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SUMMARY

The procedure for obtaining air-speed and rate-of-
climb measurements in performance tests of airships is de'
scribed. Two methods of obtaining speed measurements, one
by means of instruments in the airship and the other by
flight over a measured ground course, are explained. In-
struments, their calibrations, necessary correction fac-
tors, observations, and calculations are detailed for each
method, and also for the rate-of-climb tests.

A method of correction for the effect on density of

moist air and a description of other methods of speed-
course testing are appended.

INTRODUCTION

The procedure required to obtain accurate measure-
ments of air speed and rate of climb in performance tests
of airships is described herein for the instruction a_d
guidance of those who, without having had the benefit Of

previous experience, are required to conduct such tests.
Since it is important that those who conduct the tests
should appreciate the necessity of following the correct
procedure in all details, the basis for the recommended
procedv_re, as well as an outline of it, is briefly given.
The paper is written in an elementary formand the test
procedure is outlined in considerable detail so as to min-
imize as far as possible the necessity for previous knowl-
edge of the factors involved and to avoid the possibility
of error in following the correct procedure.

The general methods of measuring the air speed in
flight are: by means of instruments attached to the air-

ship and by means of timed flight over a measured course
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on the ground. The instrument method may employ one of
the numerous types of air-speed head that measure the dy-
namic pressure, from which instantaneous Values of the
true air speed can be calculated when the air density is
known, or a windmill type of instrument independent of the
air density that gives a measure of either the instanta-

neous or the average true air speed directly, depending
on the type of mechanism. Various types of air-speed in-
struments are described in reference I. The speed-course

method may employ a straight or a triangular course. In
either case an average value of true air speed is deduced
from the results; the accuracy of the measurements is large-

ly dependent on wind conditions. The procedure outlined
herein will be confined to cases in which the instrument

method with a pitot-static head is employed and in which
the speed-course method with either a straight or a tri-
angular course is used.

Rate-of-climb measurement s are made by recording the

rate of change of barometric pressure with time, which is
then converted to a rate of change of altitude with time
in accordance with the change of pressure with altitude
for observed air densities.

It will frequently be necessary in describing the
procedure for determining air speed and rate of climb to
refer to "standard atmosphere," "pressure altitude," and
"density altitude." The standard atmosphere is defined
in reference 2 and represents approximately average atmos-
pheric conditions as regards relations between true alti-
tude, pressure, temperature, and density. In any actual
case there may be a considerable departure from these av-
erage conditions. The term "pressure altitude" is the
altitude in the standard atmosphere corresponding to an
observed barometric pressure; "density altitude" is the
altitude in the standard atmosphere corresponding to an
observed density. Since altimeters are instruments actu-
ated solely by pressure changes, they can be used to ob-
tain pressure altitude directly. Density altitude can be
calculated when the pressure and temperature at a given
height are known. For convenience in making the calcula-

tions subsequently described, figures 1 and 2, showing the
relations between pressure and density in the standard at-
mosphere, are included. The true altitude, which is of
practically no importance in the present case, can be de-
terminedaccurately only when the pressure at a given
height and the temperatures at all altitudes below this
height are l[nown. (See reference 3.)
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AIR- SPEED ]_ASURENENTS

Instrument l_ethe d

E ff_pct_of_v.el0cit_ field.- The velocity of the air
relative to an airship in flight is influenced over a wide
field by thepresence Of the airshipand control car or
other protuberances. The local velocity at any point is
dependent on the shape of the airship and protuberances,
on the location of this point relative to the body or bod-
ies causing the disturbance, and on the direction of the
relative wind. In addition to this general velocity field,
whicii extends to a great distance in all directions, there
is the _so-called '!boundary layer" of air close te the body
in which the velocity is retarded by friction. Although
this boundary layer increases in thickness from the bow to
the stern, it is relatively thin _nd easily avoided in

making measurements of air speed.

The.general nature of the velocity field close to the
hull is indicated by the distribution of normal pressure
on the hull. At the bow and stern the normal pressures

are higher than true static, and the velocities in these

regions are correspondingly lower t_an the true air speed
by as much as 100 percent. Amidships the normal pressures
are less than true static and the velocities are corre-

spondingly higher than the true air speed by as much as
about l0 percent. Between these regions of low and high
velocity there are marginal regions in which the true air
speed prevails, but they are of ,small practical signifi-
cance as regards air-speed measurements. " The location of
these marginal r_egions is dependent on the trim of the
airship and local irregularities Of contour and, further
more, tests would be required to establish the location
for any given trim condition.

