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REPORT No. 110. 
PART 1. 

THEORETICAL INTRODUCTION. 

This report was begun in the fall of 1917 in connection with the testing of air speed indi­
cators by the Bureau of Standards, and prepared at the request of the National Ad mory 
Committee for Aeronautics. 

1. OUTLINE OF INFORMATION REQUIRED. 

In order to convert the readings of an air speed indicator, after correcting for ordinary 
instrumental errors, into true air speed, two steps are necessary: 

(a) Arbitrary designation of standard atmospheric conditions near sea level. 
(b) Determination of the effect on the performance of the instrument, of the 

departure from those conditions which may be met at any altitude. 
In order to take the first step (a), it is necessary to have a complete enumeration of the 

conditions which influence the aerodynamic performance. It would not be enough to specify 
standard density, unless it were known that changes of density alone could modify the 
performance at a given speed. 

To carry out the second step (b), it is necessary to secure, theoretically or experimentally, 
such information as would provide data for drawing up a complete set of curves connecting 
the performance of the instrument, on the one hand, with each of the variables governing its 
performance, on the other haml. 

For exan:tple, in the case of the Pitot-Venturi type, a family of curves would be necessary 
connecting the difierential pressure with &peed, air density, air viscosity, and any other factors 
which appreciably alter the differential pressure. 

Precisely similar information is desirable for all the other types of air speed indicators. 
These instruments, so far as aerodynamic performance is concerned, may be classified somewhat 
as follows: 

1. Rotating surface type (Morell, etc.) . 
2. Direct impact type. 

(a) With surface in a fixed direction (pressure plate, etc.). 
(b) With var:iable direction of surface. (Pensuti, etc.) 

3. Differential pressure type. 
(a) Pitot tube (with static or with suction openings). 
(b) Venturi tube (with or without static openings; single or double throat). 
(c) Pitot-Venturi (Toussaint-Lepere; Zahm nozzle, . Navy; modified 

Zahm nozzle, U. . Army). 
4. Air flow type (Prouty) . 
5. onmechanical types (hot wire, etc.). 

Descriptive details of all these types are to be found in another paper.! 

1 General Report on Aeronautic Instruments, Investigation of Air Speed Indicators, by F. L. Hunt: National Advisory Committee for 
Aeronautics, to be published later. 
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4 REPORT NATIONAL ADVISORY OOMMITTEE FOR AERONAUTICS. 

This investigation was undertaken to supply, in some measure, the information outlined 
above as de irable. The extent to which such information was previously available is indicated 
in the following section dealing with the assumptions customarily made. 

2. ASSUMPTIONS CUSTOMARILY MADE. 

It ha ordinarily been assumed that the den ity alone i ufficient to fu the standard 
atmospheric condition, «(1,), and that a regard departure from this condition, (b), the indica­
tion of the instrument at a given speed is directly proportional to the density for air peed 
indicators of the direct, impact and difl'erential PH'S ure types and practically independent of 
density for indicators of the rotating vnne type. In fact, the direct impact and differential 
pressure typea are olloquially, though not cientifically, poken of as "p11''' instruments 
and th rotating vane type as " true air peed" instruments. 

The pv2 a umption is fairly satisfactory for direct impact and for Pitot tube instruments, 
but less so for Venturi tubes. In the case of the Pitot, it is recognized that a more accurate 
result can be deduced at the higher speeds by allowing for adiabatic compression of the air; 
and in the case of the Venturi, it is found by the present experiments that the viscosity of the 
air has to be taken mto account at the lower peed and higher altitudes. 

Disregarding compre ibility and viscosity, the correction for altitude is customarily made 
by the formula 

Vi 

V= '-/T (1) 

in which. V is the true and Vi the indicated speed and r the relative density at the level in 
question, i. e., 

r_P 
Po 

(2) 

where p is the actual and Po the standard density. At 20,000 feet the relative density is about 
one-half, so for that altitude v=vi-J,2 or the true speed is about 40 per cent greater than the 
indicated speed. . 

For graduating the dials to go with the Pitot-Venturi tubes of American manufacture, such 
u" the United State Army tube illustrated in figure 1, the Zahro nozzle formula 1 

P =.0031311' (3) 

is employed, in whi h V denotes the speed in miles per hour corresponding to a differential pres­
ure p inehe of water. 

This formula assumes for the tandard air density 1.221 X 1O-3gms/cm3
1 
which is the density dry 

air would posses at a temperature of 16° C. under the normal sea level pressure of 760 mm. 
mercury. 

3. LIMITATIONS OF DEDUCTIVE THEORIES. 

By means of thermodynamic reasoning, treat.ing the atmosphere as an ideal gas, it i possible 
to throw the Pitot tube formula into a more g neral one 

(4) 

in which the correction term a stand for a ertain complicated function which vanishes for a 
perfectly incompressible fluid, or for lIero speed. For a peed of 110 mile per hour 0 is of the 
order of 0.5 per cent and hould not hr neglected if the most probable re ult is required; and yet 
so many implifying assumption::'! have to he introduced in t.he drriyation that the result i not 
entirely free from doubt. 2 

l Strictly, v~17.88 ·iii. 
~ E. BUCkingham, on the Theory of the l'itot tube, 'l'eohnical Report 0.2, National Advisory Committee [or Aoronautics, 1915. 
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LIl ju 1, the ame wa)' a thermod. rna111i(' formula for tbe Venturi tube can be deduced ; which 
at tempts to take account of the geometrical hape of thr tube and the compressibility of the iiiI': 
but in thi ca e the ' implifying a sumptions which haY(' to be introduced are so appalling, that 
the re nlt. is only of academic inLerr~L For e.·ample, it has to be assumed that Lhe fluid is free 
from turbulence and at the same tim£' without yi cO'it)-: and all disturhanees ont ide of the tube 
have to he ignored. This mean that the problem has to be Lreatecl 1il' e that of a continuous 
hydraulic pipe line, and thaL two in.' Lruments having the' same interior channel would generate 
the same suction Ilt the throat, no matter if Ol1e of them had a vcr:' much higger bulge on the' 
outoide, uch a to drttg It lot 01 air along with it -a conelu ion contrary Lo experience. 

At best tbe Lhel'mod:vllamic formu la could Oltly hope to show the effect of rompressibiliLy, so 
far as pl'opertie of the fluid are cOllcern<'CI, since' vi. eosity and turhulenc(' are excluded at the 
tart. Y pt the experime nt ' whi.ch will he reported here prove that the compre ibili ty effect is 

a comparatively negligible one. Thu the \ Tenturi tube prohlem is too complicated to be handled 
with advantage by purely deductiV'e method at present. 

4. DIMENSIONAL THEORY. 

A fruitful compromi e hetwern purely cleducti"'iTe theory on the one hand and interminable 
eAperimentinO' on the other hand, i made pos ih1e by dimensional reasoning.:' 

Con ider, fir t, the Yenturi Lube. Lc·t p denote the cliffrl'enLial prp sure (i. e., suction) gener­
aced at a peed v, the tube being poinled head on (i. e., without.) awl into a perfectly undis­
turbed medium (the atmosphere, [or example, or water). It i understood that. the speed v has 
remained con tant for orne momenl 0 that a stead)T tate is established. Let the mechanical 
prop or ie of the medium he, p('cified by it den it)T p, viscosity /J-, 'and compre ibility modulus 
of ela: ticity E. On accounL of the rapid movements invoIV'ed, it will be the adiabatic, not tho 
i othermal, elasticity which i needed. 

