerances of ±O. OOI inch and angular tolerances of 
±5 minute s . There were four equally spaced static-pressure orifices on 
the surface of each cone and a total- pressure orifice at each apex. The 
details of the model and support are shown in figure 1. An included 
angle of 400 was chosen as a compromise between the following considera­
tions: 

1. I t is desirable to use a cone wi th as large an included angle 
as possible to delay flow separation to l arge flow angles . 

2 . A cone with a large included angle has a greater pressure 
difference across t wo diametrically opposed orifices at given flow angles 
than a slender cone and thus is more sensitive. 

3 . For f l ow-fie ld surveys in wind tunnels it is des irabl e to mini­
mize the disturbance created by the cone. Fr om this consideration a 
small included angle would be desirabl e . 
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The lip at the entry of the total-pressure orifice was made sharp 
(0 . 002 inch thick) because the data of reference 4 indicate that sharp 
lips extend the range of flow angles through which the pitot pressure 
remains constant. 

Five 400 cones were attached to a wedge -shaped strut which projected 
from the s ide wall of the tunnel as shown in figure 1. The strut could 
be pitched about an axis which passed through the station of the static­
pressure orifices of the cones, but it could not be yawed in the wind 
tunnel. In order to obtain various combinations of downwash and sidewash 
relative to the cones, they were rolled about their longitudinal axes. 
This arrangement also minimized any errors due to the longitudinal 
pressure gradient in the wind tunnel. 

PRECISION OF THE RESULTS 

The estimated uncertainty in the experimental results at all Mach 
numbers is given in the following table: 

Quantity Uncertainty 

Cp ±0 . 005 

PA/Pt 2 
±.003 

e ±.100 

~ ±.100 

Ml ±. 005 

For instruments of identical geometry connected to pressure-sensing 
elements comparable to those used in this investigation (see uncertainties 
for Cp and PA/Pt

2
) , the precision with which local flow quantities can be 

determined by means of t he procedures described in this report is estimated 
to be as follows: 

Precision 

Ml = 1. 72 Ml = 1. 95 Ml = 2 . 46 

Ml ±0 . 01 ±0 . 015 ±0 . 03 

Pt 1 
±. 5% ±l . o% ±2. o% 

E ± . 25° ±. 25° ±.25° 

a ±.25° ±. 25° ±.25° 

• 
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TESTS 

Tests were conducted at Mach numbers of 1.72, 1.95, and 2.46 for 
two values of Reynolds number: 3 .12 and 5 .41 million per foot. At each 
Mach number, for the lower ReYnolds number, the cones were set at roll 
angles from -900 to +900 in 10

0 
increments and pitched through as large 

an angle range as possible in both the positive and negative directions 
(see fig. 2). The maximum range at each Mach number was restricted by 
interference effects from the support system. In addition, tests were 
made through the angle-of-pitch range at a roll angle of 450 for both 
Reynolds numbers. 

RESULTS AND DISCUSSION 

A comparison of the results showed no difference from cone to cone 
and no effect of Reynolds number . For this reason, the results for one 
typical cone will be presented for a Reynolds number of 3.12xlcP per 
foot. 

Charts are presented which enable the determination of Mach number, 
total pressure, and flow angles . A numerical example is presented in 
the Appendix which illustrates the procedure for determining these 
quantities . 

Cone Pressure Distribution 

The pressure distribution on the surface of the cone is shown in 
figure 3 for the three test Mach numbers and various angles of pitch. 
Because the cone apex angle is relatively large, the pressure coefficients 
over the entire surface are positive throughout the angle-of-pit ch range 
tested except at the largest angle of pitch for M = 2.46 , where a small 
region of negative pressure coefficients exists on the leeward surface. 
Representative experimental results of figure 3 are compared in figure 4 
with the pressure distributions given by the theoretical method of refer­
ences 6 and 7. In the use of these references it is necessary to employ 
constants tabulated in reference 5. The first-order nonlinear theory of 
reference 6 provides a reasonably good prediction of the pressures only 
near the side of the cone (~ = 900 ) but gives considerably more negative 
pressure coefficients near the top and bottom of the cone. The second­
order theory of reference 7, on the other hand, gives a good approxima ­
tion to the variation of the pressures over the entire surface . 

In reference 8 Ferri has shown that the theory of references 6 and 7 
is based on an incorrect distribution of entropy at the surface of the 
cone. However, the results of reference 9 indicate that the numerical 
effect of this error on the pressures is negligible and could not account 
for the differences shown in the comparisons of figure 4. 
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Determination of Mach Number 

The determination of Mach number by a conical pitot- static tube 
depends on the ratio of a surface static pressure to the pitot pressure 
and on the flow inclination (angles of pitch and r oll) . At zero angle 
of pitch the Mach number can be computed from the r atio of the static 
pressure to the pitot pressure . Experimental results for this condition 
are shown i n f i gure 5. The val ues of the Mach number for this figure 
were obtai ned f r om the measured rati o of the pitot pressure to the tota l 
pressure Pt / Pt using the theor etical normal shock- wave relations . 