In order to avoid the effect of the velocity field,

it is necessary to place the air-speed head used in speed
trials at a considerable distance from the airship. An

indication of the distance that is required is shown in
figure 3. The curves shown in this __gure. apply to cal-
culated values for the U.S.S. Akron hull at zero pitch

and, although they do not apply exactly to other airships,
they can be regarded as approximately representative of
the general case. AS si_own in the figure, beyond the dis-
tance of l-l/2 diamet©rs from the midship section the er-
ror in local velocity becomes very small. Thus with an
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airship such as the TC-IS (maximum diameter of 5'$ feet), a

suspension length of 75 to I00 feet, which is a practica-
ble length, seems to insure satisfactory results. It
should be noted tn__t the actual distance from the airship
to the suspended instrument will be appreciably reduced by
a curvature of the cable in flight.

P ito_t_-st_at_ic_he_a_d_.-Theoretically the pitot-static
head has two openings, one of which is normal to the air
stream and is subjected to the total or impact pressure P
caused by bri,tging the air to rest, whereas the other open-
ing is parallel to the air stream and is subjected to the

static pressure p_ The relation between these two pres-
sures is P = p + _g p V s where p is the mass density of
the air and V is the true air speed. The two openings
in the pitot-static head are connected to a pressure gage
that records the difference between these pressures,1

p V = q, which is defined as the dynamic pressure.

This ideal condition is seldom exactly realized, owing to
the structural details of the head itself, so that the re-

corded pressure is actually an erroneous va&ue qi, which
for practical purposes can be regarded as proportional to
q regardless of the speed. It is therefore necessary to
calibrate the pitot-static head after it is constructed

in order to establish the correction factor K = q/q'.
Knowledge of pitot-static heads is sufficient to permit
designing a head for which this factor is very close to
unity. ,

There are an infinite number of p_ssible forms for
pitot-static head. A satisfactory design based on con-
venience of use and ruggedness is shown in figures 4 and

S. A straight tube with a rounded nose has an opening in
the nose to obtain the total pressure P and openings
around its circumference at a distance of $ diameters from

the nose to obtain the static pressure p. The curvature
of the nose portion is in accordance with the equation

?
. \

where d is the maximum diameter of the tube and r is

the radius of a section at any d,istance x measured from
the extreme tip. The curvature terminates at x- d. The
tube, which has a diameter of 2 inches, is loaded with

lead to make it heavy enough for satisfactory suspension
and is eq_Jipped with stabilizing surfaces to keep it point-
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ed in the direction of flight. The head weighs about 16

pounds, this weight being necessary in order to reduce the
tendency for the suspension cable to swing back owing to
it s drag.

Method of susp_ension.- The pitot-static head is sus-
pended on a small flexible cable (1/8-inch diameter is
satisfactory) and the static and dynamic pressures are

conducted through a pair of rubber tubes. The tubes and
cable are tightly encased in a longitudinal strip of ad-

hesive tape having a width considerably greater than the
circumference of the encased tubes and cable so that a

generous overlap of the edges of the tape is obtained.
This type of suspension replaces the single-duct cable
shown in figure 5, which is used when only the static pres-
sure is to be measured. In order to avoid excessive drag

of the tubing, the outside diameter of these tubes should
not exceed 1/4 inch and, owing to the possibility of lag
in the transmission of varying pressures through these
tubes, they should have an internal diameter of at least
3/32 inch. The recommended size of tubing is 3/16 inch
with a wall thickness of 1/32 inch, which gives an outside
diameter of 1/4- inch.