The three propertie p, /J-, and E are defined in the u ual way. Thus the denRity is the mass 
per uni t volume, 

(5) 

The vi co itv i. Lh shral'ing irc ' p r unit rate of heal', i . c., 

(6) 

in whichf i the tangential force per unit area, or hearinO' tre , brought into play by distorting 

or bearing th fluid at uch a rate that a yrlocity gradient ddv i sot up. Here dv is the differ-
11 

ence in peed bebveen h top and bottom urfac' of a layer ely unit , thick. Th p ela ticity i the 
increa e of hydrostatic pre. m e P p l' unit decrea c of volump measured as a fraction of the 
yolume ll, i. e., 

dP 
(7) E= _(ct~) 

The medium will be' a umed homogencou 30 that P. /J- and E haye r,he ame yallle at all point, 
boLh inside and outsirle the nozzl. Thi!' is n.dmittedly an approximation, for the fluid i slightly 
warmer where most compre . ('d, and so all of its constant. are a trifle different at such a point. 
Finally let D stand for an)' agrrcd-upon linear dimen ion of tl1(> nozzle, as for example, the 
throat diameter. 

nder the e circum tanee the differential pre ure p evidently depend on the peed v, 
on the mechanical properties of the fluid , p, /J- , and E, and on the ab olute size D and the geo-

3 Cl. E . Buckingham: Dimensional'rhcory of Wind Tunnel Experiments, Smithsonian 1>lisc. Papers, v. u2-4, pp. 11>-26, 1916; Model Experiments 
and the Fonn of Empirical Equations, Transactions A. S. M. E., v. 36, pp. 263-296, 1915. 
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metrical shape of the nozzle. Under the conception of hape are to be included the roughness 
of the surfaces and the contour of all adjacent parts that may cause disturbance. If no further 
physical quantities ar e apparent which can sensibly influence the phenomenon, then some rela­
tion 

p=funct (v, P, JJ., E, D) ( ) 

must exist, the specific form of which remains to be discovered by experiment, but which will 
be the same for all geometrically similar systems. 

The object of our investigation, so far as Venturi tub es are concel:ned, consists in deter­
mining the form of that equation; and there will be an analogous equation for every other type 
of air speed indicator. It has to be done experimentally, but dimensional reasoning serves to 
simplify the planning of the experiments, and the interpretation of the observations. 

Since equation (8) is physically complete, it must, when written out in full, have the same 
dimensions on both sides. The dimensions of the constituent quantities are as follows, taking 
mass (m,), length (l), and time (t) for the nece sary fundamental units: 

p : m, l-l t-2 
v : l t-1 

p : m, l-3 
JJ. : m, l- l t-1 

E : m, l-l t-2 
D : l 

It can now be shown by the 7l" -theorem (Buckingham, loco cit.) or verified by inspection that 
the only form (8) can take, which will meet the requirement for dimensional homogeneity, is 
identical with, or reducible to, the general equation 

(
Dvp E) 

P = pv2 funct --, -
JJ. pv2 (9) 

It will be useful to write out two modifications of this equation. The velocity of sound in a 
fluid, 0, is given by the well-lmown expression 

(10) 

Hence E, where it occurs III (9) above, can equally well be replaced by p02, so (9) can be 
rewritten 

(11) 

using the symbol cP to denote some unlmown function of the two arguments, or independent 
variables, inside the parenthesis. This equation is of interest in connection with the water­
channel experiments, to be described later. 

Again, it is a well-lmown thermodynamic result that 

(12) 

for an ideal gas, K being the specific heat ratio (about 1.4) and P the barometric pressure. 
(Thi relation follows from (7) in onjunction with the adiabatic compression equation 
p v· = const.) Replacing E by its equivalent KP in (9) gives 

(13) 

The unknown functions cP and y; are different, though they might have been kept identical by 

writing (f/ instead of ¥ in (11). This equation, (13), is of interest in connection with the 

observations in a wind stream at reduced barometric pressure, which remain to be described. 
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It is e sentinl to realize that in equation (11 ) and (13 ) there aTe only two independent 

variables, not five, as in (8). Thus in equation (13 ) the dependent variable p~2 is expressed 

as a fUllction of the two independent variable Dvp and ~" Readers not accustomed to this 
/J. pv-

poin (, of view may be helped by a, change of notation: "ri te y for.J2." x for .[Jv
p

, and z for KP. 
p~ M p 

Then (13 ) become imply 
y = .jt (x z) (14) 

an ordinary urface in three coordinates. It i by su h a surface (or family of plane curves) 

thnt the experimental observations ought to be depicted, in tead of attempting to separate out 

the original quantities as in ( ). They can be separated later, after the best possible empirical 

expression (14) has been fitted to the plotted point. 

By means of tbe equations just deduced, especicllly (11 ) and (13), a comparatively econom­

ical program of experimental work can readily be laid out. 

The foregoing analysis applies without change of notation to all differential pressure instru­

ments of rigid shape. To extend it to direct impact instruments requires that the performance 

be expre sed by F, the total force acting, instead of by the differential pressure p. Referring to 

equation (9), replace p by ]; to preserve the dimen ions unchanged and the result becomes 

F= pif D2 funct (Dw, E2) 
M pv 

(15) 

This is the general equation for a pressure-plate air speed indicator. Except for extraordinarily 

low speeds the viscosity can not enter very seriously, consequently as an approximation which 

is safer the higher the speed, 
(16) 

For since D;p is a single argument, jf a change in viscosity auses no change in force, nothing 

else that controls the magnitude of Dvp can do so either; hence the whole argument drops out. 

. M 

For speeds below, say, 150 miles an hour, where there is not much compression, (16) reduces to 

(17) 

an example of the pif law. The con tant i the same for pressure plates of different sizes pro­

vided they are strictly geometrically similar in all essential parts- including the sharpness of 

the edge, and proximity of the connections-and also provided, as was stated in the begin­

ning, that the instrument is moving head on into an undisturbed atmosphere. Probably 

these conditions can be more easily fulfilled for pres ure plates, and for Pitot tubes, than they 

can for enturi tubes. 
When the direction of the surface i not fixed, but free to change under increasing force 

of impact ubject to the control of a spring as in the Pensuti air speed indicator, the problem 

is not so simple. The tiffne of the pring, S (force per unit displacement), now enters as 

an additional variable, so that (15) has to be expanded into the form 

• F=pifD2 funct (D;p, p!2' pifD) (18) 

In the ordinary case where viscosity and compressibility are negligible this reduces to 

(19) 

instead of to (17). ome interesting conclusion applicable to the Pensuti and similar instru-

ments can at once be drawn from this equation. 
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Let X stand for the new argument p'IJD' Then! (X) must be some function which tarts 

at the origin and approaches asymptotically a maximum value, for an in£nitely still spring, 
equal to the constant of equation (17); for eguation (19) should reduce to (17) if the geometrical 
shape is constant. Hence in general the force (and therefore deflection) varies with speed less 
rapidly than the square,. and with density les rapidly than the first pow r. 

The altitude effect on in truments of the Pensuti class can now be deduced from ob erva­
tions made at sea level with varying speed. uppose that a series of such obs rvations gave 

Fccvn (20) 

where n is ome numerical value probably between 1 and 2. Then since (20) must be a special 
ease of (19), 

whence 
n 

Fcc P2 

(21) 

(22) 

(23) 

Thus the observation that the force varies with the nth power of the speed, leads by virtue 

of (19) to the inference that the force w?uld vary with the ~ power of the density, and with 

certain other powers of the size D and spring stifInes S. 
By going back and differentiating equation (19), a still more general relation for the altitude 

efJ'ect in terms of the speed effect can be obtained, namely, 

of 1 of 
op/p =2 ov!v (24) 

Thi appli to all direct impact in truments operating over the intermediate range of speeds 
where neither viscosity nor compre sibility have to be considered. Like other results afforded 
by dim en ional reasoning, it is not limited by any a umption or restriction as to the geometrical 
complexity of the instrument or the irregularity of the motion et up in tp.e fluid. 

5. EXPERIMENTAL PROGRAM. 

The experiments to be reported in this publication aU relate to Venturi tube and may be 
grouped as follow : 

(a) Water channel experiments to determine the degree of dynamical imilarity 
attainable between air and water, and to discover whether compres ibility 
has to be taken into account. 

(b) Ob ervations in a wind stream at reduced pre sure 0 as to determine the effect 
of den it}' and viscosity by direct experiment. 

(c) Airplane observation a a practical check on the foregoing laboratory results. 
(d) Ordinary wind tunnel tests. 

Tbe need for these various experiments and the inferences po ible from each can be readily 
seen in the light of the dimen ional theory wbich has ju t been developed. 