2 1 
Comparison with the theory of r eference 5 shows s a tisfactory agreement 
only near Ml = 1. '72 . 

At angles of pitch, lar ge var iations in the static pressure occur 
around the ci rcumfer ence of the cone as previously shown in figure 3. 
I t is desirable to combi ne the f our measured pressures on the cone sur­
face in such a manner as to pr ovide a pr essure whi ch is essentially 
invariant to changes in angle of pitch . The results of references 1 and 2 , 
which were restr i cted to Mach number s near 1. 60 , indicate that for low 
angles of pitch the arithmetic average of the four static pressures is 
nearly cons tant . Similar r esults were obtained in the present investi­
gation . Figur e 6 shows the variation of the ratio of the arithmetically 
aver aged stati c pressures to the pitot pressure PA/Pt

2 
with pitch 

angle e . The data from test runs with geometrically similar roll angles 
were averaged as, for example, the da t a for test runs with ~ = +100

, 

- 100
, +800

, and - 800
, because the averaged static pressures would be 

expect ed to be the same f r om reasons of symmetry. 

In general , the procedure for determining Mach numbe r i s first to 
assume that e = O. A first approximat ion to the Mach number is then 
obtained from fi gure 5 for the measured va l ue of PA/ Pt

2
• The flow angles, 

e and ~ , a r e then determined by the method described in the section 
"Determination of Flow Angl es ." When 9 and ~ are known, a correction 
factor for PA/Pt

2 
is obtained f r om figure 6 and an equivalent value of 

PA/Pt
2 

corres ponding to e = 0 is cal culated by a division of the measured 

va l ue by this correction factor . A second approximation to the Mach number 
is obtained from fi gure 5. In prinCiple, this process is then r epeated t o 
obtain a close approximation to the true Mach number . I n pr actice , how­
ever , because of t he small dependence of PA/Pt

2 
on e and ~ (f ig . 6), 

the f irs t approximation is sufficient except for Mach numbers of the order 
of 2 . 5 with e greater than about 100 in which case only one iteration 
is normally required . 

The error in measuring the Mach number with the use of figures 5 
and 6 is estimated to be ±0 . 01 at Ml = 1.'72, ±0 . 015 at Ml = 1. 95 , and 
±0 . 03 at Ml = 2.46 . 

f 
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Determination of Total Pressure 

The total pressure is a function of the pitot pressure, Mach number, 
and the angle of pitch. The results of tests reported in r efer ence 4 for 
a wide variety of pitot tubes have shown that at zero angle of pitch the 
ratio of the pitot pressure to the total pressure at any supersonic Mach 
number is e~ual to the theoretical total-pressure ratio across a normal 
shock wave . This result is assumed to apply to the cone of the present 
investigation. 

The eff ect of angle of pitch on the measured pitot pressure is shown 
in figure 7 . It is observed that this effect is negligible over a lar ge 
angle range (approximately ±250

) and is independent of the test Mach 
numbers for angles of pitch less than 250

• The total pressure at a given 
Mach number, Pt

1
, is obtained by dividing the measur ed pitot pressure, 

Pt , by the ratio of the pitot pressure to the total pressure across a 
no~al shock wave, Pt /Pt . For angles above 250 the measured pitot 
pressure must first b~ di~ided by the appropriate factor from the cali­
bration shown in figure 7 in order to obtain an e~uivalent value at e o. 

The estimated error in measuring the total pressure Pt
1 

depends 
primarily upon the Mach number error . The percent error in measuring 
the total pressure is estimated to be ±O.5 percent at Ml = 1.72, ±l.O 
percent at Ml = 1.95, and ±2 . 0 percent at Ml = 2 . 46 . 

Determination of Flow Angles 

The flow angles can be determined from the pressure differences 
across the sets of diametrically opposed orifices . The variati on of the 
difference in static pressure coefficient across opposed orifices is 
presented in figure 8 for the various Mach numbers. The dynamic pressure 
is determined from the total pressure and the Mach number. Because of 
wind- tunnel stream angle and support misalignment, the curves do not pass 
through the origin . 

In order to facilitate the determination of e and ~ from measure­
ments of (6P/Q) and (6p/Ql) , the results of figure 8 have been combined 

1 € a 
in figure 9 to gi ve plots of (6P/~) versus (6P/~ 1) f or various e and ~ . 

