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NOTATION. 

p=pressure delivered by Pi tot nozzle. 
Pl=differential pressure delivered by Venturi or Pitot-Venturi nozzle. 
s=suction delivered by Venturi tube as distinguished from differential pressure delivered hy Pitot-

Venturi tube. 
h=head of water corresponding to p. 

hi =head of water corresponding to Pl' 
K=constant of Pitot t ube. 
K,=constant of Venturi tube. 

d=density of water in manometers (d= 1 throughout this report). 
v=true air speed. 

lI j =indicated air speed . 
t=air temperature in degrees centigrade. 
T=air temperature in degrees centigrade ahsolute. 
B=barometric pressure. 
p=air density. 
~=air viscosity. 
E=compressibiJity mod ulus of elastici ty (adiabatic). 
K=specific heat ratio for air. 

T=relati ve density=~ · 
Po 

g=acceleration of gravity. 
e=base of natural logarithms. 

D=a linear dimension. 
C=a constant. 

Z=DViP. 
~ 

F, rf>, 8, ..v=functional symbols. 
u bscript zero refers til standard ('onditions. 
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REPORT No. 156. 

THE ALTITUDE EFFECT ON AIR-SPEED INDICATORS- II. 

CONTINUATION OF REPORT NO. 110. 

By H . N. EATON and W. A. MAcNAIR. 

SUMMARY. 

This report is the second part of an investigation on the altitude effect on air-speed indi­
cators, conducted by the Aeronautic Instruments ection of the Bureau of Standards under 
1'e earch authorization formulated and recommended by the subcommittee on aerodynamics 
and approved by the National Advisory Committee for Aeronautics. 

It has hitherto been assumed that the correction of the readings of differential pressure type 
air-speed indicators to true air speed could be accomplished with sufficient accuracy by the use 
of a multiplying factor depending on the square root of the air density. It has been recognized 
that the compressibility of the air introduced an error into the air-speed reading, but this effect 
has been assumed to be negligible over the range of speeds commonly attained. 

Only quite recently has it been shown that a third physical property of the atmosphere, its 
viscosity, affects appreciably the readings of Venturi and Pi tot-Venturi indicators at low speeds 
and at high altitudes. In an investigation described in Report No. 110 of the National Advisory 
00mmittee for Aeronautics, I( The Altitude Effect on Air 'peed Indicators," by M. D. Hersey, 
F. L. Hunt, and H. N. Eaton, it was shown that under certain conditions, particularly for the 
relatively low-speed flight of dirigible airships, the viscosity effect was important; but the data 
obtained were not sufficiently accurate to allow a determination of the general law to be made. 

The present report describes a more recent investigation, in which the data obtained were 
sufficiently accurate and complete to enable the viscosity correction to be deduced quantita­
tively for a number of the air-speed pressure nozzles in common use. 

The report opens with a discussion of the theory of the pedormance of aIT-speed nozzles and 
of the calibration of the indicators, from which the theory of the altitude correction is developed. 
Then follows the determination of the performance characteri.stics of the nozzles and the cali­
bration constants used for the indicators . In the latter half of the report, the viscosity correc­
tion is computed for the Zahm Pitot-Venturi nozzles, Army and Navy types, which are the most 
commonly used air-speed nozzles in the United States. It will be found that the viscosity cor­
rection is far from negligible, since under certain conditions it may amount to 20 per cent or more 
of the indicated air speed. Tables and plots are given to enable the readings of Pitot type and 
Zahm Pitot-Venturi type indicators to be corrected for any atmo pheric conditions which may 
be experienced by either heavier-than-au: or lighter-than-air craft and for air speeds up to approxi­
mately 200 miles per hour. Evidence is also adduced tending to show that the effect of the 
compressibility of the atmosphere on the performance of Venturi air-speed nozzles is not numeri­
cally greater than the corresponding efrect on Pitot tubes, and can be neglected over the range 
of flying speeds commonly attained to-day. 
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THE ALTITUDE EFFECT ON AIR-SPEED INDICATORS-II. 

PART I. 

EXPERIMENTS WITH VENTURI TlJBES. 

1. INTRODUCTION. 

The air-speed indicators commonly used in aeronautics may be classified as follows: 1 

1. Rotating surface instruments. 
2. Direct impact instruments. 
3. Differential pressure instruments . 

Of these three classes, the third is by far the most generally used. This class of air-speed 
indicators may be subdivided as follows: 

(a) Pitot type. 
(b) Venturi type. 
(c) Pitot-Venturi t pe. 

This paper is concerned only with the differential pressure type of air-speed indicator, and, 
in particular, with Venturi and Pitot-Venturi instruments. since the method of correcting the 
readings of Pitot indicators is well known. 

A clear understanding of the altitude correction for differential pressure type air-speed 
indicators requires recognition at the outset of the fact that such instruments consist of two 
distinct parts: (1) An air-speed pressure nozzle of one of the types mentioned, in which the 
motion of the air stream relative to the nozzle produces a differential pressure; and (2) a pressure 
gauge by means of which this differential pressure is measured. The dial of this gauge is gra­
duated in terms of air speed instead of pressure. 

It is clear, therefore, that two relations are involved in the corrections of the air-speed 
readings to true air speed: 

(a) The relation between the actual air speed and the corresponding differential 
pressure produced by the nozzle. 

(b) The relation between the differential pressure produced by the nozzle and the 
reading of the indicator. 

These will be discussed in turn. 

2. THEORY OF THE PERFORMANCE OF AIR-SPEED PRESSURE NOZZLES. 

The differential pressure developed by any air-speed pressure nozzle. may conceivably 
depend on the shape of the nozzle, on its absolute size, on its speed relative to the medium in 
which it is placed, and on the density, viscosity, and compressibility of the medium.2 This 
dependence may be expressed by the relation 

p=funct (D, v, p, 11-, E) (1) 

where the form of funct (D, v, p, 11-, E) depends on the shape of the nozzle but ~ the same for 
geometrically similar nozzles . 

I For a more complete classification see Part I of Report No. llO of the Kational Advisory Committee for Aeronautics, "The Altitude Effect 
on Air·Speed Indicators." 

, It is presupposed (a) that the axis of the noz1.1e is parallel to the direction of motion reJath'e to the medium, (b) that a steady state has been 
established, and (e) that the medium is homogeneous and undisturb~d. 

7 
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8 REPORT NATIONAL ADVISORY COMMITTEE FOR AERO -AUTICS. 

If it were desired to consider the effect on the differential pressure of changing the shape of 
the tube, a sufficient number of dimensions of the tube to specify these changes should be in­
cluded among the independent variables in equation (1). The present investigation was not 
conducted for the purpose of obtaining information of this nature, however. Consequently, 
only one dimension of the tube, necessary to pecify the absolute size, has been included in equa­
tion (1), and the following discussion will be understood to apply to nozzles which are geomet­
rically similar. 

By means of dimensional reasoning, equation (1) can be rewritten 

funct (L, Dvp, .!i) = ° 
p'l1' J.L pv2 

(2) 

or p=pv2 funct(DV
p
, E2) (2a) 

J.L pv 

The variable Dvp is due to the viscosity of the medium which affects the performance of 
J.L 

certain types of nozzles at low speeds; whereas the variable E2 , which is present because of the pv 

compressibility of the medium, is important only at the higher speeds. 

For Pitot tubes, p is independent of Dvp within the accuracy of present methods of meas-
J.L 

urement, as might be expected, since no flow through the tube takes place, once a steady state 
has been established. The effect of compressibility can be determined analytically for the 
Pitot tube by making use of comparatively simple and reasonable assumptions.3 The complete 
formula for the pressure delivered by a Pitot tube may be written, therefore, 

p ~ pv2 funct C~2) (3) 

In Part I, section 10, and Part II, section 1, of this report the effect of compressibility is 

discussed further, and it is shown that for the Pitot tube the value of functC!z) at zero speed 

does not change by more than 1 per cent for speeds up to approximately 150 miles per hour, 
but that, above this speed, the magnitude of this effect increases rapidly as v becomes greater. 
(See :fig. 14.) Since the highest accuracy of calibration which is required of the indicator itself 
is of the order of 1 per cent of its maximum range, it is customary to neglect the effect of com­
pressibility for the ordinary range of flying speeds, and equation (3) then becomes: 

(3a) 

for Pitot tubes. The constant K thus introduced into the formula is called the Pitot tube 
constant and has approximately or exactly the value 0.5, depending on the Pitot tube used. 

It is often more convenient, particularly in connection with the calibration of air-speed 
nozzles and indicators to express p in terms of head of water, mercury, or whatever liquid is 
used for the manometers. Equation (3a) may then be written 

h= :Ivz (3b) 

by means of the relation 
p=gdh (4) 

The form which the general equation (2a) assumes for Venturi tubes has been discussed in 
Report No. 110 of the National Advisory Committee for Aeronautics. This report was based 

, "The Theory of the Pitot and Venturi Tubes," by E. BUCkingham, Part 2 of Report No. 2 of the Nntional Advisory C01lllIllttee for Aero· 
nautics, First Annual Report, 1915; nnd "Development of Air Speed Nozzles," by A. F. Zahm, Report No. 31, Fourth Annual Report, 1918. 
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on an investigation of the performance of Venturi air-speed pressure nozzles at low speeds and 

at high altitudes. In Report 110 it was shown that for low values of the variable Dvp the 
}J. 

differential pressure developed by the Venturi was dependent on this variable to a marked 
degree. It was also shown that the available data covering a speed range of from 30 to 65 
miles per hour exhibited no correlation between the performance of the tube and the compressi­
bility . Further evidence of this lack of correlation is presented in Part I, section 10, of the 
present report. The conclusion which is drawn there, that the effect of the compressibility of 
the atmosphere on the performance of the Venturi tubes studied in this investigation is negli­
gible over the ordinary range of flying speeds, will be utilized here in order to justify the elimina­
tion of the compressibility variable from (211,) for the discussion of this type of tube. The 
g~neral equation (211,) then reduces to 

PI = pif F (D;p) (5) 

or 

(Sa) 

for Venturi and Pitot-Venturi tubes. The reason for writing the p articular form (5a) in place 
of (5) will be made clear in the portion of the next section which deals with the calibration of 
indicators for use with Venturi tubes. The Venturi constant Kl is analogous to the Pitot 
constant K. 

Obviously, (Sa) can also be written 

h = KIP v2cf> (Dvp) 
1 gd J.I. 

(5b) 

The form of the function cf> for a given Venturi tube must be determined before the perform­
ance of this tube can be predicted for any given conditions. The data presented in Report 110 

showed that cf> (D;p) varies considerably for low values of the argument but is a constant at the 

higher values of Dvp for a majority of the Venturi and Pitot-Venturi tubes tested. Unfortu-
}J. 

nately, errors due to the imperfections of the small low-pressure wind tunnel used in this earlier 
investigation made it impossible to determine an empirical form for the function cf> with any 
degree of accuracy. On this account it was decided to construct a new low-pressure wind 
tunnel wi th a larger throat and a greater range of air speeds and to mount it in an altitude 
chamber where a greater variation of air pressure would be possible. The results ob tained 
from tests in the n ew wind tunnel are reported in this paper, and the altitude correction is 
deduced for the two types of air-speed nozzle in most common use in this country, the Navy 
type and the Army type Zahm Pi tot-Venturi nozzles. 

3. THEORY OF THE CALIBRATION OF AIR-SPEED INDICATORS. 

If it were feasible to construct an indicator which would take account of all the variable 
quantities in equations (311,) and (Sa), such an instrument would indicate the true air speed 
directly, and no cori'ections would need to b e applied, aside from those due to imperfections in 
the instrument itself. Difficulties in construction and the limi tations imposed by the condi­
tions encountered in flight, however , have made it impracticable to construct air-speed instru­
ments of the differential pressure type which will do more than indicate the true air speed for 
one given set of conditions. For this reason, Pi tot-type instTuments have been calibrated 
heretofore in accordance with the relation 

or 
(6) • 

111018-22-2 



10 REPORT NATIO AL ADVISORY COMMITTEE FOR AERONAUTICS. 

where K has the value t and where Po is a convenient density chosen as a standard which repre­
sents average conditions near sea level. 