It was thought that for ome pm'po es water channel ob ervations on airspeed nozzles 
would be more convenient than wind tunnel tests provided a rea onable degree of dynamical 
similarity proved attainable. From equation (11) neglecting compressibility the condition 
for similarity i found to be 

(25) 
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This condition can be fulfilled by towing the nozzle through the water at a speed low 

enough to compen ate for the relatively lower value which the kinematic vi cosity ;. ha in 

water compared to air. Thus, denoting kinematic visco ity by 11, and di tinguishing the water 
channel observation by primes, equation (25) reduce to 

v' v' 
(26) v v 

At a temperature of 16° O. the kinematic visco~i ty of water is about one-thirteenth that of air; 
hence the Corre ponding speed in water would be about one-thirteenth of the speed in air pro­
vided the arne nozzle i u ed 0 that D' = D. Under these con'e ponding conditions equation 
(9) shows that 

(27) 

from which 

(2 ) 

Thu the diLrerential pre ure p which the nozzle would generate in air at a speed v can be pre­
dicted by observing the value p' realized in water at a peed v', provided the a sumptions made 
are correct. 

The mo t violent a ~umption made i that the dIect of compre ibility can be neglected in 
pa ing from uch an incompres ible fluid as water to uch an easily cC'mpre ible one a air. 
The value of E 1. about 20,000 time greater for water than frail'. Thermodynamic theory 
ugge ts that the more readily compre ible fluid hould give the greater differential pre sure 

at anyone peed, anel if the efl'ect of compres ibility i appreciable at all, it will be brought out 
in an exaggerated degree by the water channel experiments. 

To te t thi a umption, ob erved value of.E, may be plotted a ordinates a!!"ain t Dvp 
W ~ ~ 

fI. ab cis a , both for observations in air an 1 in water. If the influence of compres ibility is 
negligible the two curve, however irregular, ouaht to c incicle. If they do not, then it if; 
impo ible to repre ent the re ult ati factorily on a tW'o-coordinate diagram; a third axis, for 

value of 2, hould be con tructed and the data sho\nl on a urface in space a implied by v 
eq ua tion (11) . 

It tUl"llS out, as will be hown in detail later, that ccmpre ibility is practically but not 
wholly negligible. The agreement between wind tunnel and ,,-ater channel ob crvations i 
sufficient for predicting the order of magnitude of the differential pre nre available from any 
tube of new de'ign, and the water channel te ts arc a1 0 adequate for detecting mall difference 
in the performance of nozzle produced in quantity from the arne pattern. 

If, however, the effect of varying the compre ibility i found to be comparatively mall 
when contrasting two media 0 differen a air and water then it will und ubtedly be negligible 
altogether where the u e of the nozzle i onfined to air alone. Tlli i the mo t ianificant 1'e ult 
of the water channel inve tigation, and warrant proceeding t the next eric of experiment 
with attention directed to den ity and vi co ity rather than to compressibility. 

These next experiments were made in a wind tr am at reduced pressur , the apparatus 
con i ting of a mall airtight tank, referr d to a the vacuum wind tunnel. In thi way air 
densities corresponding to variou altitude, and vi co itie corre ponding to various tempera-

p l)vp 
tures, could be realized in the laboratory. The re ult are plotted with - . aoaainst - as 

pv- Jl 
before, since there is now no que tion of a third coordinate. 

18570-21-2 
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Clearly if the pv2 law hold, Pz 'will remain constant over the full range of conditions pv 

experienced; that is , the curve will be a horizontal straight line, parallel to the Dvp axis. For a 
J1. 

Pitot tube the ordinate of this line will be one-half, since p = -t pv2
• For a Zahm nozzle perform­

ing in accordance with equation (3) the ordinate would be 3.2. 
Any departure from horizontality not only signifies a departure from the pv2 law as regards 

the mathematical form in which p and venter the law, but evidently also signifies that another 
physical quantity, viscosity, has begun to playa part. This complicates the altitude correc­
tion; for the viscosity as well as the density will be different at different atmo pheric tempera­
tures. It will be seen that the curve· does hav'e a considerable slope at low air speeds such as 
occur in the flight of dirigible and the landing of airplanes, but not at th e higher speeds. 

This result was anticipated from the water channel experiments i:md also from another 
interesting circumstance. In developing the smaller modified Zahm nozzle for the Army it 
has been learned that it was not found possible to keep the new design geometrically . similar 
to the original Zahm nozzle and still preserve the original calibration curve. This fact alone 
i evidence that viscosity makes a difference. For by (13) the size D can not enter unless the 
visco ity does also. 

Having demonstrated the effect of viscosity and density under laboratory conditions, 
which had the advantage of direct control of the separate variables but the disadvantage of a 
restricted space not perfeetly simulating free air conditions, it seemed worth while to proceed 
with airplane tests . This was done, and the results will be found plotted, as before, with 

P, against Dvp. They agree qualitatively with the earlier laboratory results and afford 
pv· !J. 

more reliable numerical values, although not extending to such low den ities. 
Finally the results of ordinary wind tunnel tests on several different types of Venturi tubes 

are brought together for comparison. These too are reported by the dimensionless coordinate 
diagram, which is particularly well adapted for drawing inferences in regard to the altitude 
effect. . 

It was not feasible or necessary to make all the different kinds of tests on each of the tubes. 
The actual sequence followed is given below: 

1. Water channel and wind tunnel tests on two French Venturi tubes, Badin type, 
one single and one double. 

2. Vacuum wind tunnel tests on one American Pitot-Venturi tube, United States 
Army modified Zahm type. 

3. Airplane flight tests on the foregoing Pitot-Venturi tube. 
4. Study of ordinary wind tunnel data, taken at different times, on two of the fore­

going tubes and on a French Pitot-Venturi, Toussaint Lepere type, and a 
German double Venturi, Bruhn type. 

These tubes, together with the original Zahm nozzle, are shown in the photograph, figure 1. 



REPORT No. 110. 
PART ll. 

EXPERIMENTS WITH VENTURI TUBES. 

1. WATER CHANNEL EXPERIMENTS. 

For the purpose of testing the two French Venturi tubes in water the 400-foot towing 
,tank of the Bureau of Standards was placed at our disposal by Mr. W. F. Stutz, whose coopera­
tion in this feature of the work is acknowledged. The nozzle under investigation was mounted 
about 40 cm. below the surface of the water on a rigid rod extending vertically down 
from th!'l electric car which runs along a track over the tank. The speed of the car could be 
controlled and measured with an accuracy of the order of 1 or 2 per cent. The differential 
pressure was measured on a mercury manometer connected with the nozzle by water-filled 
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FIG. 2.-Water channel experiments. 

tUbing. At the high speeds and large suctions met in the last few observations on the double 
Venturi an error may exist due to time lag, of such a nature as to make the recorded values 
of the differential pressure too low. In those particular instances it was difficult to be sure that 
the manometer had risen to its maximum value in the hort time interval available. Aside 
from this, it is thought unlikely that any important enors can nave crept in. Due considera­
tion was given to the necessity for avoiding turbulence and general movement of the water, 
and for keeping the depth of immersion suflici nt to avoid surface disturbances. 

11 
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Thus with a depth of immer ion of 13 cm. one test at a speed of 4.77 mile per hour gave a 
differential pres ure of 29.2 inches of water; a second te t at the same peed gave 30. inches; 
while a third te t at the ame peed, up n increa ing the depth to 40 cm., gave substantially 
the ame result, 30.3 inche . 

The following data were obtained for the French single Venturi (A, Fig. 1) in water and are 
plotted in fig. 2: • 

French single Venturi, in water. 

Speed Differ-

(miles ential p Dvp pres ure per (inches pv2 
!J 

hour). water). 

---
1. 29 1.5 1.12 3,240 
2. 68 9. 4 1.63 6, 700 
2.73 8.4 1. 40 6,830 
2.77 9.9 1. 60 6, 930 
3.97 21. 8 1. 73 9,900 
4.77 30.3 1. 66 11,900 
5.25 42.2 1. 90 13, 100 
5.44 46.1 1. 94 13,600 
7.08 84.6 2.01 17,700 
7.10 80.2 1. 85 17,700 
8.67 132. 0 2.18 21, 700 

For convenience, the climen ionles variable p 2 may be termed the 1'eZative per!o1'mance, 
pv 

since it shows the ratio of the differential pre sur generated by the nozzle in question, to twice 

that generated by a Pitot tube. Likewi e Dvp may be termed the generalized peed, since the 
11-

speed factor v i commonly the most important of the foul', and since any given percentage 
variation of D, p, or 11- would have just the same eff'ect on the relative performance as the cor­
responding variation of speed, which is ordinarily the ea ie t factor to vary. This variable, 

Dv
p

, 0 urs frequently in problems of flu id ;mechanics where it serves to measure the degree of 
11-

turbulence in the fluid; hence it has been uggested by Dr. E . Buckingham that the term 
turbulence va1'iable would be of some advantage. 