1 € a 
Each curve of figure 8 was first shifted through the origin to eliminate 
the effects of tunnel stream angle and support misalignment. Because of 
symmetry, curves which represent an average of the data in the four ~uad­
r ants are shown in one ~uadrant only . Information for the other ~uadrants, 
then, can be determined from this f igure provided the proper sign conven­
tion is used as indicated. Comparisons among figures 9(a), 9(b), and 9(c) 
show that the effects of Mach number are either negligible or small. The 
flow inclination in terms of € and a can be calculated from e and ~ 
by the following relations: 
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For convenience in obtaining t he quantities directly , curves are presented 
in figure 10 from whi ch these angl es can be determined without recourse 
to the equations . The sign conventions for quadrants other than that 
shown are indicated i n the figure . Any correction to the Mach number 
r esults in a corresponding change in the dynamic pressure, but only a 
small correction in the flow angl e is required . 

The error in measuring flow angles is estimated to be ±0. 25°. 

In cases where this instrument is to be used to measure the attitude 
of an aircraft in flight or in a wind tunnel, the angles of attack and 
sideslip can be calculated from e and ~ (fig. 9) by the following 
expressions ; 

tan a 
sin S 

tan e cos ~ 
- sin e sin ~ 

CONCLUDING REMARKS 

The characteristics of a 400 cone for measuring Mach number, total 
pressure, and flow angles were determined experimentally. Tests were 
conducted at Mach numbers of 1 . 72, 1 . 95, and 2 .46 for angles of pitch up 
to 260

• This instrument is capable of measuring Mach number within approx­
imately ±1 . 0 percent and the flow angles within ±0.25°. The total pressure 
can be measured within ±0 . 5 percent at a Mach number of 1.72 and within 
±2.0 percent at a Mach number of 2.46 . These flow quantities can be 
determined from the measured cone pressures and calibration charts of this 
investigation . I n general an iterative procedure is required; however, 
in practice, such a procedure is necessary only for accurate determination 
of the Mach number and total pressure at Mach numbers near 2.5. 

Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Moffett Field, Calif . , Mar. 1, 1957 
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APPENDIX 

NUMERICAL EXAMPLE 

The procedure used in determining the Mach number, total pressure, 
and flow direction from the measured pitot pressure and four static press­
ures on the cone surface is illustrated by the following numerical exampl e. 
The assumed pressures are: 

PSa lolO psia 

PSb lo20 psia 

PSc 3.85 pSia 

Ps 2.90 psia 
d 

Pt2 
7. 65 pSia 

The arithmetic mean of the four static pressures is 

psia 

and the rat i o of thi s static pr essure to the pit ot pressure is 
-
PA = 0. 295 
Pt2 

If i t is first assumed that e = 0, a tentative Mach number of 2. 36 is 
obtained from figure 5. For e = 0, the total pressure ratio Pt

2
/ Pt l 

is given by the theoretical normal shock-wave relations which are t abu­
l ated in reference 10. For Ml = 2. 36 this r atio is 

and the total pressure is 

The dynamic pressure ~l is given by 

7. 65 
0. 5572 

13.73 psia 

3.90 psia 
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where the quantity q /Pt is given by the theoretical isentropic flow 
1 1 

relations a l so tabulated in reference 10 . Dividing the pressure difference 
across both ,pairs of orifices by the dynamic pressure gives 

PSc - PSa 

q 1 

:::: 2 . 90 - 1.20 
3 . 90 

The downwash and sidewash angles from figure 10(c) are E = - 16 .90 and 
G = 10 . 30 • NOW , in order to corr e ct the Mach number, the angles of pitch 
and roll must be known . From figure 9( c ) e :::: 19. 60 and ~ = 30.50

• The 
correction factor from figure 6( c) is 

1. 05 

The corrected value of PA/Pt 2 
corresponding to e 0 i s 

PA = 
(PA/Pt 2) e 0.295 

0 . 281 
Pt 2 (PA/ Pt 2) e! (PA/ Pt 2 ) e =0 1. 05 

From figure 5 the second approxi mation to the Mach number is Ml. 2 . 48 . 
Using this new value of Mach number gives 

0 . 5071 

Since the angle of pitch is less than 250
, the pitot pressure need not be 

corrected to an equivalent va lue at e = O. The second approximation to 
the total pressure is 

15 . 08 psia 

and the dynamic pressure is q = 0 . 2599(15 . 08 ) = 3 . 92 psia . l. 
second determination of the dynamic pr essure is essentially 
the first, the angles of pitch and r ol l need no correction . 
iteration would~ be unnecessary since the ~orrection factors 
would be unchanged . 

Since the 

the same as 
Repeated 

of figure 6 
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