Similarly the majority of indicators for use with Venturi tubes have been calibrated in 
accordance with the formula 

Pl = KIPOVi2} 

h = KlpoV 2 

1 gd i 

or 
(6a) 

where KI is the constant value which F (D;p) takes for the higher range of air speeds and which 

is ordinarily several times greater than the constant K for the Pitot tube. 

It has not been considered necessary to take account of the change in value of F (D;p) at 

low speeds when Venturi air-speed nozzles have been used on heavier-than-air craft at relatively 

high speeds and low altitudes, since the range of values of D;p for which F (D:p) is constant 

happens to coincide approximately with the range of flying speeds of such craft for most of the 

Venturi and Pitot-Venturi nozzles in common use. Consequently the assumption that F (D;p) 
has the constant value XI has been found sufficiently accurate for ordinary conditions of flight 
as far as heavier-than-air craft were concerned. When, however, Venturi nozzles were applied 
to the measurement of the relatively low air speeds of lighter-than-air craft, the assumption of a 

constant value for F (D;p) was at wide variance with facts, and the calibration of the indicators 

in accordance with equation (6a) permitted ·errors as great as 20 or 25 per cent in determining 
the air speed to occur. These errors could have been, and probably were in some instances, 
reduced materially by the calibration of the indicators according to pressures actually delivered 

by the nozzle at different speeds for one particular air density. The fact that F (D;p) is a 

function not only of speed, but also of air density and air viscosity, shows that this procedure 
did not remove the error, but merely decreased its magnitude. 

4. THEORY OF THE ALTITUDE CORRECTION. 

From the preceding discussion it can be seen that the correction of the readings of Venturi 
or Pitot-Venturi air-speed indicators to true air speed involves the solution of the two simulta­
neous equations 

PI = X1Pvll/> (D;p) (3a) 

and 
(6a) 

for v in terms of the other variables through the elimination of the differential pressure PI. 
Eliminating PI gives 

(7) 

Theoretically, the solution of equation (7) for v, once the form of the function I/> has been 
determined, will serve to correct the indicated air speed Vi for the particular conditions existing 
at the time when the reading was taken. Practically, however, this procedure is not conven-

ient in general owing to the fact that v occurs in I/> (D;p) which may prove to have a complicated 

form. A simpler method for computing the correction will now be derived in which the function 
to be determined experimentally contains only quantities which are known or which can be 
computed easily from observations taken during the flight. 
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By reference to equation (7) it can be seen .that the following relation exists 

v=funct (V, Vi, p, Po , J.L) 

Equation (8) may be rewritten: 

11 

(8) 

~ =8(po,DVIP) (9) 
Vi P J.L 

which can be solved directly for V when the form of the function () (;, D: iP ) has been determined. 

Before this solution can be obtained, three things are necessary: (a) the standard air dens­
ity Po for which the indicator was calibrated must be known, (b) the value of the calibration 
constant KI must be determined (in order to compute Vi for use in this investigation), and (c) an 

empirical form for 8 (:0, V~iP) must be obtained from experiment. 

The remainder of Part I of this report will be devoted to this purpose. Part II will be 
reserved for a more complete discussion of the density, compressibility, and viscosity COlTec­
tions and for the application of the method just outlined to the data obtained from two types 
of air-speed nozzles. 

5. NOZZLES TESTED IN TIDS INVESTIGATION. 

The differential pressure air-speed nozzles in most common use are as follows: 
United States: 

Pitot-Venturi-
Zahm, Navy type. 
Modified Zahm, Army type (Oliver). 
Toussaint-Lepere (for performance testing). 

Great Britain: . 
Pitot (static openings) ­

British standard. 
Ogilvie. 

France: 
Pi to t-Venturi­

Toussaint-Lepere. 
Venturi (single and double)-

Badin (single throat, static openings). 
Badin (double throat without static openings). 

Italy: 
Venturi-

Badin (double throat). 
Germany: 

Pitot-
Atmos (static openings). 

Venturi (double throat)-
Bruhn (without static openings). 

The following tubes were tested in the course of this investigation : 

Seria l I Identifi-
~(ake. No. c~~~n 

-1-
Zahm Pitot·Venturi (Navy type) 1... .. .... . ........ . . ... ........ . .. . . . ... .. ....... . ......... .. ........ . ....... ........ . . . .. 330 .... .. ... . 

Do.' • . . . . . . . . . . . . . . . • . . . . . . . . . . . . . • . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . • . . . . . • • • • 33
36
. 8

1 
I B168386~ 

Do.I ..•.......•. •.• . . .. . . . ..............•. • .. . . .. ••. •. • .•. •• •••.....••.. . . ... . . . . ..................... . ........ . ....... .. 
Zahm Pitot-Venturi (Army type) 1, " '. • •.• . •••••••••••• • • • • • . .••••• •• • . •••••••••• • • ••. ••• . •••• • •.•• . •• •.• •••.•••••.•.••.• •• 327 30 

Do.I .. . .... . . . . . .... ... ....................... . ... . .......• . .... ... • ... ........ . . . .. . ••.. . . _. _. ___ ... _ .. ___ . _. ____ . __ ... _ 328 B2500 

;{~~~~[r·G' : : ::(:::::~m~ ~ 
1 Low-pressure tests. , Ordlnary wind-tWIne! tesis. • High-speed lests. 

- --, 
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It is evident from the preceding that samples of all types of Venturi and Pitot-Venturi 
tubes in common use for the purpose of air-speed measurement in aeronautics were tested. 

The majority of these tubes were tested in the low-pressure wind tunnel. A number were 
tested in ordinary wind tunnels, and several were tested in the high-speed wind tunnel at 
McCook Field in order to obtain checks on the work in the low-pressure wind tunnel, to deter­
mine the constants of the tubes, and to ascertain to what upper limit the tubes perform in 
accordance with the simple pV2 law. 

6. STANDARD AIR DENSITY. 

The standard air density Po used in calibrating air-speed indicators in the United States 
is 0.001221 gram per cubic centimeter, corresponding to a barometric pressure of 760 milli­
meters of mercury and to an air temperature of + 16° centigrade. Whenever either of the 
expressions "standard conditions" or "standard air density" is used in this report, it will be 
understood that these values are referred to unless a different meaning is clearly indicated. 

Two other standard air densities are necessarily introduced into the discussion. The first 
of these is the Bureau of Standards wind-tunnel standard, which is involved in the constant 
of the Pitot tube used to calibrate the static plates of the low-pressure wind tunnel for this 

1----------- 75 "--- --- --::-1 

0=.875· 
b=.IS62S­
c=.12S" · 
d c .2S0" 
e=.:437S" 
T~ 26°27' 

FIG. la.-Navy-Zahm Pitot-Venturi . 

investigation. This air density is 0.001223 gram per cubic centimeter and corresponds to a 
barometric pressure of 760 millimeters of mercury and to an air temperature of + 15.6° centi­
grade. The second of these is the French aircraft performance standard density of 0.001225 
gram per cubic centimeter, corresponding to a barometric pressure of 760 millimeters of mercury 
and to an air temperature of + 15° centigrade. 

Where either of these two latter air densities is used in this report its identity is specifically 
indicated. 

7. DETERMINATION OF CONSTANTS OF NOZZLES. 

The theoretical performance constant Kl used in calibrating the indicators was available 
for only three types of nozzles tested in this investigation-the Navy and Army types of Zahm 
nozzle and the Bruhn nozzle. Various sources of information were utilized in the attempt to 
determine representative values of this constant for each of the three types of French nozzle 
tested. These sources include data from the French laboratories in which the nozzles were 
calibrated and data from wind tunnel tests conducted at the Bureau of Standards and at McCook 
Field. These data are presented in detail in the following discussion of the determination of 
the constant Kl for each type of tube. 

Zahm nozzle (Navy type) .-In the development of the original Zahm nozzle (see fig. 1a) 
the pressure-speed relation for the indicators was based on a calibration curve determined 
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experimentally. A table of pressures corresponding to various air speeds was then made for 
the use of manufacturers and inspectors of these instruments. It is found, however, that the 
equa.tion 

4(10a) 

where Vi is in miles per hour and hi in inches of water, represents this relation quite accurately, 
as is shown in Table 1. 

TABLE 1. 

Air speed Pressure by relation 

I I 
Pressure from 

Zahmplot -
(m . p . b.). (lncbes water) . . Vi=17.89..Jh, 

(mches water). 

20 
40 
GO 
so 

100 
120 
140 
160 

1.25 
5.00 

11. 23 
20.00 
31. 25 
45.00 
61.20 
so. 00 

1.25 
5.00 

11.24 
20.00 
31.24 
14.99 
61.24 
79. 99 

The constant in equation (lOa) corresponds to the standard air conditions of 760 milli­
meters mercury and + 16° centigrade . 

. 3 9 4 " 

0 =.035 " 
b =.250" 

FIG. Ib.-Army·Zahm Pitot-Venturi . 

Modijied Zahm 'Iwzzle (Army type) .-In the development of the modified Zahm nozzle 
(see fig. lb), the attempt was made to design a tube whose performance could be represented 
by equation (10a).6 

In computing KI for the Zahm tubes, both Army and Navy types, we start with the generally 
accepted formula 

(lOa) 

where Vi is in miles per hour, hi is in inches of water, and the standard conditions of 760 milli­
meters mercury and 16 0 C. are assumed. 

If equation (6a) is written in this form, there results: 

Oonsequently-

• This is merely anotber way of writing (6a). 

Vi = / Kg d ..J7~ = O..Jhl -y IPO 
(6b) 

• Approximately. The constant was assumed as 17.9 instead of 17.89. The difference is negligible, and equation (IDa) will be assumed In tbis 
report to apply to indicators (or use with botb tbe Army aud Navy type Zahm tubes. 



14 REPORT NATIO orAL ADVISORY COMMITTEE FOR AERONAUTICS. 

In order that the results may be in C. G. S. units, the constant 17.89 should be changed so 
that in (lOa) Vj shall be in centimeter. per second and hi in centimeters of water, i. e. 

Vj = 501.8-Vh,. 

Equating the expression I Kg d to the constant 501.8 and substituting the numerical -V IPO 

values of d and Po, we obtain 

or 

K 1 = 0.003253 
g 

K ,=3.18S (g= 9S0). 

~l G then equals 6.38, which is seen to agree well with the low-pressure wind-tunnel data for the 

Zahm tubes.7 

Toussaint-Lepe1'e .- l'hese air-speed nozzles (see fig. lc) have been used to some extent by 
the United States Air Service, both because they are ea ier to mount ahead of the leading edge 

I 
.7041r-- - 3.86" ~­

G= . /37 " 
6 ;.300" 
cc.474" 
;·./58" 
d= 30·/7' 
e = 6°16' 

FIG. Ic.-Toussaint-Lepere Pitot-Venturi . 

of the airplane than are the Zalun tubes and because the Toussaint-Lepere air-speed recorders 
have been used in performance testing. 

In their manufacture no special conditions are imposed as regards construction tolerances, 
so, as a result, appreciable differences occur in the dimensions of individual tubes. Conse­
quently, these tubes have no standard calibration curve and their performance varies appreci­
ably. The French practice, therefore, is to calibrate separately each Tous aint-Lepere tube 
with its corresponding recorder and to determine in this way the performance of each individual 
outfit . 

In spite of the possibility for error thus arising tlu'ough the method of construction of the 
tubes, the three Tous aint-Lepere tubes tested in this investigation gave fairly consistent 
results. On this account a constant based on data for three different tubes has been determined 
for the e nozzles. The first va.lue was obtained from the test, the results of which are tabulated 
in Table II and in which the air speed was varied from approxima.tely SO to 285 miles per hour. 
The rema.ining two va.lues were obtained from two other tubes tested in the low-pressure wind 
tunnel at air speeds ranging from approximately 20 to 90 miles per hoUl'. (See figs. 9f and 9g.) 
In obtaining these three averu,ge values, the data obtained at air speed below 40 miles per hour 
were discarded, since the viscosity effect was noticeable below these speeds. It was also found 

6 K, the Pitot tube constant,lis~ . 

7 KI PI D ")p ]( =1' for large "alues of --;;- . ee equation (13a). 
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that the value of the constant was appreciably higher for the one observation made at a speed 
above 250 miles per hour, so this value was discarded also. 