pressure _age or manometer.- The pressure difference
at the ends of the tube can be observed by means of a com-

mercial type of air-speed indicator, at least for the upper
end of the speed range, or by means of a liquid manometer.
The air-speed meter should be checked for leaks and to de-
termine whether its calibration is affected by temperature

or position error •(effect of changes in the direction of
the gravitational force with respect to the instrument)
and whether there is•any hysteresis. A liquid manometer
should be so designed that it is not materially influenced
by changes in attitude by providing it with two reservoirs
symmetrically placed•on either side of the glass tube in
which the height of the liquid is observed. The error due
to deviation of the manometer attitude from the vertical

will then be represented by the deviation of the cosine
of that angle fram unity. The design should be such that

surging of the liquid from one reservoir to the other dbcs:not
develop an appreciable suction at the juncture of the tube
with the reservoir system, which would tend %o lower the
reading in the glass tube. Whether or not such an effect
exists can readily be detected by observing the manometer
reading as the manometer is tilted slowly from side to
side. The reservoirs should be large in comparison with
the volume of the glass tube so that the change of level
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in them is small as compared with that in the glass tube.
Such an arrangement tends to provide the maximum sensi-
tivity. The sensitivity is also improved by the use of a
relatively light liquid such as alcohol rather than water.
The density of alcohol or any other light liquid varies
considerably with temperature, however, and alcohol also
tends to absbrb moisture so that the density may change
with time. If alcohol is used, the density must therefore

be carefully chec}_ed at the time the tests are made. Al-
cohol is recommended in preference to any other light
liquid that might be used in place of water. The manome-
ter must be calibrated.

When air speeds are varying rapidly, as in decelera-
tion tests for which it is necessary to obtain a close re-

lation tetween air speed and time, it is advisable to use
a recording instrument _uch as the N.A.C.A. recording air-
speed meter. This instrument gives a continuous photo-
graphic record of the dynamic pressure with a time scale,
but requires attention by an operator who is thoroughly
familiar with it. For most airship tests visual observa-
tions are sufficient.

L_ag__e_rr3r dyAe"t_o_cj_an_ge___gf al_ti_t_u_de.- 0he additional
point that must be considered when measurements are made
while climbing or descending is that erroneous readings
may be obtained unless precautions are taken to eliminate
lag effects in the pressure lines. Owing to the change of

static pressure with height in this case, there is a change
of static pressure with time. One side of the air-speed
system is subjected simply to the static pressure p and
the other side to the total pressure P which is the sum
of the static pressure and the dynamic pressure q. Actu-
ally p is very large compared with q so that for pur-
poses of this argument the pressure in the two sides of
the system can be regarded as approximately equal. Then,
since p varies with time, both sides of the system are
subjected to the effect of the varying pressure. Owing to
the difference in the volume of air in the two sides of the

line or to a difference in the restrictions in the lines,
the effect of this varying pressure may not be the _ame in
both lines, with the result _that the recorded dynamic

pressure will be in error. A simple test shows whether
or not the lag effects are equal. A small pressure is ap-
plied simultaneously at both openings of the pitot-static
head and as this pressure is released so as to vary the
pressure rapidly at the same rate in each side of the sys-
tem, the reading of the pressure gage is _observed. If the
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gage shows an appreciable deflection from zero, the system

requires modification. This modification consists simply, .
in adding additional volume at the gage end of the side of

the system that shows the least lag, that is, the more rap-

id drop in pressure. It may only b'e necessary to add a

small length of tubing to provide the additional volume

required. For an o.rdinaty air-speed meter, however, there

is a large difference in the volume on the two sides of

the gage so that it may be necessary to add a large volume

to compensate for this inequality.

Errors due t_o wind _radient." It is pos'sible that un-

der certain conditions there may be a sufficient gradient

of wind velocity with altitude so that the suspended head

and the airship may be traveling at different velocities
relative to the air. In order to avoid the possibility of

an appreciable error from this source it seems advisable

to use the average of r:eadings obtained by flights in oppo-

site directions.

Calculation of air s_eed from observed data.- From

the basic rel.ation q = _ p-V_-T two expressions are de-
rived, namely,

V i = 45.08 _-q

and V = V i

where V i is the indicated air speed in miles per
hour

q, the dynamic pressure in inches of water

V, the true air speed in miles per hour

8 = Oo/P, the ratio of air density at standard sea-

level conditions to the density at which tests are made.
At standard sea-level conditions the air is assumed to be

is 29.92 _inches of met-dry, the barometric pressure Po

cury, and the temperature T o is 59 ° F. The density P_o

for these conditions is 0.002378, The density p for any

other condition of temperature and pressure for dry air
can be found from the relation

p 459.4 + T O

P = Pox Po 459.4 + T
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_vhich, ,upon substitution of the ab0ve-mentioned standard
value:s of temperature and pressure, reduced to