In computing the relative performance and gencralized speed the value for speed and for 
differential p re nre given in the fU'St two column were changed over to c. g . s. units; an arbi­
trary linear dimension of 1 cm. was taken for D in all cases; the density of the water wa 
taken to be p=l gram/cm3 ; and its vi cosity, since the water was at the temperature of melt­
ing icc, was a um d to be 11-= 0.0179 dyne-sec. /cm2 • The values of the relative performance 
were thu found to range from about one to two (i. e., from twice to four times the differ­
ential pressure of a Pitot tube) and those of the generalized speed from about three thousand 
to twenty thou and. Since these variables are dimensionles , tbe same numerical values would 
prevail in any other ystem of normal units, such as the foot, pound-mass, second system; 
or the foot, pound-weight, second ystem. 

A generalized speed of 20,000 units (with D = 1 cm.) COlTe ponds to about 66 miles per 
hour in air having the tandard condition 

p = 1.221 X 10-3 g/cm. 3 

11- = 1. 1 X 10-4 g/cm. sec. 

thi la t being the vi cosity of air at the standard temperature, 16° C. It COlTe pond to about 
130 mile per hour at 20,000 feet al titude, where the den ity i half as great if the temperature 
is unchanged. 



THE ALTITUDE EFFECT ON AIR SPEED INDICATORS. 13 

The re ult on the double Venturi (B, fig. 1) were worked up in the same manner and are 
also plotted in figure 2. • olid black circle represent water channel observations; open circles 
are for the air observation , which ,,-ill be described directly. In towing the double Venturi a 
depth of immersion of 60 cm. was maintained . 

It i seen that the visco ity effect ( lope of the curve) is more pronounced for the double 
tube than for the single one; a significant point when taken in conjunction with the fact that 
it ha been the French practice to u e the double tube on low peed and the single tube on high 
peed craft. 

The foregoing water channel experiment were made in the winter of 1917-18 with the 
help of !fr. Bailey Town hend. 

The same nozzl were given a wind tunnel calibration at the authors' reque t under the 
direction of Dr. A. F. Zahm at the Wa hington Navy Yard, leading to the result which are 
plotted for air in figure 2. To illu trate the method of reduction, the following table is given 
containing the data and re ults for the French singl Venturi: 

French single Venturi, in air. 

Differen- Speed tial D vp 
pressure (miles .J!.. 
(inches per pv2 

Jl. 

water). hour). 

- --------
1. 2 30 1.95 9,230 
3.55 40 2.26 12,330 
5.50 50 2.24 15,400 
8.15 60 2.31 18,500 

10.45 70 2.16 21,600 

In computing ~.2 and Dvp for air the value taken for den ity and visco ity were, in c. g. s. 
PrF J.L 

unit, 1.223 X 10-3 and 1.7 X 10-', re pectively. The former i the value used for standard den­
sity at the Wa hington 1 avy Yard tunnel; the latter i the vi co ity of air at 10° C., which 
was a umed to be the actual air temperature. In computing Ptr it i. not necessary to cor­
rect for the departure of actual den ity in the tunnel from tandard density, since the data for 

Dvp 
peed are based on Pitot tube reading. The value of - on the other hand may be several 

J.L 

per cent in error due to thi cau e, but thi correction is not worth going into here, because the 

empirical value for ~.2 ltr not appreciably influenced by mall change of Dv
p

; the curve 
pv- J.L 

are nearly £lat. A before D i arbitrarily taken equal to 1 cm. 
The final re ults are plotted in figure 2, u ing open circles, and are een to faU lightly 

higher up on the diagram than the olid circles for water. 
The wind tunn I re ult on the double Yenturi were computed and plotted in the same 

manner. Here tbe divergence between air and water re. nIt i quite pronounced at the high 
speed end of the range. This may in part be attributed to an experimental error in thp water 
observations already mentioned; that error is probably negligible, but in the right direction tu 
create the ob erved rliffereTIce. 

For both the sino-Ie and double Venturi the relative performance in air i higber than in wa tel'; 
this presumably is clue to the great rlifference in compres ibility of the two media; the effect 
operates qualitatively in tbe direction sugge ted by thermodynamic rea oning, but is not so 
large as might have been expected. 

The relati,e performance of the double Ventmi is seen to be from two to three times that 
of the single tube; the viscosity eiTect, as judged from the . lope of the curve, is also decidedly 
greater for the double Venturi. 

18570--21-3 
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2. EXPERIMENTS AT REDUCED PRESSURE IN A WIND STREAM. 

J\ 0 doubt the mo t novel feature of the present invc tigation is the work at reduced pres. Ufe 
in a wind stream, hy means of which the conditions at any altitude could be rC'produced in 
the laboratory. This wa done by means of a mall ,acuum wind tunnel, 'which wa placed 
at the authors' di posal bj' Dr. IT. C. Dickinson. The apparatu con isted of an air-Light iron 
tank, containing a high peed Sirocco blowC'l' and a ,,~ooden box with a working space for the 
wind stream inche quare and 2 feet long. The blower wa mounted at the exit end of the 
channel and driven through a stulftng hox hy a motor outside. At the entrance end a honey­
comb was constructed for the u. ual purpo e, together ,,~ith a piezometer for determining ",rind 
speed. The nozzle under te. twas moulltccl in the middle of the worl<ing space and connected 
to a water manometer in the room outside. Th static connection of th piezometer unit 'wa 
an annular eries of hole. in the wall of the wind channel ncar the grid of impact openings ; a 
tube led from thi point directly through the out.er 'wall of the iron container to one ide of a 
water manometer. The impact pressure grid i similarly connected to the other side of the 
same manometer. A mercurial baromet.er for determining the absolute pressure in the wind 
stream i conned d to the tatie . ide of that manometer. rrhe entire arrangement is sketched 
out in figure 3. Temperature was measured roughly by a thermometer located outside of the 
throat in the returning air stream and viewed through a glass window. 

- ·~~~~::~-~-:::"~~~~~~-;:-;~-;:-;~';:~;1) !! 
-SlalJc 

Cormecllon 

Hone~con7b ~==~=c==~~~~~~ 

I 
I 

T/Jer/T7o/77efer 1 /Yoz'zle 
under Tesf. 

C]orO/77el"er 

I, 
~=========================d 

---5-2"" 

FIG. 3.-Vacuum wind tunnel. 

In taking obsClTations the u ual proceduro was 'to hold the internal pres ure approximately 
constant by mean of the vacuum pump while ,arying tho speed of tho blower step by step. 
This process would Lhen be repeated at a different pressure. Artificial change of temperature 
were not undertaken. 

The working range of conditions covered was approximately as follows: 
Air 'peed, from 30 to 65 miles per hour; 
Pres ure, 36 to 76 em . of mercury; 
Temperature, 20 0 to 2 0 C. 
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The final re ult of the yacuum wind tunnel experiment arc plotted \\ ith the usual rumen­
"ionless \rariahles in figure 4, .\ nd B. These Lwo diagrams are numerically identical and have 
I)('en repeflted merely to avoid confu ion in identifying some of the individual points. 

CONTRI'ISTING IfIGIfANOLOW VALUeS 
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FIG. 4-Vacuum wind lunnel resu lls on Uniled Slales Army Pilot-Venturi. 

Thu in figure 4: A, a contra t has been inclicated betweC'n points for which thc compre si­

hility factor ;~ is high, antI tho e (or which it i low. Solid black circles are u" ed for high 

value and open eircle for low value. The relative significance of the black and white 
point is therciorC' the "ame in thi diagram a" it wa in the plot for the ,Yater channel experi­
IDents, figure 2. EYiclently there i no correlation hetween the relative p<'l'formance and this 
compre ibility variahle. The . arne curw \yould result from either group o( data. 