The data shown in Table II and plotted in figure 2 were obtained from a test made by one 
of the authors in the high-speed wind tunnel at McCook Field.s 

TABLE II.-Toussaint-Lepel'e, identification No. X9. 

Air speed 
(m.p.h.). 

83.0 
112.7 
153.0 
195.5 
236.2 
268.0 
287.5 

Pi tot head Pitot-Vemuri 
in incbes bead h, 

water. (incbes water). 

3.0 13.1 
5.5 24.6 

10.0 44. 8 
16.2 72.0 
23.1 103.8 
29.6 129.7 
33.8 140.5 

- -----
4. 37 22,500 
4.48 30,400 
4.48 41,000 
4.44 52,100 
4.50 62,500 
4.43 69,900 
4.16 74,500 

Figure 2 shows that this tube obeys the pv2 law as well as the Pitot does up to at least 250 
miles per hour. The falling off in relative performance at the highest speed is probably a correct 
indication of what happens with this tube, but, owing to the fact that there is only one point 
which shows this tendency, further evidence is needed. 

By substituting in equation (6b) the data from which figures 2, 9f, and 9g, were plotted and 

then correcting Gfor air density by multiplying it by I"i., we obtain the values 20.5, 21.1, and -V Po 

22.1. The average of these values was assumed as characteristic of these tubes, so that the 
formula which would serve for the calibration of indicators for use with Toussaint-Lepere 
nozzles is given by 

(lOb) 

where VI is in miles per hour and hI is in inches of water. 
In determining the constant KI for the Toussaint-Lepere nozzle, equation (lOb) is first 

transformed to 
vl=595~ 

where VI is in centimeters per second, hI is in centimeterR of water, and standard conditions are 
assumed. 

Then 

whence 

and 

KI = 0.00231, 
9 

K 1 =2.26, 

~=4.52, 
which agrees closely with Figure 2. 

Badin single Venturi.-Both the Badin single and double Venturi nozzles (See figs. 1d 
and Ie) are adjusted to a standard calibration curve by the process of testing at a given speed 
(130 kilometers per hour) and then changing slightly, if necessary, the angles of the cones until 
the tube delivers the standard pressure at that speed within a fraction of a per cent. It is as­
sumed that a series of these tubes giving identical pressures at one particular speed and having 
a common zero will have exactly the same calibration curve. This is probably true over the 
ordinary speed range of heavier-than-air craft, but it is extremely doubtful if it is so at the lower 

8 Tbe autbors wisb to acknowledge tbe courtesy of tbe Engineering Division of the Air Service in placing the higb-speed wind tunnel at McCook 
Field at their disposal for several tests which are reported in this paper. Tb~ cordial cooperation of tbe wind-tuunel staff in tbese tests was Of 

material assistance. 
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speeds of lighter-than-air craft where the viscosity effect becomes appreciable, as will be shown 
later in this paper. 

The constant 0 for the Badin single Venturi tube was obtained from the data shown in 
Tables III and IV and plotted in Figure 3. The first set of data (Table III) was obtained from 
an ordinary wind-tunnel test in Bureau of Standards wind tunnel No. 29. The second set 
(Table IV) was computed from a standard curve furnished upon request by the designer of the 
nozzle, M. Badin. The agreement of the two sets of data is very good, as can be seen from in­
spection of Figure 3. 

TABLE IlI.-Badin single Venturi, serial No. 322. 
-

Air • peed 
(m.p.h.). 

--
1G.8 
19.5 
22.0 
25.3 
29.3 
33.7 

I 

38.2 
43.8 
46.7 
49.2 
50.4 
55.9 
60.4 
70.4 
81.2 
89.9 
98. 

100.8 
11],1 
122.8 
131. 
144. 0 

Pitothcad 
h (centi-
meters 
water). 

--
0.333 I 

.446 

.569 

.756 
J.Ol 
1.34 
1.71 
2.26 
2.55 
2. &5 
3.18 
3. 70 
4. 50 

I (;.05 
7.75 

I 9.52 
U.5 
13. <I 

I 
14.5 

I 
17.7 
20.5 
2-J.4 

Venturi 
head h, 

(eentime-
ters water). 

1.30 
1.85 
,2.25 
3.15 
4.35 
6.10 
.20 

11.70 
13.50 
15.10 
16.40 
20.50 
24.80 
33.20 
43.70 
54.80 
60.20 
77.10 
83.70 

105.70 
122.50 
146.80 

h, Dup 
Ii I' 

---
3.38 4,600 
3.59 .1,300 
3.42 6,000 
3.60 6,900 
3.71 8,000 
3.94 9,200 
4.13 10,400 
4.47 12,000 
4. 5~ 12,800 
4.58 13,400 
4.46 13,800 
4.79 15,300 
4.77 16 .iOO 
4.76 19;200 
4.89 22,200 
4.99 24 GOO 
4.99 27;200 
4.9 29,200 
5.00 30,300 
5.17 33,500 
5.19 36,000 
5.21 39,300 

o~0.55 I " 
b=0.018" 
c~0.315· 
d=2.126" 

e= 25' 
f'~ 8· 

F'G. Id .- Badin si.ngle \,pnturi. 

I 

I 

, 
I 

1f Vi is expl'e. sed in centimeters per second and hI in centimeters of water, equation (lOc) 
becomes 

Following the pr vious procedure : 

whence 

and 

Then 

Vi = 568.0 ,/7~ 

iKY d =568.0 ; V ,Po 

K, = 0.002539, 
g 

K,=2A88. 

J('=49 K . , 

which is in agreement with Figure 3 and the last eight values in Table IV. 
Badin d01.lble Venturi.-Table V and Figures Ie and 3 illustrate the design and character­

istic performance of the Badin double Venturi as given by a calibration curve furnished by M. 
Badin. A in the case of the Badin ingle Venturi, the ail' conditions for which the calibration 

• The wind-Lunnel tatr Of the Bureau of Standards cooperated in obtaining ordinary wind-tunnel data for a number of nozzles tested in this 
im·estigation. 
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curve was drawn are not known, so the French s tandard conditions of 760 millimeters mercury 
and 15° C. were as umed. Comparison of Figure 3 with Figure 9i shows that the low-pres urc 
wind-tunnel te Ls of B ftdin nozzle serial No. 320 agree very well with the curve furni shed by 
M. B adin. 

TAB [,1<; r V.- Badin .~ingle Vent.uri, calculnted from curvcfurnished b!l Badin. 

.\ ir speed head 11., head h I PiLot I Ventu ri 

(m. p. h. ). (entimc- (rentirne­
Ler' water). Lors water). 

12.4 0.190 0.3 
18.6 . 433 1.3 
24. .76, 2. 
3 1. 0 1. 200 5.0 
37.3 I. no .0 
43.5 2. :360 II. 2 
49.7 :l.OM 15. :1 
r,5.9 3. '90 19.7 
62.1 Uioo 24.0 
74.6 6.930 35. 0 
87. 0 9.430 46.8 

Joo.O 12.470 60.2 
I L1 .7 15. 580 76.2 
J24 1 19.200 94.5 

h, 
h 

1.58 3,800 
3.00 5,600 
3.65 7,500 
4. 17 9, 400 
4. 62 11,300 
4.7ii 13, LOO 
4.97 J5 000 
5.06 16; 900 
5. 00 18,800 
5.06 2'2,500 
4.97 26,300 
4.83 30, 100 
4. 9 33,700 

.4. 92 37,600 

The average value of Lhe con tant C was obtained from data at air speeds varying from 
50 to 125 miles per hour. At lower speeds the value increased appreciably. No correction 

1------5.28'·'------

1.28':"'" + ----4 "------I 

. r= , 161 " 
. //8

N 

c= .236 " T= .276" 
0= 5"28 ' d= .55 I " g= .039 · 
b=/6"40' e =. 786" i =.256" 

S tatic connectIon (Colombel modif'icotJ'on j 

F, , . le. - Badin double Ventur i. 

waf; made for air den ity, since the air conditions which the curve represen ted were not given, 
The equation which is taken as representing the performance of the Badin single Ven turi 

tube at air speeds above 50 miles pel' hour is 

Vi = 20.25 hI (lOc) 

where Vi is in miles per hour and h I i in inches of water. Tests a t high air speeds indicate that 
this relfttion probably holds good at least to peeds of 200 miles per hour. 

TAB LE V .- Badin double Venturi, calculatedfrom curvefurnished by Badin. 

'PiLot Yenturi 
Air speed head h head h, h, D l1p 

(m.I). h). (inches (inch s II ~ water). waLrr). 

-----
18. 6 0.66 4.5 6. 8 5,6~0 
24. ' . 0 9.1 7,520 
31.0 1.23 J2. 10.4 9,400 
37.3 I. 77 19.9 J I. 2 11,300 
43.5 2.42 .0 1l. 5 13,200 
49.7 3.15 3 .0 12.0 15,000 
55.9 3.99 4 • 12.2 J6,900 
62.1 4.81 61.0 12.7 J ,800 
74.6 6. 9~ 90.3 13. 0 22,500 
87.0 9.45 126. 5 13. 4 26,300 
99.4 12.32 172.5 14.0 30,100 

JII. J5.60 29..5.0 14.4 33,800 

I II 018-22-3 
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o cons Lan 1, could be determined [or Lhis nozzle, as the curve in Figures 3 and 9 show 
that the value 01 {(I was sLill increasing aL the highe t air pecds which could be attained. 

Bndm double Venturi. - This tube is designed to give a differential pre ure 13.6 times 
as great a Lhat delivered by a standard PiLot tube; in other word, 1,0 produce the same differ­
ential head 01 mercury as a Pitot tube would of water.IO It is tated by W. Hort that this 

1366 " 

6 .366" 

d= 19°14 ' 
e= 5"44 ' 

5"-

FIG. H.- Bruhn double Venturi. 

0 - 0 .394" 
b=I.73!"" 
c=0.3IS" 
r=0.488 " 

condition is not quite attained in the actual performance of the nozzle, so that the tubes 
must be calibrated individually. In the course of this investigation, however, a Bruhn tube, 
serial o. 370, just received from Germany, gave at high speeds almost exactly 13.6 times the 
pressure deli vered by a Pitot tube: hence this relation was a sumed to be standard. This tube 
(serial o. 370) was a new one, whereas the Lwo which were tested in the low-pressure wind 

1; 
J5 

6 

4 

2 

o 

I 

8 16 

• • • • • 

To ussoinf-L ep ere 
Idenfificafion No. X9 

I I 

24 56 64 72 80 

FIG. 2. R~sull s or [!'SIs in ord inll ry wind t lllllle\. 

tunnel were used during the recent war and showed signs of hard u age. On this account 
more confidence i placed in the result giyen by J o. 370 than in tho e giyen by o . 326 and 
333. Owing to the fact, howeyer, that No. 370 was received too late to be given te ts at 
reduced pre sure in the low-pre sure wind tunnel, re ult for No. 326 and 333 arc included 
in order to illustrate the viscosity effecL on these tubes. Table VI and Figure 4 give the results 
obtained in a test of tube No. 370 in wind tunnel o. 2 at the Bureau of tandards . 

•• mn nell es Instrument zur Gcsehwind i~keit sm sung au f Flugzeugen , W . fl ort, Zei tschrift fur FllIgI~~hnic und ~tolorluflschifTahrl, vo\. 9, 
J91 ~, p. 67. 



'1' .\ HLE \"T .-Bruhn dou/Jie Yenturi. serial ]1;0 .. ~7(j. 

I 
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14 

12 

10 

B 
p 

8 

6 

27. I 
:3.;, .~ 
17. I 
;')0.2 
;')2.1 
,")". :~ 
(j;j,9 
70,2 
i H ..... 
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101. 2 
1114, I 
IJ:J. 0 
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IZt 2 
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131.5 

1 

-

I-1--. 

r 

. 

Pitot Ycnluri 
h~ad " heat! h, 

'" D "p 
( inches (i nohc.' Ii " water). water). 

o ... q ~, ~ n.o .,120 
J. 4~ 14.4 9.7 9,710 
2.62 2'-:, -1 10. H 12,900 
2. n6 nH 11.1 I:l, 70~ 
3,20 :Ui.1i 1l.2 14 ,:lOO 
4.01 l(i , 6 11. G 10,000 
.1. '2 .')7. x 12.0 17,:)00 
,;, ~o 70,lj 12. I 19,20:) 
li, 94 ~() . 2 12.4 2 1,010 
'.40 IOj, 4 12.6 2:I,IOJ 
R. 72 112.7 12.9 2:3,;,00 
9.95 12'.0 13, ° 2;;1 10:) 

11.:19 149. fi 1:1. 1 26. ,(X) 
12 .. ,)2 Wti .. \ 13.:1 2 .... ,20,) 
11.7H W7. :l 1:1.1 ~~, 100 
1';.07 200 . • 13, 3 :l0,900 
16.5:) 22:1.0 13, ,; 32,300 
17. 's 243, ° 1:), 6 33,700 
19.5.3 261i.O 1:3,6 :\,;'200 
20.3:1 '177. :> 1:1.6 ;),;,900 
21. 32 29 1. 0 J:l,6 ~6, 800 

I 
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-~ 
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FIG. 3.-Res', lls of tc.~ ts in ordi nary wind tl1nn~1. 
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The calibration sho\nl in Figure 4 agree so well with the theoretical ,alue of 1:3 .6 that 

the ratio ~ for the Bruhn tube will be taken as 13 .6. 

Then E J =6. 00 

and J\~, = 0.OO(jf):39 
0-
<> 

The formula for the Bruhn tube can be written 

Vi = 12.2 h, (10d) 
\\~here Vi is in mi le per hour, hI is in inches of water, and t'andard conditions arc as umed. 
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The calibration curn)s plotted in Figure 5 are obtained from the formulas just given except 
in the case of the Badin double Venturi. Thi last is obtained from the curve furni hed by M. 
Badin.l.l (ee Table v.) The curves computed from the formulas (lOa-d) are only approxi­
mate at low speeds owing to the viscosity e[ect, but they are useful for reference purposes. 

8. DETERMINATION OF FORM OF () (:0, D~iP) 
In order to determine accurately the form of the function () (p;, D~iP) for low values of the 

argument, it was necessary to run a erie of tests for each type of tube at low values of the 

. bl Dvp ( DViP) I d' I" 1 1'[ h 1 . 1 d . vana e p. or p. . n omg t 11S It ma (CS no (1 erence w et leI' v IS (eCl'eaSe or P IS 

decreased, as far as the value of Dvp is concerned, but it does make a very appreciable difference 
p. 

14 

4- + 

. ~. j 
12 

~ .. 
~ 

10 

-] +- ... -1 
8 l ~ !l 

p 

+ 6 ~ 

Bruhn double Venfuri 

4 - Seriol No. 370 

fJ t 
2 -j 

o 

FIG. 4.- Resulls of lests in ordinary wind lunnel. 

in the magnitude- of the pressures deli,ered by the static plate and the tube under test, since 
these pressures depend on thc product pv2

• It can be shown that the pressures obtained when 
P is decreased are greater than if v were decreased enough to produce the same change in the 

value of Dvp. Thus the llse of a low-pressure wind tunnel makes it possible to obtain greater 
p. • 

accuracy of measurement at low values of Dvp than if extremely low speeds were used in an 
p. 

ordinary wind tunnel. 
DESCRIPTION OF LOW·PRESSURE WIND TUNNEL." 

The unusual features of the low-pressure wind tunnel (figs. 6 and 7) used in tIllS investiga­
tion warrant a fairly complete description of it. The tunnel was de igned to fit in one of the 

II Since the curve for the Badin double Venturi is obtained from experimental dala, it includes the viSCOSity effect, whereas the other curves, 
which (Ire plotted from eqnatlOns (LOa-d), do not. This fact explains why the cun'e for the Badin tube crosses that for the Bruhn tube. 

12 The aulhors are indebted to the airplane power plant section of the Bureau of Standards for permission to mount the wind tUTInel in one of 
the engiue altitude chambers and to the staff of thIS section for their cooperation in the tests. 
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new al titude chambers used for testing airplane enO'ines at the Bureau of Standards. 13 The 
chamber is approximately 14t feet long by 8 feet wide by 11 feet high. The tunnel was made 
11 ~ feet long, so that a space of about 18 inches was available at each end of the tunnel between 
the end of the cone and the wall. 

The entrance cone was made square in cross section and tapered, as shown in Figme 7, 
from 32 inches at the entrance to 16 inches at the throat in a distance of 3 feet. A wooden 
honeycomb was placed at the entrance with one layei· of mosquito netting 14 across it. The 
till'oat was 18 inches long and was square in cross section. A removable cover to which the 
Ven turi tubes could be attached was set in the top of the till·oat . The exit cone was made of 
sheet iron and was 7 feet long, tapering from a circular section 32 inches in diameter at the {an 
end to a section 16 inches square at the till· 0 at. 

Since a high air speed was not the primary consideration in the design of this tunnel, no 
attempt was made to u tilize the refinements by which the efficiency of a wind tunnel can be 
sligh tly increased, but ease of construction was given the preference. 

14 o I-Bodin double I I 
2-Bruhn 1 1 
3-Zohrn-Arrny, Navy 

120 

1... 
:;:'100 

~ 
"-o 80 
I!) 

~ .!:: 60 

~ 
~ 40 

20 

-4-Bodin singlerl, · 
5-Toussoint-Lepere I / 

II II 
I I, e 3/ 4J 

~t 17 17/ 
II J //5 

L I~ -
I ! '/ 

IV 
Ii' 

/ 
~ ~ 

/ Z ~ 
~ 

o 40 80 120 160 200 
Air- speed-MPH 

FIG. 5.-Calibration cun'CS for Venturi air-speed nozzles . 

A two-blade fan 30 inches in diameter was specially designed and used in this tunneL 
It was driven till'ough a belt by a 25-horsepower variable-speed motor. The maximum fan 
speed attained wa about 2,800 r. p. m. 

Figure 6 shows the door to the altitude chamber with the fan end of the tunnel just visible . 
The motor is mounted beneath this end of the tunneL Outside the chamber on the left of the 
door are the con troller and circuit breaker for the motor. On the right are shown the tlu'ee 
manometers u ed in the tests. Nos. 1 and 2 are inclined benzene manometers having slopes of 
approximately 0.07 and 0.4, respectively. The third is a vertical U-tube water manometer. 
The air density inside of the chamber can be computed from the readings of the barometer, 
shown at the left of the manometer, and the thermometer hanging in the doorway. The ther­
mometer was read through a glass window in the door. 

The air speed was measured by ·means of a static plate. Two static plates were set into 
one of the side walls of the throat, one near each end. Tests at various barometric preSSUTes 
showed that the upstream plate (the one nearer the entrance cone) gave more consistent results 
than the other , so this plate was used throughout the tests. 

The static plate was connected to the inclined manometers on account of. the small differ­
ential pressures involved, particularly at low speeds and high altitudes. In order that a more 

11 The assistance of Mr. Walter Kirby, of tbe aeronautic instruments section of the Bureau of Standards, in connection with the design of the 
low-pressure wind tuoneils acknowledged. 

" To damp time fluctuations of velocity and to produce a more nearly Uniform velocity distnbution o,er the cross sectiop of the throat. 

l 
I 
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open scale might be obtained, the plate was connected at low peeds to the inclined manometer 
with the smaller lope. At the ame time, the Venturi tube under test was connected to the 
oLher inclined manometer. Val ves were arranged so Lhat, when the benzene in either manome­
ter approached the upper end of the tube, the static 'plate connection could be shifted quickly 
to the inclined manometer of greater slope and the Venturi connection to the vertical manome­
ter. Thi arrangement proved very satisfactory. 

The inclined manometers were calibrated again I, a water column which was re~d by 
means of a eathetometer. As the relation between the manometer reading and the corre-

Fro. 6.-Altitude chamber. 

sponding vertical head of water is not generally linear at low pressures, it wa necessary to plot 
the ratio of vertical head of waier to manometer rectliing against manometer reading for cach 
manometer and to rcl'er to these plot in reducing the ob ervaLions. 

The static plate wa calibrated again t a standard Pitot tube at variou ' baromekic pre -
sures. Upon plotLing the pressure deli"vered by the static plate again. 1, that cleli"Vered hy the 
, tand,trd Pitot, it \Va found that a traight line resulLecl for each giyen air density, and that 
changing the air density resulted in alterina the slope of this line sliahtly. Thi [act made it 
possible to change the static plate readings to standard Pitot readings very easily for any gi"Ven 
pressure, The ratio of the Pitot pressure to the corresponding static plate pres ure wa deter­
mined for calibrations at four different air densities ranging from about 0.0004 to 0.0012 gram 
pcr cubic centimeter. When these ratios were plotted against air density 15 they were found 

" 'Phis ratio would undoubtedly prove to he a function of Du
p

; hut since the air temperature was practically the same ill all of the tests, vand 
P were the only independent variables. " 
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to lie quite clo ely along a straight line. (Fig. .) Consequently the most probable straight 
line was determined for the four points and was used in reducing ob ervations. 

To determine the true air speed at the throat of the tunnel the following method was used: 
The pressure delivered by the static plate was determined from the reading of the inclined 
manometer and the calibration curve for the manometer. Froni the static plate calibration 
(fig. ) the corresponding pre ure for the standard Pitot tube wa obtained. Then the air 
speed was computed from equation (3b). 

ince, in the ca e of a Pi tot-Venturi nozzle, both the Pitot and the Venturi can not be placed 
at the center of the tunnel simultaneously, it was nece sary to determine the velocity distribu­
Lion over the cross section of the throat of the tunnel. This "Tas done over an area 8 inches 
square symmetrical with respe t to the cenLer of the tunnel and with the sides horizontal and 
yertical. This area wa sufficient to include the openings of all the tubes tested. 

The velocity di tribution was studied over the range of barometric pressure used in the 
tost which follow. Almost without exception the variation was within 1 per cent. In no 
en e was this value greatly exceeded. 

LOW-PRE SURE WI D-TU NEL TESTS. 

amples of all types of Venturi and Pitot-Venturi tube in common u"e were te ted in the 
low-pre ure wind tunnel. Particular attention wa paid to the Zahm tubes, both Army and 
Navy types, since these tubes are the most commonly u ed in the United tate . 
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FIG. 8.-Calibraliou curve for static plate. Low.pressure wind tUflUC\. 

Photograph of these tubes are shown in Figure 1, . A. C. A. Report No. 110, already 
referred to. Longitudinal cro s sections are shown in Figures la to If of this pre ent report. 

The tube to be tested waS mounted at the center of the tlu·oaL of the tunnel. The differ­
ential pressure delivered by the tube was mea ured for peed varying from approximately 15 
to 90 miles per hour. This process was repeated for a series of air pre sure from full atmos­
pheric pressure to approximately 250 millimeters of mercury. nder these conditions it ,vas 

found possible to reach values of Dvp as Iowa 1,500, using . G. . units and taking D a 1 
J.I. 

centimeter. These are distinctly lower values than were obtained with the old low-pro ure 

wind tunnel, with which it was found impossible to reach values of J)vp lower than 4,000· 
J.I. 