As a maLLeI' of interesL although no longer fl neces ary logical step, figure 4 B has been 
constructed to show also that there i no correlation between relative performance and density, 

thus further substantiating the conelu ion that the relative performance ~ depends solely on 
pv 

D1'P the generalized peed - . In this diagram the black circle are for high values of the air 
/J. 

density p, and open cirele for low value. Evidently the ame cune would be e tablished 
even if the black points alone, or the white point alone, had been used. 

The proccclme for putting in the black circles, both in figure 4 A and figure 4 B, was simply 

to make note of the greate t and least numerical value of the quantity in que Lion- ;~ , or 

p-and then di\'ide the interval into two 'equal parts. It was not necc ary to specially 

00mpute KP becan e thi is evidently pl'oportional Lo the ratio of the mercurial barometer 
pv2 

reading B to the Pilot pressure 712 computed from the piezometer reading; actually, this ratio 
was used in tead. 
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The data from which figure 4 was plotted are given in the following table: 

Vacuum wind tunnel data. 

1 2 3 4 5 6 7 8 9 10 
---

Barom. Piezom. Pit. Vent. D'/)p Pitot 
Compress. Relative 

Run Temp. y factor density 
No. o C. Bmm. hi cm. h. cm. 1-X 10- 3

• h., cm. p '/)2 B t' 
.!:!.. merc. water. water. p. water. 

~ Po 

- - ---
I 20 430 1.30 13.20 8.61 1.83 3.62 235 0.559 

21 430 1. 68 16.50 9.76 2.28 3.62 189 .557 
22 428 2.04 20.30 10. 70 2.72 3.74 158 .551 

2 23 425 0.54 4. 32 5.47 0. 87 2. 48 489 .546 
411 0. 57 4.65 5.51 0.92 2.55 449 .527 
407 1.52 13.45 8. 93 2. 12 3.18 192 .523 
406 1.96 17.73 10.15 2.63 3.38 154 .521 
405 2.10 20.95 10.50 2.80 3.75 140 .519 

3 24 393 0.52 4.20 5.13 0.85 2.48 461 .503 
391 0.98 8.13 7.03 1. 48 2.77 265 .501 
390 1.49 12.95 8. 66 2.09 3.09 186 .499 
390 1. 88 16.75 9.75 2.56 3.2 152 .499 
390 2.08 19.95 10.25 2.79 3.58 140 .499 

4 24 385 0.52 4.08 5.07 0.85 2.41 452 .492 
385 0.92 7.62 6.63 1.41 2.69 273 .492 
385 1.43 12.70 8.42 2. 02 3. 14 191 .492 
385 1. 81 15. 0 9.47 2.47 3.21 157 .492 
385 2. 05 19.65 10.10 2.76 3.55 139 .492 

5 25 415 0.56 4.45 5.43 0. 90 2.50 462 .528 
432 1. 06 9.14 7. 62 1. 56 2.93 277 .551 
489 1. 81 16.49 10.62 2.41 3.42 203 . 625 
539 1. 97 18. 29 11. 70 2. 59 3.53 207 . 690 
589 2. 01 19.18 12.30 2.62 3.65 225 .752 
643 2.07 21. 00 13.00 2.68 3.93 239 .821 
707 2.26 23.90 14. 30 2.93 4.09 242 .904 
754 2.28 22.60 14.85 2. 95 3.83 255 .962 

6 26 620 0.82 7.11 8.03 1.18 3.05 526 .788 
61 1. 36 12.32 10.30 1.82 3.38 340 .786 
618 2.08 19.90 12.80 2. 69 3. 70 229 .786 

I I' 618 2.31 25.30 13.45 2.99 4.23 206 . 786 
618 2.98 30. 50 15.25 3. 89 3.93 159 .786 

7 28 535 0.66 5.59 6.64 1.02 2.75 528 .676 
535 1.18 10.50 8.90 1. 65 3.19 324 .676 
534 1. 78 16.25 10.90 2.36 3.46 226 . 675 
535 2.17 20.15 12.10 2.84 3.55 189 . 676 
531 2.55 25.15 13.05 3.31 3. 81 160 .671 

8 28 440 0.57 4. 07 5. 56 0.92 2.25 481 .556 
453 0.99 8.38 7.48 1.46 2.87 310 .570 

9 27 436 0.53 4.19 5.38 0.86 2.44 506 .553 
440 1. 44 12.58 8. 94 2.01 3. 13 218 .558 
440 1.91 17.25 .10.30 2.57 3.37 172 .558 
440 2.31 21. 20 11.30 3.04 3. 50 145 .558 

10 28 377 0.47 3.81 4.73 0. 78 2.45 483 .477 
375 0.85 6.99 6. 30 1. 31 2.66 286 .475 
373 1. 31 11. 17 7.80 1.90 2.94 196 .471 
373 1.64 14.10 8.72 2.30 3.07 162 .471 
373 1. 96 17. 15 9.54 2.66 3. 16 140 .471 

11 28 369 0.45 3.43 4. 54 0.75 2.27 491 .466 
367 0.78 6.10 5.98 1. 24 2.47 296 .464 
399 1. 68 14. 72 5. 86 2.66 2.78 . 150 .504 
408 2. 08 18.55 10. 30 2.79 3.33 149 .515 
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In thi table columns 1, 2, and 3 are self-explanatory. The piezometer reading hi of col­
umn 4 is given in cms. of water by reducing the observations taken on an inclined manometer. 
The Pitot-Venturi head h( of column 5 was derived in the same manner. The particular tube 
investigated was United tates Army modified Zahm nozzle No. 30. Values of the generalized 

speed, Dvp
, with D = 1 cm., were computed just as in the case of the French Venturi tubes of 

J1. 

figure 2. For the viscosity of air at different temperatures, utherland's formula 

(29) 

was referred to, with J1.o = 17.3 X 10-5 for the viscosity at 0° C in c. g. s. units, and with Suther­
land's con tant K= 119.4, e denoting absolute temperature in degrees centigrade. 

The air speed v was obtained from the piezometer reading hi at any density p by the 
formula 

v=O~~ (30) 

in which the coefficient 0 has the approximate value 54.3. This value was found sufficiently 

close when determining v for the purpose of computing Dv
p

; but a more exact method was 
J1. 

followed for determining v when computing~. The coefficient Ois not strictly a constant, but 
pV 

in fact a slowly varying function of Dv
p
, dropping off from about 57.6 to 50.5 while Dvp in-

J1. J1. 
creases from 5,000 to 20,000. It was determined experimentally by calibration against a 
Pitot tub in the vacuum wind tunnel, this Pitot tube in turn having been calibrated against 
a standard Pitot tube in the Bureau of Standards wind tunnel. The results of this experiment 

were plotted in the form of a curve with hhz as ordinate against Dvp (D = 1 cm.) as abscissa 
I J1. 

where hz denotes the reading of a standard Pitot tube. This curve was well determined with a 
large number of points and gives the ratio needed for converting piezometer readings into the 
equivalent tandard Pitot tube readings which are tabulated in column 7. Since by the stand­
al;d Pitot tube formula the head in cms. of water is 

and since from (30) in the same units 

it follows that 

or 

1 
h2 = 72 p VZX9(j 

h 0 2 

..... = --
hi 1960 

0=44.3 If; -Yh, 
Thus the average value 1.5 ob erved experimentally for the ratio 7hz gives rise to the ap-

~I 

proximate value 54.3, mentioned above, for the coefficient . Incidentally it is interesting to 
note the great difference between the performance con tant of the piezometer and that 
of a Pitot tube, the Pitot head reading for a given air speed in the vacuum v;rind tunnel being 
50 per cent greater than that of the piezometer. This is probably accounted for by the fact 
that the piezometer integrates the air flow over the cross ection, while the Pitot reads the 
maximum velocity. The further fact that thi ratio is not constant but decreases slightly for 

• 
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increasing values of Dvp suggests that the velocity dietribution and state of turbulence III 
J.L 

the vacuum wind tunnel will appreciably diiIer for diiIel'ent conditions. 