The readings taken during the te ts included the pre ure cleli'-ered by the taLic plate 
f\.nd the tube under test and the air temperature and pressure in ide of the chamber. With the 
Pitot-Venturi tubes the lower end of the manometer was connected to the Pitot and the upper 
to the Venturi. ince the Badin single Venturi ha tatic openings, Lhe lower end of Lhe 
manometer wa connected to the e. A mall auxiliary tf.tic tube 16 sometimes used with 
the Badin double Venturi wa attached to the nozzle and connected to the lower end of the 
manometer when this nozzle wa te ted. The Bruhn tube has no static pre sure holes, 0 

the lower end of the manometer was onnected to the downstream tatic plate. 
A sftmple table of data and computation is given below for Zahm nozzle serial No. 330. 

Owing to the amount of space required to tabulate the data and computations for all the 
tubes, only the plot resulting from the data are given for the other tubes. (ee figs. 9a:"k.) 

II Colombel moclification, 
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TABLE VII.-Zahm nozzle, serial No. SSO. 

1 
\ 

2 3 4 5 6 7 8 9 10 1l 
\ 

12 

I 
13 14 

Reia-
Bar. Air viscosiLy 'frueair Indicated h, Dvp DVi P 

live 
Run pres. Temp. Pit. prcs. Pit.-Vont. Air dOLlsity v den-

o. B (crn. t ·C. h (em. of prcs.h,(em. p I' speed air speed Ii I' I' Vi sity 
otRg.). water). of water). (gm ./em.'). (gms./em .sec.). v(cm./sec.). Vi (Clll./Sec.). p 

-1- \ -I· 
P.· 

--- --
0.505 2.58 915 80.5 5. II 5,820 5,120 1.13S 

.710 3.34 1,080 920 ~:;~ 6, 70 5, &;() I. 175 
1.395 7.92 1,520 1,410 9,670 ,970 1.0RO / 
2.040 11.5 1,840 ~, ~~ 5.64 11,700 10, ROO I. 080 
2.82 J6.6 2,160 5. 9 13,700 13, 000 1 1. 055 

I 
3. 76 22.9 

2;; 
2;400 6.09 15,900 15,300 I. 040 

4.98 31.0 2, 2/800 6.22 1 ,300 17,800 1. 030 
5.53 34.2 3.030 2,940 6.19 19,300 18,700 1. 030 
6.13 37.9 3,190 3,090 6.19 20,300 19,700 1.030 

I 755 24.3 6.67 41. 4 0.001179 0.0001855 3,360 3,230 6.21 21,400 20,500 1. 040 I ~.966 7.69 49.4 ~,~~ 3,530 6.42 22,700 22,500 I. 010 
9.39 60.9 3,920 6.49 25,100 24,900 1. 010 
8.23 51. 9 3;700 3,620 6.31 23,500 23,000 1. 020 
7.18 44.4 3,450 3,340 ~:~ 21,900 21, ~OO 1. 035 
6.29 37.0 3,230 3050 ~,~ 19,400 I. 060 
5.76 35.4 3,090 2;990 6.15 1 ,900 I.03S 
3.25 19.6 2,320 N~ 6.04 14; 800 14,100 I. 045 
1.915 10.8 1,780 ~:~ 11,300 10,500 J. 080 
.565 2.74 970 '830 6,170 5,280 1. 170 
.510 2.45 920 785 4.80 5,8.<;() 4,990 1. 170 
.430 2.06 925 720 4.79 4.900 3,820 I. 285 
.805 4.51 1,270 1,070 ~:~ 6,740 5,670 1.190 

2.31 J3.80 2,150 1,870 11,400 9,920 1.150 
627 23.3 4.13 24.9 

.000982 .0001 -I 2, 70 2,500 6.03 15,200 13,200 1. 145 .804 5.55 34.4 3,330 2,940 6.20 17,600 15,600 I. 135 
2 7.96 49.9 3,990 3,550 6.27 21,200 1 ,800 1.125 

5.82 36.4 3,410 3,030 6. 26 18,100 16,100 1.125 \ 3.61 21.9 2,680 2,350 6.07 14,200 12,500 1.140 
623 23.3 1. 265 7.11 } .000976 .0001 '1 { 1,590 1,340 5.62 8,3RO 7,070 1.185 .799 .445 2.06 945 720 4".63 4,980 3,800 1.310 

.355 1. 49 925 615 4.20 4,050 2,690 1.505 

.460 I. 93 1 050 700 4. 22 4,600 3,070 1.500 

\ 

1.900 10. 65 2; 140 1,640 5.61 9,380 7,180 1.305 
3.77 22.4 3,020 ~;m 5.94 13,200 10,400 1.270 

3 516 22.9 6.52 39.9 .000811 .0001847 3,970 6.12 17,400 13,900 1.250 .664 
4.22 25.4 3,190 2530 6.02 14,000 11,100 1.260 
2.12 12.4 2,260 1; 770 5.85 9,900 7,760 1. 275 
.480 2.05 1,080 720 4.27 4,730 ~,~ 1.500 
.355 1. 45 925 605 4.09 4,050 I. 530 
.280 1.10 940 525 3.93 3,170 1;770 1. 790 
.425 1. 75 1,160 665 ~:Q~ 3,910 2,240 1. 745 

n. j 
1.200 6.10 1,940 1,240 6,540 4,180 I. 565 
2. 83 16.0 2,980 2,020 5.65 10,100 6, 10 

1.

485

1 

, 396 5.19 30. .000623 .0001845 4,040 2,790 5.94 13,600 9,400 1.450 .510 
3. 48 20.4 3,310 2,270 5.86 11,100 7,660 1.460 
1.620 11. 2,260 1,730 7.28 7,620 5,830 1.305 
.370 1. 55 1,080 625 4.19 3,640 2,110 1. 730 
.275 1. 05 930 515 3. 2 3, 130 1,740 1. 905 
.195 .630 905 400 3.23 2,290 1,010 2.260 
.205 .670 930 410 3.27 2,350 1,040 2.270 
. 315 1.165 I 150 5·10 3.70 2, 910 1,370 2.160 

I 
.615 2.45 1;610 7M 3.97 4, 070 1,990 2.100 
.720 3.09 1, 740 880 4.29 4,400 2,230 1. 980 

1. 390 6.74 2,420 1, 300 4.M 6,120 3,290 1.860 
I. 7 9.66 2,ROO 1,560 5.16 7,080 3,950 1. 795 
2.5R 14.4 3,290 1,910 ;;.58 ,320 4,830 1. 725 
3.00 ],5.9 3,550 2,000 5.30 , 980 5,060 1. 775 . 382 5 297 22.4 4.04 23.4 .000467 .0001 45 4,120 2,430 5. RO 10,400 6,150 1. 695 
3. 49 19.9 3,830 2,240 5.71 9,690 5,670 1. 710 

. 2.87 15. 3,470 2,000 5.51 8,780 5,060 1. 735 
2.16 11. 8 3,010 1,730 5.46 7,620 4,380 1. 740 
2.06 11.6 2,940 1,710 5.64 7,440 4,330 1. 720 
1.33 6.5 2,360 1,~ 4.95 5,970 3,270 1. 830 
.695 2.9·1 1,710 4.23 4,330 2,180 1.990 
.275 .960 1,080 490 3.49 2,730 1,240 2.205 
.210 .670 I 940 410 3.19 2,380 1,0!0 2.290 
.195 .630 905 400 3.23 2,290 1,010 2.260 
.060 

~I r 
550 215 3.08 1, 180 460 2.560 

I 
.120 .365 775 305 3.08 1, 660 652 2.540 I 
.145 . 485 850 350 . n§ 1, 20 750 2.425 
.250 .870 1,120 470 2,400 1,010 2.385 

6 1 

.410 1.61 

.0001 25\ 
1,430 640 3.93 3,060 1,370 2.240 

I 245 1 5 .575 / 2.47 .000391 1,700 790 4.30 3,640 1,690 2.150 .320 1.00 
5.12 I 2,240 1, 140 5.12 4,790 2,430 1. 965 

.540 2.27 1,650 755 4.20 3,530 1,615 2.185 

I 
.360 1. 32 

I 

1,340 575 3.67 2, 70 1,230 2.330 
.175 .590 935 3 -

n~ 2,000 24 1 2.430 .140 .445 835 335 1, 790 717 2.495 I .075 .225 J 613 , 240 3.00 1,310 514 2.550 
I I 

-

,. 
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In Table VII, column 1, 2, and 3 are self-explanatory. 
Column 4 give the Pitot pre sure5 correspondi.ng to the ai.r speed and air densities exist­

ing in the throat of the tunnel when the ob er'Vations were made. Actually, a ha already been 
explained, these pressures were determined indirectly by measuring the tatic pressure drop' 
in the throat of the tunnel by means of a tatic plate conn cted. to an inclined benzene manom­
eter. The reading of the inclined manometer were Lhen changed. to verLical head. of water 
by mean of the calibration curye for the manomcLer. These head of waLer, which were for 
the static plate, were then changed to the corresponding head for the standard Pitot by mean 
of the curye shown in Figure 8. The heads thus determined arc those given in column 4 and 
are related to the true air speed v by equation (3b) . 

Column 5 gives the differential pressures deliyered by the Zahrn tube. The e pressures 
were obtained by reducing the inclined manometer readings to yertical head of water or reading 
directly from the yertical water U-tube, according to which manometer was used. 

The air densities existing in 'the chamber at the time when the ob eryations were made 
arc giyen in column 6. They arc computed from the formula 

ETo 
P= Po B-;T (11) 

where Po = 0.001221 gram per cubic cenLimeter for the stan lard conditions to = 16°C. (To = 2 9°) 
and Bo = 760 millimeters mercury. 

Sutherland's formula , giyen below, was u cd. for Lhe determination of the air yi cosities 
gi'Ven in column 7. 

J.l = Po 

1 119.01 
+ 273 I T 

1 119.4 -V 273 +-r 
(12) 

where' J.lo was tttken as 0.0001733 gram per cenLimeLer per sm'ond at O°C. 
Values of the true ai.r peed v are given in column These are computed from the equa-

tion: 
h=J{~v ' . 

y cl 
(3b) 

The value of J{ is obtained from the equation for the standard Pitot: 
9 

v = 28.313.f!i (lOe) 

where v is in mi.les per hour and h is in centimeters of water. To obtain v in centimeter per 
second, we multiply the constant 28.313 by 44.70 and obtain 

Now 

v= 1266-Jh. 

I gd =1266 -V Kpo 

and Po = 0.001223 gram per cubic centimeter, since the constant 28.313 corresponds to the 
wind-tunnel standard conditions of 760 millimeters of mercury and 15.6°C. 

Whence 

or 

K, = 0.0005102 
9 

K = 0.5000 (g = 980). 
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Thi value of K agree "Titrnn the limits of rrccumcy of these computations with the value 
of [( from the theoretical PitoL formula 

pv2 Kpvz 
h= =--. 

2 gd gd 

In this formula J(=~. Con equently, for thc purpo e of computing PI, there i no need p 
of correeLing the heads delivered by the standnrd Pitot u ed in this inve tigation to the values 
which would have been obtained from a Pitot who e performance was in accordan e with the 
theoretical Pitot formula. 

Column 9 give values of the indicated air peed Vi computed from 

hI = ~1 d Viz (6a) 

in which KI = 0.003253 (for Zahm tube) and the value of hi are taken from column 5. 
g 

Columns 10, 11, 12, and 13 are the plotting ~able. olumn 10 and 11 are u ed to furnish 
h p . Dvp Dvp 

tbe plot of -1 or I aaal11st . The alue of the variable -- are computed from the 
h p 0 J.I. J.I. 

value of p, J.I., and V found in columns 6, 7, and , respectively, D being taken as 1 centimeter, 
ince C. G. S. units are u ed. The choice o[ D i purely arbitrary, since it represent any corre­

sponding linear dimension of a erie of geometrically similar tubes; for example, the throat 
diameter or the length of the tube. Owing to the fact that, except for everal group of two 
or three identical tubes each, the ones used in thi investigation were not geometrically similar, 
there is no restriction whatsoever upon D, and so it is arbitrarily cho en as 1 centimeter for 
all the tubes. Thi means that the curves for the different tube can not be compared among the 
themselve a far as ab cissre are concerned. In fact, if the tubes were geometrically imilar 
we should obtain the arne curve [or aU the tubes, provided the D' were taken proportional to 
the size of the tubes fwd the roughne s of the surface was in this same proportion. 

Since 
pv2 

71,=2 gd' 

the ordinates of this curve are twice tho e in the corresponding plots in . A. C. A. Report 

J o. 110, where ;~z wa u eel. That arrangement i more logical from the purely phy ical 

standpoint, but the pre ent urrangemen is deemed better for this report, since the ordinate 
is a direct mea urc of the ratio of the pres ure delivered by the Venturi .(or Pitot-Venturi) tube 

to that given by a Pitot tube 17 for different values o[ Dvp. It al 0 gives the ratio of!£ 
J.I. K 

for the tub s, since 

T.r ? 

h= .upv' 
gd (3b) 

and 

h = KIPv
z 

1> (Dvp) 
1 gd J.I. 

(5b) 

from which it follows that 

(13) 

17 This ratio i5 sometimes called the efficiencv 0 1 the Venturi tube. 
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and 

For sufficiently great values of Dv
p
, 

J.L 

.. 

for the e values. 

cJ> (D:p) = l 

h, _ K, 
71, - K 

29 

(13a) 

In the region where (13a) holds, the tube follows the pv2 law. 

Figure 9 contain the data for determining the form of the function e (:0, D:iP) for the 

different types of nozzles investigated. The data are prepared for this purpose in columns 12 
and 13 of Table VII for avy type Zahm nozzle No. 330. The relative density given in 

column 14 is u ed in computing values of v from equations (17) and (18). 
Vi 

9. PERFORMANCE OF VENTURI NOZZLES AT VERY HIGH SPEEDS. 

As far as can be determined from the available data, the efficiency ~'for each of the 

Venturi tubes tested in this investigation remains constant for a considerable range of values of 

Dvp above the region where the visco ity of the air affects the performance of the tubes. As 
J.L 

the value of Dvp continues to increase, however, a point is reached where this ratio begins 
J.L 

to decrea e once more. This decrease in efficiency pos ibly may be due to the compressibility 
of the air, but this has not been proved as yet. 

A brief discu sion will be given here of the performance at high speeds of the nozzles tested 
in this inve tigation in order that the upper limit of the range over which these tubes obey the 
pv2 law may be e timated. 

Zahm, Army and Navy.-In Part II of Report 110, Figure 7, are plotted the data from 
tests of an Army Zahm tube in the wind tunnel of the Aerotechnic Institute at St. Cyr. 
Assuming standard conditions and computing the speed corresponding to the highest values of 

Dvp given there, the value of 150 miles per hour results. There i no indication from the plot 
J.1. 

that the speed at which the efficiency of the tube decrea es ha been reached. 
Further corroboration i obtained from the following re ults obtained by one of the authors 

from ate t made in the wind tunnel at McCook Field in December, 1919. 

TABLE VIII.-Army Zahm, serial No. 327. 

Air speed 
(Ill . p. h.). 

37. 
46.7 
73. 9 

.8 
100.9 
lI6.7 
131. 5 I 
148.7 

Pitot Pi tot· . I 
bll!'-d II ~:~~UII~l ~ Dvp 

(centlmeters (centimeters II !' 
water). water). 

- ' /-.-
1. 7 9.40 5. 28 J 1,400 
2.72 16.25 5.9 14,000 
6. 86 45. 7 6. 66 22,200 
9.91 63.0 6.36 26,800 

12.70 81. 6.44 30,800 
17. 02 113.0 6. 64 35, 100 
21. 59 14J. 0 6.62 39,600 
27.69 lBO.3 6.52 44,800 
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The e results are plotLed in Figure 10. 
Te ts conducted by Lhe Engineering Division of the Air ervice at McCook Field indicate 

that the formula 
17 = C.,Jh (with p constant) 

represents the performance of the Army type Zahm tube from the lower peed of heavier-than­
air craft up to 200 miles per hour.1s 

o high-speed data on Navy type Zahm tubes are available for thi report. Only experi­
ment can determine whether this type of nozzle will perform in a cordance with the pv2 law 
to as high a speed as does tJ:.e Army type; and before it is used at the higher flying speeds, 
it performance at the e speeds should be carefully investigated. 

Toussaint-Lepere.- Figure 2 and Table II show the result obtained from a test of a 
Toussaiut-Lepere nozzle in the high-speed wind Lunnel at McCook Field. Thi nozzle does not 
appear to be affected appreciably by compre ibility up 1,0 peeds of at least 240 miles per hour. 

Badin single Venturi. - T aule III and Figure 3 show that there i · no decrea e in 
the efficiency of the Badin nozzles up to air peed 'of approximately 145 mile per hour. Tes ts 

P, 
p 

6 

·l 
41--I-----!--t--+ 

2 

o 

FIG. 1O.-Results of tests in ordinary wind tunnel. 

48 

conducted by the Engineering Divi ion of the Air Service at McCook Field indicate that the 
efficiency of this type of tube does not decrea e until sp eds higher than 200 miles per hour 
have been attained. 

Badin double Venturi. - At the highe tail' peeds reached in this investigation, the per­
formance of this nozzle was affected by air viscosity. Con equently the region in which the 
tube obeys the pv2 law was not reached in thi inve tigation. 

Bruhn double Venturi. - T ests conducted by the Engin eering Division of the Air ervice 
at McCook Field indicat(' that the efficiency of the Bruhn tube starts to decrease at a speed 
between 150 and 1 0 miles per hour and falls oil' rapidly at speed above thi. If the value of 

Dvp corre ponding to the e peed are computed for the air conditions on which Table VI 
J..l. • 

and Figure 4 are based (760 millimeters mercury and + 16° C.), 45,000 and 54,000 re ult. 
Consequently, it may be expected that the curve in Figure 4 would take on a negative lope 

Dvp 
at some point between value of of 45,000 and 54,000, had observation been extended 

J..l. 

as far as this. 
10. DISCUSSION OF DATA. 

Accuracy and ra.nge of data.- Compariso n of Figur 11 (a and b) of Lhis report with Figure 4 
of Report llO shows clearly tho RuperioriLy of the data obtained in the new low-pressure wind 
tunnel over tho e from the old one. The curve are quite clearly defined and cover a greater 

.. Information as to the performance at high speeds 01 several of tho typ~s 01 air-speed Dozzle tested in this investigation \\ as furnished through 
the courtesy of the ~feCook Field instrument sect ion of tho Engineering Division, Air Rervice. 
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Dvp 
range of values of - than do the old one . This fact makes it po ible to show more 

Jl. 

conclusively than was done in Report 110 Lhat there i no measurable correlation between the 

ratio tl and either the den ity or the compressibility. 

Air density.-In Figure lla arc plotted the data for Navy type Zahm Pitot-Ventmi serial 

1: o. 33. The values of 7~l corresponding to high air den ities are plotted as full circles, while 

open circles are used for values of 7~l,l corre ponding to low densities. In distinguishing between 

high and low air densities, the arithmetical average of all the densitie. involved in the low­
pressure wind tunnel tests of this tube wa . taken and those values greater than this average 
value called high; tho e Ie s called low. Where the density for a particular run was practically 
the arne as the average den ity, the points determined by thi run were not plotted. 

OompressibiZity.- In the same way points corresponding to high and low vttlues of the com-

Nav y-Zahrn Seriol No. 338 
o Low values oT density Toclor. e Low values oTcornpressibilifyTacfor. 
• High " " II " . - High ,." II II • 

0: 1 eoi.ct..P~ 0" l .... . I ~:~ eo';¥:. #00 • ~ ~ "fj.. 4;1 

6 ~-r-~'~~~-~-r-r--r-+--,~~~'~~~-~ 
r .: . • ' Ii· : t l 
f 0 I I t · · T 1 

~ ::_=f I-.--t-~_"_I~-+:!=~-,--II =~--:!-I=~-+i-_ -t--{~ ~I -f 1- ~ 
a b 

+--

o 8 /6 24 0 8 /6 24 32 
DutO )<10-3 
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FIG. 11.- EfTect of density and compressibility. 

pressibili ty variable p!2 are plotted in Figure 11 b. For purpo es of computing values of this 

variable, Ewas replaced by its equivalent, KB. No correlation between the performance of this 

nozzle and the compressibility could be detected for the range of values of Dvf!.. shown in this plot. 
iJ. 

This range corresponds to a speed range of from 10 to 90 miles per hour approximately. 
Still fmther evidence of this lack of correlation which, although not decisive, tends to con­

llrm the conclusion that the compressibility effect on the performance of Ventmi tubes is negli­
gible over the ordinary range of flying peed i to be found in the data given in Table II and 
plotted in Figme 2 of this report. These data were obtained from the test of a Toussaint-Lepere 
Pitot-Ventmi tube in the high-speed wind tunnel at McCook Field. The differential pre sure 
delivered by this tube was measured for speeds up to approximately 285 miles per hour. Inspec­
tion of this plot show that the ratio of the differential pressure Pl of the Venturi to the Pitot 

pressure P is constant within the limits of ~xperimental error between values of Dvp of 28,000 
Jl. 

and 6 ,000, corresponding to the approximate air speeds at sea level of 100 and 240 miles per 
hour, respectively. Below thi peed range the change in value of Lhe ratio is due to visco ity. 
The effect of compre sibility is included in the Pitot pressure p. The fact, then, that the ratio 
Pl/P remains constant for this particular tube over the range above stated indicates the possibility 
that the effect of compressibility on the Venturi tube is to increase the suction which it delivers 
in the same proportion as the Pitot pressure is increased owing to this same cause. This can be 
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seen from the fact· that the effective differential pressure produced by a Pitot-Venturi tube is 
equal to the numerical sum of the Pitot pressure and the Venturi suction ; i. e. , the ratio Pl /P 
can be written . 

(14) 

Now the only way in which the quantity s/p+ 1 can remain constant is for the ratio sip to 
remain constant. Consequently since it is known that compressibility increases p, s must be 
increased numerically in the same proportion by the same effect. 

The evidence thus presented showing an apparent lack of correlation between the perform­
ance of Venturi air-speed nozzles and the compressibility of the air is utilized in the present 
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paper as a basis for the assumption that the effect of compressibility on the performance of the 
air-speed nozzles discussed in this paper does not exceed the effect on a Pitot tube and so can be 
neglected over the ordinary range of flying speeds. This effect requires further experimental 
in vestigation. 

Hysteresis.- In some of the plots of the data obtained in the' Low-pressme wind tunnel n 
scaLtering of points occur in the region of sharpe t curvature. This suggested the possible 
existence of a small hysteresis loop there imilar to that found in the case of pipe line where 
turbulent flow changes to stream-line flow. If such 11 loop existed it would mean that, for the 

c'orresponding range of DVp, the differential pre sure delivered by the tube would not be deter-
• M 

minate unless it was known which side of the loop was being followed. An investigation of this 
feature, however, gave negative results-no hysteresis could be detected. 
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Oomparison of viscosity e.flects on different types of tubes .-Perhaps the most noticeable 
featme of the curves shown in Figure 9 and in Figure 12 is the marked viscosity effect upon the 
double Ventmi tubes as contrasted with the single Venturi and the Pitot-Ventmi tubes. The 
underlying cause of this has not been ascertained, but it has been found that the magnitude of 

the effect for single or double Ventmi tubes is measmed by the ordinate ~l when cp (D;p) = l. 

The discussion of the limiting values of J!..l will make the reason for this clearer. 
p 

It is interesting to compare the form of the cmve obtained for the Navy type Zahm nozzle 
with thatIor the Army type. Examination of Figure 9 (a to e inclusive) shows that the Navy­

Dvp 
type tube f'Ollows the pv2 law to somewhat lower values of --;;- than does the Army type. 