Column 8 shows the relative performance ~ for th'3 Pitot-Venturi tube. The pressure p pv 
is determined by converting the head h4 given in column 5 into dynes per square cm. to corre­
spond with the c. g. s. units employed throughout for the density and air speed. The air speed 
for this column is determined from Formula 30 by using the appropriate value of the coefficient 

o from the empirical curve. The compressibility factor z!! in column 9 is, actually, in milli-
~2 

meters of mercury per centimeter of water. This factor is taken as a substitute for the quan-

tity KP to which it is proportitmal. If . the ratio Z!!' were given as a dimensionless ratio, for 
~ ~ 

example cms. of water per cm. of water, the values in column 9 would be 1.36 times as large, 
showing that the impact pressure of the moving air stream in these experiments varied from 
about 1/650 to 1/165 of an atmosphere. The rarefaction in the throat of the Venturi is about 
five times as much. 

Similarly the relative den ity !!... is shown in column 10. This varied from about 0.44 up 
Po 

to about 0.91 taking for the standard density, as before, the value 1.221 X 10-3 gms./cm. 3, which 
correspond to a barometer reading Eo = 760 mm., and temperature 16° C. These values are 

computed by dividing the relative pressure: by the relative absolute temperature 00 , in whieh 
o 0 

00 =289° C. absolute. 
Inspection of the final plot A or B, figure 4, shows a very pronounced slope, the observed 

data for r elative performance tarting far below the normal value 3.2 assumed in the specifica­
tion for the in trument, and ri ing to a value somewhat higher. 

Realizing the difficulty of discovering what might happen on an airplane in free ilight 
10,000 feet above the earth, from observations conducted in a space 8 inches square by 2 feet 
long, it was originally expected to attach only qualitative significance to the re ults of the vacuum 
wind tunnel experiment. 

evertheless it seemed worth while to determine in what respect the conditions of the 
experiment differed from the conditions of free ilight, so as to judge in which direction, if at all, 
the observed data would be expected to deviate. 

Aside from elTors of observation, four fundamental circumstances are worth considering: 
(1) The proximity of the walls of the channel to the instrument might disturb the flow; 

bu t i t is difficult to judge whether this would increase or decrease the performance of the nozzle. 
(2) The velocity distribu tion over the cro s section might vary in such a way, when the 

density and speed of the air are changed, that the actual velocity in the neighborhood of the 
instrument ori fices would fail to bear a constant ratio to the integrated velocity given by the 
piezometer. In the modified Zahm nozzle the P itot opening and the upstream Venturi opening 
are separated by a transverse distance of several inches, or nearly half the diameter of the chan­
nel. At low densitie or low speeds, where the medium is not so excessively turbulent, the 
velocity di tribution might conceivably be more sharply parabolic than it would at the higher 
speeds and den ities. In this event the r elative performance of the nozzle would apparently 
increase with increasing values of speed and density. However, no direct evidence of an 
appreciable change in velocity distribu tion was detected during an extensive series of experi­
ments iu which the velocitie at different points in the cross section were explored with a Pitot 
tube. Up to within one inch of either wall, the velocity at any point Mre a practically constant 
ratio of 1.4 to the average integrated velocity. The velocities varied irregularly as much as 
6 per cent or 7 per cent above or below this average ratio. This variation, if systematic, should 

from dimen ional considerations be ome function of Dvp; that is, practically, some function of 
J.L 

the product vp; but the curves plotted in tha t manner did not show any systematic tendenc.v. 
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(3) The unsteady state of the 1l0w might give instrument readings perceptably different 
from tho e corresponding to a teady tate. orne iluctuation of speed was unavoidable. Now 
it is commonly recognized that the mean reading of a Pitot tube acted on by a rapidly fluctuating 
current of air is higher than the value which would re ult from the arne speed if actually steady; -
for the Pitot head is proportional to tne quare of the peed, but the square root of the mean 
value of v2 is greater than the mean value of v it elf. If the arne rea oning is extended a step 
further it leads to the conelu ion that the mean reading of an in trument actuated by a force 
proportional to some power of the speed higher than the econd will be more greatly augmented 
by fluctuations than the corresponding reading of <Lll instrument like the Pitot tube acted on 
by a force actually proportional to the second power of the speed. The plot of the vacuum 
wind tunnel result docs show that the Pitot-Venturi tube generates a differential pre ure 
proportional to a higher power of speed than the second. This explanation would lead us to 
expect abnor!nally high readings for the relative performance of the Pitot-Venturi tube as a 
result of the un teady state, although it is not apparent ju t how large the effect would be, and 
it is doubtless small. 

(4) A further somce of explanation lies in the exce sive degree of turbulence undoubtedly 
exi ting in thi small apparatus, which wa put toO'eLher from available parts without the usual 
reflnement of a larger wind tunnel. It seem possible that rotnting clements of fluid going into 
the entrance cone of the Venturi might to some extent become traightened out, thus increasing 
the actual peed of air through the throat beyond the average linear speed of the approaching 
fluid. If thi hypothe i i correet a relittivrly greater performance hould be expected from the 
Yenturi in a turbulent medium than in a uniform medium. Moreover the same condition of 
turhulence miO'ht diminish the piezometer reading due to the impact of eddies against the 
sLfttic openings, thus further accent.uating the arne eilect. Th hypothe i regarding tur­
hulence was tc ted exprrimentally, to a limited degree, by repeating the ob ervations on a 
PiLot-Venturi tube in an ordinary wind tunnel with and without a netting aero s the tunnel in 
the approachinO' air stream. A negative re uIt was obtuined. The netting appeared to have 
no effect. Thi te t wa not considered conelu ive however, becau 0 the amount of turbul nee 
created by Lhe notting was probably trifling compared with that really exi ting in the vacuum 
wind t.unnel. 

~\.t all event compari on of the vacuum wind t'unncl res.ult with the flight test result and 
ordinary wind tunnel data given b low, indicates that the relative performance hown in figure 
4 is numerically gre~ter than would be the ca I' in free flight, although qualitatively correct as 
regards the effect of variations in peed, density, and vi cosity. 

The va uum wind tunnel experiments were carried on with the help of Mr. Howard 0 
teams, while the velocity eli tribution wa observed by ~fr. Athertonl-I. :Mears and Mr. W. G. 

Brombacher. 
3. AIRPLANE OBSERVATIO S. 

Through courtesy of the Engineering Division of the Air rvice at ~f cCook Field, llight 
tests have b en made by one of the authors on the arne Pitot-Venturi tube tested in the vacuum 
wind tunnel. The 1'e ults are plotted in figure 5, choo ing the same variable and the same scale 
as before. High den ity points are hown by solid black cirele , low den ity by open circles. 
The range of condition experienced was approximately as follows: 

Airspeed, from 56 to 126 miles per hour; 
Pre sure, 43 to 75 ems. of mercury; 
Temperature, -120 to 00 C. 

Thus the densities are somewhat higher and the speeds about twice as high as in the vacuum 
wind tunnel, so that the range of variables hardly overlap ,although the plane was 1l0wn as slow 
as 56 miles reI' hour and at altitudes approximating 15,000 feet . 
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FIG. S.-Flight test on United States Army Pitot-Venturi. 

The data from which figure 5 was plot ted are hown, omewhat ahridged, ill the following 

table : 
Flight test data. 

1 2 3 4 5 6 7 

-- ---

Indicated air speed 1so- Relative 
Elapsed (miles per hom). p thermal Temp. density Dvp 

time pv2 • altitude o C. p J.I 

(minutes). (feet). 
X 10- 3. 

VI ' V2 • 
Po· 

0 0 0 .. . _-_.- 240 -8 --- - --- - - - --_.--_. 

2 71.4 71. 4 3.1 1,340 -9 1.041 23.6 
4 70.5 70. 0 3.24 3,100 -6 .966 22.2 
6 63. 7 64.8 3. 10 4, 045 -5 .931 20.1 

65. 4 67. 4 3. 02 5,065 -2 .886 20. 1 
10 61. 3 63. 0 3. 03 6, 175 0 53 1 .4 
15 57. 8 59. 6 3.00 8, 54.5 0 .783 16.8 
20 56.9 58.0 3. 11 10,710 -4 .726 15. 7 
24 61. 5 61. 7 3. 18 12, 645 -7 . 684 16. 4 
2 60. 3 61.0 3. 12 14,235 - .647 15.8 
33 58.8 59.5 3.11 14,690 -11 .642 15.4 
38 6. 7 3. 6 3.44 15, 765 -12 .619 21. 5 
40 49. 2 53.0 2.76 15, 305 -12 .63] 13.9 
45 101. 99.5 3.35 10, 030 -5 .746 27 . 6 
47 81. 7 '1 . 3. 41 9,810 -4 . 74.9 21. 8 
50 50. 6 54. 0 2. 80 10, 020 -4 .745 14. 9 
56 113.5 117. 5 2.9 5, 075 0 .879 34. 8 
58 90. 4 6. 0 3.55 4, 50 0 .885 25.5 
60 . 51. 5 53.0 3.03 4,955 0 .883 15. 7 
65 131. 2 125. 0 3.51 500 -7 1. 064 41.5 

In this table the indicated air peeds VI and Vz are the readings of a King and Munro air 
speed indicator , respectively, after purely in trumen tal corrections have been applied. These 
corrections were obtained after the fligh t by direct calibration against standard water column 
graduated in miles per hour according to the Zahm and Pitot formulas, r espectively. The 
King air speed indicator was a carefully selected instrumen t of the standard American Army 
pattern connected with the modified Zahm nozzle No. 30 under investigation. The Munro 
indicator was a suitable instrument of British make connected to an R. A. F. Pitot head . During 
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the calibration of the two in truments flight conditions were clo ely reproduced in the labora­
tory and correction determined experimentally for the same reading and instrument tempera­
ture experienced during the night. 

The Pitot-Venturi head was mounted on the left-hand outer strut of the airplane (DH- 4), 
ahout one-third of the di tance down from the upper plane. The Pitot head was mounted in .a 
like position on the right-hand outer stru t. The head were carefully placed so that the dis­
tance down from the upper plane was the same in both cases, the object of the flight being to 
compare the performance of the Pitot-Venturi with a Pitot head rather than to determine abso­
lute air peed. The altimeter and air peed indicator were mounted in a vertical position in 
the cockpit. 

The indicated air peed 1 '1 and V2 arc needed for determining the relative performance; 
the true air speed is computed from the Pitot rea ling V2 by making due allowance for the de­
crease of density at dillerent altitudes; and at the higher altitudes the true air speeds are about 
~O per cent greater than the indicated. valu s. 

In computing relative performanGe Pv in which p denotes the differential pre sure of the 
pv 

Pitot-Venturi nozzle under investigation, p the air density and v the true air peed, use is made 
of the fact that the differential pressure generated by a Pitot tube is one-half pif. The numeri­
cal value needed for the relative performance in column 3 is therefore simply one-half the ratio 
of the head generated by the Pitot-Venturi nozzle to that of a Pitot tube. From the tandard 
formulas 

for the Zahm nozzle, and 

for the Pitot, it i seen that 

h1=(lr1 y 
h2=(4~22Y 

L=3.2(V1)2 
pv2 V 2 

The i othermal altitude given in column 4 i the ordinary 10° C. altimeter reading corrected 
for purely in trumental error by ub equent laboratory compari on under the ame pressure 
and temperature experienced in ftight. The altimeter wa et to read 200 feet at the start 
of the flight, thi being approximately the 10° . altitude corre ponding to the actual barometric 
pre sure at the ground. 

The air temperature given in column - were observed with a large strut thermometer. 
The relative den ity in column 6 give a befoTe the ratio of the actual density of the atmos­

phere to the standard value 1.221 X 10- 3 gm ./cm.3 The density i figured as before from the 
barometric pre sure and ab olute temperature, the pres ure in turn being derived from the 
isothermal altitude of column 4 by reference to the standard 10° C. pres ure-altitude table. 

Finally, in column 7 value of the generalized pe d Dvp are computed (taking the arbi­
!J. 

trary linear dimension D = 1 C111. as before) by reference to the formula 

44 .7 V2 V=---
r 

in which r denote the relative den ity f!..; and by taking the visco ity from Sutherland's for-
Po 

mula, a in previou computation. As seen from in pection of the table, the procedure during 
the flight was to ecure a wide variation of pecd by diving and straightening out at several 
different altitude . 

The final plot, a indicated before, shows qualitative agreement with the vacuum wind 
tunnel observations at the lower speed and den itie while approaching the normal value 
3.2 for relative performance (a assumed in the in trument specification) at the higher peeds 

. l)vp 
and densities; or, strictly speaking, at the higher value of the generalized peed, -;;:. Practi-
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cally the same cW've would result had either the high density or low density ob ervations 
been taken by themselve . 

4. ORDINARY WIND TUNNEL DATA. 

The same United States Army Pitot-VentW'i tube o. 30) inve tigated in the vacuum 
wind tunnel and in free fl.ight had been te ted in the 3-foot wind tunnel of the BW'eau (If 
Standards. For the purpo e of a check on the foregoing experiment the ordinary wind 
tUlUlel 1'e ul t , fW'nishecl through courtesy of Dr. L yman J. Briggs, were now recompu ted 
in dimen ioules coordinate and have been plo tted in figW'e 6. The r esults are in close agree­
men t with the fligh t te t and in quali tative agreemen t with the vacuum wind tunnel re lUts; 
showing a gradual but pronounced falling off in relative performance toward the lower values 
of generalized peed. 

7 

I 

I. _ -- 0--

~ " 
V 

. / 
I/o 

6 

/ 

/ 
/ 

II 

f- - - !"" - r- - -r - -
. 

V k---./ /'" 

---. V 
~ 

V 
V 

/ 

8 It? 

V . 

-~ 

...J>-

~ I--- • 

16 

. ~ German Oouble Venturi: 

--

I OROINARY WINO TUNNEL ReSULTS l 

t?O 24 
Ovp "IO-~ 
,li 

;-

u. s. A . .Pitot - Venturi. 

I-~ -1-. • - - I-. I- _. 

• ;rr enc;, PiTC);'_ Ven TUri 

I ... 

28 3t? 36 

r 

-

40 

F IG. 6.-0rdinary wind tunnel results . 

--

.-
I-

--

It is of interest to note the applicability of the dimensionless coordinate diagram to ordinary 
wind tunnel data with the consequent possibility of inferences regarding the altitude effect, 
or change in performance at the reduced densities and varying viscosities which may be met 
at different altitudes. On this account the m ethod has been extended to two other well-known 
air speed nozzles, the French Pitot-Venturi (Toussaint-Lepere type) and a German double 
VentW'i (Bruhn typ e), which were tested in the Bureau wind tunnel for the purpo e of this 
investigation. These results also are plotted in figure 6. In all cases the scattering 'of ob er­
vations for low values of generalized speed is undoubtedly accidental, dye to the very small 
heads available at the water column under tho e conditions. 

The data for these wind tunnel tests are given in the three accompanying tables. Thf' 
indicated air speed value in the fu'st column, obtained from the readings of an inclined manom­
eter, afford dirla for the actual Pitot head by means of the usual formulas. By comparing 
this Pitot head with the observed head on the nozzle under test the values of relative P CI ­

formance are derived, and the generalized speed is computed as before. 
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Ordinary wind tunnel data, United Statu Army Pitot- Venturi . 

Indicated Pitot-
air speed, Venturi p DVPX10-3 

m. p.h. head, cm. pv2 p. 
water. 

13.2 1.0 2.32 3.84 
19.3 1.8 1. 95 5.57 
31.4 6.1 2.80 9.15 
43.4 12.9 2.74 12.7 
53.1 21.1 2.99 15.5 
59.0 26.6 3.07 17.2 
65.4 34.2 3.21 19.1 
75.4 46.1 3.26 21. 9 
88.1 61.1 3.14 25.7 
99.7 77.4 3.14 29.1 

108.0 96.0 3.30 31. 5 
117.6 115.1 3.34 33.9 
88.4 60.8 3.14 25.5 

100.0 79. 4 3.18 28.9 
107.2 95.1 3.31 31. 0 
115.3 110.3 3.32 33.3 
125.5 130.9 3.34 36.2 
134.0 151. 3 3.37 38.7 
143.7 173.6 3.38 41. 5 

Approxi- Barom-
Observations. mate eter, tempera-

ture, 0 C. IIl.II1. 