This is mainly the result of the larger throat in the Navy type Zahm nozzle. If the tubes 
were geometrically similar, then by choosing the D for each tube proportional to the diameter 
the two curves could be compared and, in fact, would coincide. N ow the tubes are not quite 
similar and so can not be compared directly, but the Navy-type tube has a till'oat twice the 
diameter of that of the Army type. Consequently, it would be assumed that, since D was taken 
as 1 for each tube, the Navy-type tube would perform in accordance with the pv2 law down to 

Dvp 
lower values of - than would the other. 

J.t 

Limiting value of PI/p.- Examination of the cmves obtained for Ventmi tubes, single and 
double, indicates that the prolongation of these cmves would pass through or very near the 

origin of coordinates. If it were known to be true that as Dvp approached zero PI /P also }J. . 
approached zero, the discrepancies from this assumed relation could be readily attributed to 
the difficulty of obtaining accurate data for these low values. It is obviously unsafe to infer 

what form cp (D:p) may take for very small values of the argument, but as far as observations 

could be extended, the indications were that pJp approached zero as Dvp approached zero. 
11. 

The curves obtained for the Pitot-Venturi tubes are observed to point in a general way 

toward the value PI= 1 for Dvp = 0. They thus corroborate the conclusions drawn from the 
P }J. 

Venturi curves, since: 

PI=I+~ (14) 
P P 

-ow as Dvp approaches zero, sip approaches zero as has already been observed. Consequently, 
J.t 

for Pitot-Venturi tubes, as far as observations were carried 

PI= 1 as Dvp =0 
P J.t 

Oritical pl'esS1tre-ratio curves .-The magnitude of the viscosity effect for each type of tube 
is shown in Figure 13 (a to e). In plotting these cmves, the point was first chosen (in fig. 9) 
where, as nearly as could be determined, the viscosity effect ceased to be appreciable; i. e., 

where the curve became horizontaL Then for the value of Dvp corresponding to this point, 
J.t 

values of p and}J. corresponding to a series of United States standard ail' altitudes (see Table IX) 
were substituted and the resulting equation solved for v. In this way a series of au' speeds was 
obtained corresponding to a series of altitudes. By plotting these speeds against the correspond­
ing altitudes a cmve is obtained which is called the II critical pressme-ratio" curve for the tube in 
question. It shows for each altitude the speed below which the performance of the tube is 
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affected by viscosity. The other curves are obtained in the same way except that the values of 

Dvp are selected for which the efficiency of the tube has decreased 10, 20, 30, and 40 per cent 
p, 

below its maximum value. The curves are then computed for the same altitudes as was done for 
the critical pressure-ratio curve and with the same assumptions as to standard conditions. In 
connection with these curves it should be remembered that a given percentage error in the effi­
ciency or pressure-ratio involves an error in the indicated speed of only half that amount. 

Oomparison of curves for same type of nozzZes.-One feature of the wind-tunnel data which 
might have been made more striking by the inclusion of other tests is the variation in the shape 
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of the curve obtained for different tubes of the same kind, tubes which were as nearly alike as 
they could be made under conditions of quantity production. The results obtained for the 
three Navy type Zahm nozzles, shown in Figure 9 (a to c), tested in this investigation illustrate 
this quite well. Although these three curves probably would be found to give the same calibra­
tion within less than 1 per cent at the high speeds, there are found appreciable differences at 
the lower speeds. Nozzle No. 330 is a copper-deposited tube, while nozzles Nos. 338 and 361 
are made of cast aluminum. Owing to the fact that Nos. 338 and 361 were made by a process 
different from that by which No. 330 was made, it might be expected that a greater difference 
would be found between the curve for No. 330 and that for either os. 338 or 361 than would be 
found in comparing No. 338 with o. 361. The difference between the curves for No. 338 and 
No. 361 is sufficient, however, to show that apparently insignificant differences in construction 
may affect the calibration curve appreciably at low peeds. This being the ca e, it is clearly 
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impossible to measme low speeds accurately with a Venturi tube unless the tube is given a 
careful individual calibration. 

This fact is significant in c.onnection with the calibration of the Badin nozzles. It is the 
custom to test these tubes at one fixed speed and to adjust the differential pressure which the 
tube delivers at that speed to within 0.5 centimeter of the standard pressure by making slight 
alterations in the shape of the cones. It is assumed that if the calibration curves for these Ven­
turis coincide at two points they will coincide throughout. This assumption unquestionably 
'would be true provided the tubes performed in accordance with equation (3a). Since the tubes 

perform according to equation (5a) instead and it has been shown that ¢ (D:p) may be affected 

seriously ,by apparently insignificant differences in the tubes, it is very doubtful whether the 
assumption is justifiable. It may be satisfactory, however, for the higher speeds . 

. Effect of rough 01' dirty throat.-The lower the speed at which turbulent flow still persists 
the greater will be the range over which the tube will perform according to the pv2 1aw. A slight 
roughness, therefore, or any other feature which tends to increase turbulence, may be an advan­
tage, provided it does not decrease the efficiency of the tube appreciably at the higher speeds . 
The fact that dirtying the throat of a Ven turi tube increases its efficiency at low speeds and 
decreases it at high speeds has been noted on several occasions by other experimenters. This 
phenomenon can easily be explained by the assumption that approximately stream-line flow 
exists at low speeds and turbulent flow at high speeds. 

--- -, 





REPORT No. 156. 
~HE ALTITUDE EFFECT ON AIR SPEED INDICATORS-II. 

PART II. 

THE ALTITUDE CORRECTION. 

1. INTRODUCTION. 

Part II of this report is devoted to a discussion of the correction of air-speed indicator 
readings for compressibility, density, and viscosity, to the determination of suitable empirical 

forms of the function (J (~, D~i p) for the Navy Zahm and Army Zahm Pitot-Venturi nozzles, 

and to the arrangement of the values of the density and viscosity corrections in a form suitable 
for use. 
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FIG. 14.-Effect of compressibility on Pitot tube pressures . 

2. THE COMPRESSIBILITY CORRECTION FOR PITOT NOZZLES. 

The effect of compressibility on Pitot tubes can be computed by methods indicated in 
Reports Nos. 2 (Pt. II) and 31 of the Jational Advis01;y Committee for Aeronautics. Figure 
14 shows the theoretical effect of compressibility on Pitot tubes. The curve is based on the 
data given by Zahm (Rept. No. 31) . There is some uncertainty as to the accuracy of the 
theoretical results owing to approximations introduced in the treatment. The indicated speed 
is slightly too high, if, as is customary, equation (6a) is used as the basis of the calibration of 
the indicator. 

3. THE COMPRESSIBILITY CORRECTION FOR VENTURI NOZZLES. 

The effect of compressibility upon the performance of Venturi tubes h as not yet been 
determined, as the discussion in Part I of this report has shown. The uncertainties invol ved 
in the assumptions which are required for a theoretical analysis are so great that the result is 

37 
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mainly of academic interest. In the present state of our knowledge regarding this question, it 
is probably safe to assume that the effect of compressibility on the performance of the Venturi 
air-speed nozzles in common use is negligible over the ordinary range of flying speeds at the 
present time, but this conclusion should not be extended to include speeds greater than, say, 
200 miles per hour until it has been verified experimentally for such speeds. 

4. THE DENSITY CORRECTION FOR PITOT NOZZLES. 

Equations (3a) and (6) represent the relations connecting the true air speed with the 
reading of a Pitot type indicator. By eliminating p from these two equations we obtain 

(
pO)I/2 VI 

V= P VIOl' V= ..[i' (15) 

FIG. lS.-Correctlou factors for Pitot type air-speed indicators. Multiply indicated air speed by factor obtained {rom this cbart. 

If it is considered preferable to use directly the barometric pressure and the temperature, 
equation (15) may be rewritten 

v=(~ofr2Vi (15a) 

The factor (~ir2 is represented graphically in Figure 15 which may be used in correcting 

the readings of air-speed indicators of the Pitot type for density. 

5. THE DENSITY CORRECTION FOR VENTURI NOZZLES. 

The density correction to air speeds measured by indicator of the Venturi type i expressed 

by equation (15) for the range of values of Dvp over which the Venturi obeys the pv2 law. In 
J.L 

general, however, a viscosity correction must also be made. These two corrections n,re n,pplied 
simultaneously by means of the method which is developed in this paper. 

6. VISCOSITY CORRECTION FOR VENTURI NOZZLES. 

It was shown in Part I , section 4, of this report that the solution of 

~=8 (&, DViP) Vi P J.I. 
(9) 

for V furnished a method of correcting the readings of Venturi and Pitot-Venturi air-speed 
indicators for altitude. 
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For sufficiently great values of DViP the ratio ~ is unaffected by viscosity and equation (9) 
f..I. Vi 

must there take on the form of equation (15) 

~=(~)1/2. Vi P (15) 

But equation (9) can always be written, 

~=if;1(~)if;2(~' D~iP) (9a) 

where if;1 (~) may be given any desired form. Consequently it may be specified arbitrarily that 

if;1 (~) shall be of the form (~) 2 given by equation (15). Equation (9a) may now be written 

~=(~)1/2 (~, DViP) Vi P P f..I. 
(16) 

the subscript (2) being omitted since it is no longer needed. For sufficiently high values of DViP, 
f..I. 

if;(~, D:iP) is equal to 1. 

An empirical form of equation (16) will now be determined for the Zahm nozzles, Army 
and Navy types, tested in this investigation. 

In Figure 16 are plotted values of ~ against DViP for various values of P from Table VII for Vi f..I. 

Navy Zahm tube serial No. 330 and from similar data plotted in Figure 9 for the other tubes. 

The points represent the experimental data. The form of if; (;, D:iP) best fitting the data ' 

obtained from the three Zahm avy type nozzles was found to be 

where 

[ ( )

1/2 Po ] 1 + 0.36 ; e- O,OOO18 -;; Z 

Z=DViP 
f..I. 

so that equation (16) assumes the form 

V ( )1/2 [ ( )112 Po ] Vt=; 1+0.36 :0 e- O,OOO18-;;Z (17) 

(Zahm, Navy type.) 
The form of equation (16) best fitting the data for the two Army Zahm tubes tested in this 

investigation was found to be 

~= (; y/2 [ 1 + 0.41 ('; YJ

2 e-O.OO017 ~ z J (18) 

(Zahm, Army type.) 

The form of if; (~ D:iP) is assumed the saine for both the Army and Navy type tubes: 

the differences are taken care of by varying the constants. 
The full lines in Figure 16 represent equations (17) and (18) computed for the values of P 

for which the experimental data were obtained. It will be seen that the computed values 
from the equations agree with the experimental values very well indeed. 
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Figures 17a and 17b show the correction curves obtained by plotting equations (17) and 
(18), respectively. Curves were plotted for densities varying from 0.0004 to 0.0014 gram per 
cubic centimeter, which covers a sufficient range to include any observations which may be 
obtained in ordinary flying or in performance testing. It will be observed that the value of 

th t [ 0 36 (
Po)1I2 - 0.00018 e... Z] . . ( ~ ) h d' . . . e erm . p p, p m equatIOn 11 or t e correspon mg term m equatlOn 

(18) decreases very rapidly as Z increases and that when this term becomes negligible, equations 
(17) and (18) both reduce to equation (15) which is used to correct air-speed readings for den ity. 
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This is illustrated graphically in Figures 17a and 17b by the curves becoming horizontal. If 
these horizontal portions of the curves were continued horizontally until they cut the axis of 

~, they would represent the density correction as given by equation (15) . The curvature is due 
VI 

to the viscosity correction. The curves corresponding to the lowest densities are continued to 

values of DViP corresponding to V= 200 miles per hour upon the assumption that United States ' 
J.l. 

standard au" conditions exist. The other curves are horizontal beyond the lllnits of the plot, 
and so the values of the correction factor can be taken from the edge of the sheet. 

The correction curves in Figures 17a and 17b are suitable for performance testing where the 
necessary observations can be taken during flight find the true au" speeds computed later in 
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the office. Owing to the work incidental to computing the value of DViP, these curves are not 
f..£ 

suitable for use in the air. For such use and, in particular, use on dirigible airships, a special 
set of curves has been prepared in which constant values of Band Thave been assumed. Any 
deviation from these conditions will cause an error in determining the true air speed, but by 
proper interpolation, this error can be kept much smaller than that incurred by ignoring the 
viscosity effect. 