First 11 ......... 22 747 
Last 8 .......... 24 747 

Ordinary wind tunnel data, French Pitot- Venturi. 

Indicated Venturi p Dvp X 10-3 air speed, head, em. 
m.p. h. water. pV p. 

21. 3 2.0 1. 76 6.20 
32.7 5.1 1. 91 9.53 
38.3 5.6 1.53 11. 2 
45.0 7.5 1.48 13.1 
50.8 14. 0 2. 16 14.9 
54.3 16.0 2.16 15.8 
60.9 19.9 2.15 17.7 
67.9 26.6 2.30 19.8 
76.6 33.4 2.28 22.4 
89.1 44.6 2.24 26.0 

101.9 52.7 2.03 29.7 
110.4 60.2 1. 98 32.3 
121. 8 73.6 1. 99 35.6 
134. 9 88.7 1. 95 39.3 
143.2 99.6 1. 94 41. 8 
152.9 115.2 1. 96 44.5 

Approxi- Barom-
Observations. mate eter, tempera-

ture, 0 C. mm. 

First 8 .......... 22 747 
Next 5 .......... 23 747 
Last 3 . ... ...... 24 747 

• 
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Ordinary wind tunnel data, German double venturi. 

Indicated Ventuxi p DVPX10-3 air speed, head, cm. 
pv· m. p. h. water. J.L 

-

17.7 3.5 4. 47 5.10 
28 .1 10.5 5.26 8.10 
37.6 20.7 5.87 10.9 
4.4.2 31. 7 6.5 12.8 
47.3 36.2 6.50 13. 7 
50.1 41. 5 6.66 14.5 
51.0 43 .0 6.60 14.7 
53.0 47.1 6.70 15.3 
54.9 50.5 6.70 15.8 
56.6 53. 0 6.66 16.4 
60.4 62. 6 6.87 17.4 
61. 3 65.0 6.90 17.8 
67.3 87.3 7.70 19.4 
67.9 80. 3 6.97 19.6 

I 
76.0 102.7 7.10 21. 9 
76.2 102.5 7.07 22.0 
86.5 131. 8 7.07 24.8 

I 
88.2 137.8 7.07 25.5 
92.4 150.2 7.00 26.7 

101. 6 172.5 fl. 70 29.4 

I Approxi- Baro-
Observations. mate meter, tempera-

ture,oe. =. 
---- -

1,2 ............. . 23 747.3 
3,4,6,8,9,11,13, 

15 .. .. . .... . ___ 24 747.3 
5,7,10,12,14,16-

20 .. ___ .. ______ 25 747.3 

In thi connection the statemen t made earlier may be recalled with regard to the numerical 
relation of the generalized speed scale to actual air speed under sea-level condi tions; namely, 
that a generalized speed of 20,000 units, with D = 1 em. (approximately the middle of the range) 
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corresponds to about 66 miles per hour in a sea-level atmosphere. Thus landing speeds, stalling 
speeds, and speeds of interest in dirigible work lie to the left of the middle, while ordinary air­
plane speeds are well to the right in figure 6 and similar diagralnS. 

In connection with the ordinary wind tunnel results , observations which were made in the 
small instrument wind tunnel at the Aerotechnic Institute at St. Cyr will be of interest, and 
have been plotted in figure 7. This diagram shows the results of two tests made by Lieut. 
John A. C. Warner and one of the present authors in November, 1918, on another sample of 
the small United States Army type Pitot-Venturi tube (No. 23 ). This investigation was made 
under the general direction of Maj. George M. Brett, Chief, Airplane Instrument and Testing 
Division, A. E. F. Air Service, through courtesy of the French Section Technique. 

To illustrate the procedure it is sufficient to give the data from one of the two tests, which 
will be found in the following table: 

St. Cyr wind tunnel data, United States Army Pitot- Venturi. 

Temperature, 11° C; barometer, 744.5 mm . .. 
I I Pitot-Pitot Venturi L DVPXI0-3 ht, cm. 

water. h2, cm. pv2 jJ. 
water. 

2.00 10.7 2.68 11.8 I 1. 85 9.7 2.62 11. 3 
3.95 23.7 3.00 16.6 
4.05 24.8 3.06 16.8 

I 3.70 21. 8 2.95 16.0 
6.6 40.0 3.03 21.4 
6.5 38.9 2. 99 22.2 
9.6 57.4 2.99 25.8 
9.7 58.7 3.02 26.0 

10.1 60.7 3. 01 26.6 
13.2 84.1 3. 19 30.3 
13.8 88.4 3.20 31. 0 
13.9 88.1 3.19 31.1 
18.8 122.7 3.27 36.2 
19.0 121. 5 3.20 36.3 
20.0 126.7 3.17 37.3 
20.4 128.7 3.16 37.7 
22. 5 144.2 3.21 39.6 
23.4 147.0 3.14 40.3 
20.8 132.7 3.19 38.1 
26.9 168.6 3.14 43.2 
26.2 164.5 3.14 42.7 
28.0 176.5 3.15 44.1 
29.0 184.7 3.18 45.0 
25. 0 156.7 3.13 41. 6 
25.8 162.7 3.15 42.4 
14.6 93.1 3.19 31. 9 
14.7 93.1 3.17 32.0 
9.2 54.9 3.02 25.3 
9.4 56. 7 3.12 25.6 
5.8 35.7 3.20 20.1 
5.5 33.7 3.06 19.6 
3.6 21. 4 2.97 15.8 
3.1 18.3 2.95 14.7 

-

The Pitot head hi given by the first column in cm. of water, when compared with the 
vbaerved head on the Pitot-Venturi in the second column, affords values for the relative per-

rormance reported in the third column. In computing the DVp, density and viscosity are de-
J.L 

rived as usual from the barometer and thermometer readings. The true air speed v was obtained 
from the Pitot reading by reference to a calibration curve furnished by the Section Technique, 
showing the result of a comparison between the t. Cyr Pitot and the French standard Pitot 
at the Eiffel Laboratory. 
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As in the previous experiment, the relative performance approaches quite closely to the 

numerical value 3.2 for high values of Dv
p

, but falls off gradually at the lower values . 
jJ, 

5. GRAPlDCAL COMPARISON OF RESULTS. 

The results previously discussed for the performance of five dillerent types of air-speed 
nozzles in air are brought together for convenient comparison in figure 8. To avoid confusion, 
the plotted points are left out but all may be seen upon consulting the previous diagrams . 
The curve shown for the United States Army modified Zahm type of Pitot-Venturi is an average 
of the flight test and ordinary wind-tunnel results for No. 30 . It is seen to agree very closely 
with the St. Oyr test on the other nozzle, No. 23. 

These curves will not be fur ther discussed in the present paper, but evidently merit careful 
examination by those interested in the details of performance of the various types of air-speed 
indicator, and provide the necessary experimental basis for inferences regarding the altitude 
effect. 
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FIG. B.- Graphical comparison of performance curves. 

6. SUGGESTIONS FOR FURTHER INVESTIGATION. 

r 

In conclusion , it is suggested that convenient graphical or analytical methods should be 
developed for computing the altitude correction in practical problems from empirical data such 
as are afforded by figure 8. Moreover, for the purpose of securing the most exact numerical 
values, the vacuum wind-tunnel work might well be continued with the use of improved facilities. 
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Such a program has in fact been begun. A new tunnel with a wOI:ru.ng space nearly four times 
the cross section of the previous one is under constructionj it is intended to install this tunnel in 
one of the large altitude chambers of the Bureau of Standards, in which both the temperature 
and pressure can be controlled over a wider range than before. Finally, additional types of 
air speed indicator other than Venturi tube should be investigated, verifying the observations 
with reference to several sample instruments of each type. The laboratory experiments should 
also be closely paralleled, so far as practicable, by observations taken at low speeds in lighter­
than-air craft, and at high altitudes in airplanes. This investigation of the altitude effect is 
primarily of importance in connection with low-speed or high-altitude flight j for the altitude 
correction under the conditions of high-speed flight near sea level is sufficiently well given for 
most instruments by the simple p'IY law. 
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