These curves which are suitable for use on dirigible airship are illustrated in Figure 18. They 
are computed from equation (17) with United State standard air (Radau air) conditions assumed. 

( ee Table IX.) That is, by assuming Band T, we can plot '! against V i ' In order to allow 
Vi 

for all pos ible variations of B, T, and Vi it would be necessary to make use of four-dimensional 
space or to construct a family of surfaces in three-dimensional space, since there are four variables, 
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B, T, VL, and .!. This is, of course, out of the question for use in the air where conservation of 
Vi 

pace and ease of use are so importanL. The scheme adopted was to plot families of curves for 

f our values of t, + 40°, + 20°, 0° and - 20° C, ~ being plotted against Vi' The curves of any 
Vi 

one family are plotted for suitable values of B covering the range of pressures which dirigible 
airships in their present state of development are likely to experience. The values of B assumed 
vary from 750 to 400 millimeters of mercury corresponding to isothermal altitudes of approxi­
mately 350 feet and 17,000 feet, re pectively. The range of Vi was taken from 5 miles per hour 
to 100 miles per hour, which should be ample for present purposes. 

The correction curves shown in Figure 18 were computed from equation (17) for the N avy­
type Zahm nozzles. These curves may be used, however, for both Army and Navy type tubes 
since the largest error thus introduced into the correction factor i not over 3 per cent. (Thi 
is at extremely low speeds.) The corrections for the Army tubes are slightly greater where 
viscosity is appreciable than are those given in Figure 18. 
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In order to use the correction curves shown in Figures 17a and 17b it is necessary to com­

pute the value of DViP from the observed quantities V i , B , and t. First the value of VI should be 
J.! 

corrected for purely in trumental error , either from a calibration curve for the indicator used or, 
better still, from a flight-history test.iO The value of Vi as thu corrected is the one which should 

be used in the computation of D Vi P. The value of P can be computed from equation 11 or can be 
J.! 

obtained from Figure 19. The value of J.! can be obtained in C. G. S. units from equation (12), 
or from Table X. It should be remembered that D is assumed as 1 centimeter throughout this 
paper. 

When using Figures 17a and 17b the values of Vi , P, and J.! must be reduced to the centi­
meter-gram-second system. In case it is desired to utilize the correction curves in Figures 178. 
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FIG. 17b.-Correction curves for t he altitude effect . 

and 17b using English units in place of metric, this can be accomplished by substituting in the 

variable DViP, D = 0.0328 feet (the equivalent of 1 centimeter) Vi in feet per second, P in pounds 
J.! 

per cubic foo t , and J.! in pounds per foot per second. 

Graphical methods can be developed easily for computing the values of DViP , but will not 
J.! 

be attempted in thi paper . 

7. ILLUSTRATIVE EXAlVIPLES. 

Two examples illustrating the u e of the correction curves developed in this part of the 
report are given below. The first is based on the data obtained in the flight test referred to 
in Part I of Report 110, page 19. The determination of the true air speed is made by the methods 
which would be used in the office. The second example involve purely hypothetical data and 
illustrates the quick but approximate methods of reduction which could be used in the air. 

E XAMPLE 1. 

The following data were obtained during a flight made at McCook Field on December 20, 
1919, by one of the authors . 

" A fligh t-history test is one in which the factors of time, barometric pressure, and instrument temperature are made to repeat in the la boratory 
the conditions of the flight. 
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Air speed from indicator using Army Zahm-type nozzle . .. . .... .............. m.p.h .. 58 
14,900 

-11 
58.8 

14,690 

Al timeter reading ..................... . ...... .. . ... .............. . .... . ....... feet .. 
Air temperature .. ....... . .... . .............. ... . ....... .. .. ..... ... ..... . ...... °0 .. 
r ndicated air speed VI corrected from flight·history test 20 •...•••• .• ••.•••••••••• m. p.h .. 
Altimeter reading, corrected from flight-h istory te t;o ........................... feet .. 
Barometric pressure corresponding to corrected altim eter reading (from B ureau of 

Standards altitude tables) .............................. ... .......... mm. mercury .. 443.6 
lil =58.8X44 .7=2,630 centimeters per second. 
1> =0.000785 gram per cubic centimeter, from Figure 19. 
1'= 0.0001675 gram per centimeter per second , from Tahle X . 
D=l centimeter. 
D VI I> 2630 XO.000785 ? 20 

I' 0.0001675 L,3. 
I' 

[.' =1.27, b'om Figure l 7b. 
I 

v=1.27X58 .8=74.7 m.p .h . true air speed. 
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FIG. IS.- Correction curves for lISC in flight with Army and Na\'y Zallm r itot.- Vcnturi tubes. 

EXAMPLE II. 
The following observations were made on a dirigible airship during flight: 

Indicated air speed (corrected for instrumental errors) . . _. __ . . _ .. _ .. _._ ... ____ ... m.p.h.. 15 
Altimeter reading . ... ...... _ ..... _" _. _. _ .... . .. _. __ . _ .. _. _. _ . . _ .. __ ... _ .. __ ... feet .. 1,500 
Air temperature ..... _ . _ . . ... . . ... .... _ .. _ .. ___ .. _ ...... _ . __ .. __ ... _ .. ___ ..... __ . °0. . + 10 
Barometric pressure corre ponding to 1, 500 feet altit ude from Bureau of Standards 

altitude tables .. __ ............ ........ .. . .. . .... _ .. . ........ _ .. ... _ ... mm. mercury .. 719 
'v 
- =1.20, from Figure 18. 
III 

v=1.20X15=18 m.p.h . true air speed. 

'" For defini tion Of fligh t·h1story oost see footnote 19. 
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For purposes of comparison, the computation will be made, correcting for air density alone: 

.:!!.= 1.02, from Figure 15. 
Vi 

V = 1.02 X 15 = 15.3 m. p. h. air speed, corrected for density only. 

The error thus involved by ignoring the viscosity correction is seen to be 2.7 miles per hour, 
or 15 per cent of the true air speed. 

8. CONCLUSIONS. 

From the results which have been reported in this paper, it is possible to draw certain 
general conclusions as to the measurement of air speed. 

It is obvious that it is of little benefit to use a double Venturi for the low-speed flight of 
lighter-than-air craft, since the increased efficiency of the tube at the ordinary flying speeds of 

FO co 
40r--,-,Trrrn77~n.TTnn~~nn7Trr.~TT~~7T~~~ryuTrr.n7v7T.~7T~~7*.~ 

96 
8030r--r++~~rh~+A4Y~~~h&Y+fl7~~~+,A44~~~~~~~~~~~~~~~~u· 

6420r-~H7~~H7~~~Wh~~VA4Wh4~4Wh0~~~~~~~~~~~~~~~ 

FIG. 19.- Alr densitie.~ corr sponding to given pressures and temperatures. Deusities in grams per cubic centimeter. 

heavier-than-air craft is largely lost at the lower speeds. For example, upon examining the 
performance curve for the Badin double Venturi (Figure 9i) it is found that, while the efficiency 
is approximately thirteen times that of a Pitot tube at an air speed of 65 miles per hour, at 5 
miles an hour it is only twice that of the Pitot. With the Zahm Pitot-Venturi the efficiencies at 
the same two air speeds are approximately 6.4 and 2.5, respectively. Consequently the change 
of efficiency is much more in the case of a double Venturi tube, although the differential pressure 
delivered by the Zahm tube is less than that delivered by the double Venturi at all except the 
very lowest speeds 

Owing to the fact that the use of a Venturi tube does not solve the problem of obtaining 
sufficiently high differential pressul'es at low speeds to make practicable the construction of an 
indicator which will measure these pressures, it seems advisable to adopt a different type of 
indicator for such conditions. The cup or vane anemometer and the pressure plate are the two 
types which suggest themselves as suitable for low-speed measurements. 

A cup anemometer air-speed indicator which is direct reading has been constructed at the 
Bureau of Standards and has met both laboratory and flight tests satisfactorily. This instru­
ment when tested in the low-pressure wind tunnel at reduced pressures, showed less than 5 per 
cent altitude effect up to an altitude of 30,000 feet. Consequently the performance of this 
indicator is nearly independent of density. Furthermore, since the calibration curve of the 
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instrument was practically a straight line over its entire range (10 to 90 miles per hour), it has 
very nearly a uniform scale. 

A. pressure plate air-speed indicator might be designed to function accurately at low speeds, 
but it would certainly be subject to the density effect as expressed by equation (3a) and might 
be affected by viscosity or by some other change in the nature of the air flow at low speeds. 

The Venturi or the Pitot-Venturi tube will continue to have advantages for use on heavier­
than-air craft, since its construction and installation are simple and the differential pressure is 
so great that the indicators can be easily manufactured. 

The correction curves, Figures 17a, 17b, and 18, given in this paper can be relied on for use 
with the Zahm tubes, provided the latter are not damaged. 

The construction of similar correction curves for the Toussaint-Lepere tubes would not be jus­
tified, since these tubes are not subject to rigid construction specifications. While a set of curves 
representing the corrections for an average Toussaint-Lepere nozzle would probably give results 
which were more accurate than if the viscosity correction was entirely ignored, there would be 
so much uncertainty involved, owing to lack of information as to the calibration curve for the 
particular instrument, that the slight increase in accuracy hardly justifies the difficulty with 
which it is attained. 

The authors wish to express their appreciation of the assistance of Mr. C. T. Buckingham 
and Mr. D. E. Merris of the A.eronautic Instruments Section of the Bureau of Standards in con­
ducting the low-pressure wind-tunnel tests and in carrying out the laborious computations in­
volved in this report. Mr. G. H. Keulegan also gave valuable assistance in determining the 

form of the unknown function. 8 (ppo , D:iP
} 

TABLE IX.-U. S. Standard Ai1·. 

Altitude Pressure '£emperature Density 

1,000 feet . (=.Hg.). (OC.). (grams) 
cm.' . 

0 760.0 15.0 0.001225 
1 733.0 12.2 .001191 
2 706.9 10.7 .001156 
3 681.2 8.7 .001122 
4 656.6 6. 7 .001089 
5 632.7 4.8 .001057 
6 609.3 2.9 .001025 
7 586.7 + 1.1 .000993 
8 546.9 - 0.6 .000963 
9 543.8 - 2. 3 .000932 

10 523.2 - 3.9 .000903 
11 503.4 - 5.5 .000873 
12 484. 4 - 7.0 .000845 
13 465.8 - 8.5 .000817 
14 447. 8 -10.0 .000790 
15 430.5 -11. 3 .000764 
16 414. 0 -12.7 .000739 
17 397.8 -14.0 .000713 
18 382.3 -15.2 .000688 
19 367.5 -16.4 .000665 

20 353.1 -17.5 .000640 
2i 339.1 -18.7 .000619 
22 325.6 -19.7 .000597 
23 312.9 -20.8 .000576 
24 300.5 -21.8 .000555 
25 288.5 -22.7 .000535 
26 277.1 - 23.6 .000516 
27 265.9 -24. 5 .000497 
28 255. 3 -25.4 .000479 
29 245.1 

I 
-26.2 .000461 

30 235.2 -27.0 .00044.3 
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TABLE X .-Air Viscosities by Sutherland's Formula. 

Teterature Values olair Temr.erature Values of air 
viscosity viscosity C.) . (gID.9./cm.sec.). ( C.). (gms./cm.sec.). 

-40 0.0001520 +5 0.0001758 
- 35 . 0001548 + 10 .00017 3 
-30 .0001575 + 15 . 0001~8 
- 25 .0001602 + 20 .0001833 
-20 . 0001630 + 25 .0001858 
-15 . 0001656 + 30 . 0001882 
- 10 . 0001682 +35 

\ 

. 0001907 
- 5 . 000170 HO . 0001930 

0 . 0001733 
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