P

where p is the observed pressure in inches Of mercury
and T, the •observed temperature in. degrees Fahrenheit.
_or the density ratio we can write

8.- Po _ 0.05772 x 459.4 + T _
P P

Moisture in the air reduces the value of p slig1_tly and,
if tl',,eeffect of the moisture is neglected, the result is
a small negative error in the calculated velocity. This

error can generally be neglected-, but for extreme preci-
sion, i_u1_:idity should be ta][en into account, as shown in
Ap&oendix I, The press_,zre p in inches of _ mercury may be
fo%'_nd from the observed pressure altitude in feet by ref-
erence ,to standard altitude tables or cllarts. (Se,e fig.
I.) A more convenient method is to have the calibration.

of the altimeter used in the tests plotted against pres-
sure in inches of mercury.

Tile observed data obtained in flight tests cannot be
used in the foregoing equations witheat some initial steps.
The first step i_z any case is to correct the observed read-

ings i_t accordance with the calibration of the pressure
gage used in the tests. The subsequent steps depend upon
the type of instrument _.sed and. the nature of the calibra-
tions. Two cases are assumed:

a. The dynamic pressure is expressed as ql in
terms of _t_-e h e._ght of a liquid.

b.. Dynamic pressure is expressed as Vii i_% mile-
p e_"-hour units•.

_or case (a) the n'ext step is to find q--q' r K where

specific weight of liquid "
r : ............................. -........................... =--- and K is t].le pitot correc-

sT#ecific weig_lt of water
tion factor. For case (b)'t'he _ext step is to find Vi =

vi, . .
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Speed-Course }_.ethod

Flight observatignp_.- Measurements of true air speed
can be obtained by flying over a straight speed course in
opposite directions or over a triangular course. (See also
Appen@ix II for other methods.) The deduction of true air
speed from the results of such tests presupposes that the
course is closely followed, that the wind speed is constant
as regards both its magnitude and direction, and that the
timing is accurate. For satisfactory results the wind
should be steady and '_of low velocity relative to the speed
of the aircraft. Large cross-wind components are likely
to introduce difficulty in following the required ground
course. Accurate timing demands care in determining the
exact instant a specified point is passed. The observer's
line Of sight should be directed normal to the flight path
and, in order to insure accuracy, the landmark should be a
line at right angles to the direction of flight or two
points on such a line.

Calculations.- If a straight course is used the prop-
er method of evaluation is to find

t I t_ I
Va -- X

2 1.467

where S is the length of the course in feet

t I and te, the times in seconds for runs in oppo-
site directions

V a, the true air speed in miles per hour
uncorrected for the effect of a cross
wind

In general, it is not desirable to attempt to fly such a
course unless the wind is _ approximately parallel to the

course but, if there is an appreciable cross-wind compo-
nent, a correction can be made by the most convenient of
the two fo]lowing methods:

V - Va
COS C_

or

V = + (Vw sin e)
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where V is the true air speed in miles per hour

c_, the angle of drift

V%v, the _ind speed in miles per hour

and @ , the an_]le bet%veen the direction of the wind

and the speed course

If the triangular course is used, the true air speed

can best be determined graphically, t_e analytical solu-

tion being too laborious and inconvenient for ordinary

use. One point that should be mentioned in this connec-

tion is that the average of the ground speeds for the

three legs does not g'ive the correct result. The error

is dependent on the shape of the triangle, the magnitude

of the wind velocity as a percentage of the speed of the

aircraft, the direction of the wind relative to the ori-

entation of tl_e triangle, and, unloss the triangle is equi-

lateral, on the direction of flight around the course.

The graphical solution is illustrated in figure 6.

The _eographical orientation of the t_.ree legs of the tri-

an@lie is required. Vectors representing the ground speeds

V l, V e, and V s along each of these three legs from a com-

mon point x are laid out in directions corresponding to

the orientation of the _ppropriate legs. The extremities
A, B, a:_d C of these vectors determine a circle, the cen-

ter 0 of which can be found by a geometrical construc-

tion. This constl'_ction consists sin_ply of finding the

_utual intersection of the jerpendicular bisectors of the

three sides of the triangle A, B, and C. The radius of

the circle represents the true air speed V and a vector

_!ra_vn from X to 0 represents the mag'nitude and direc-

tion of the wind speed V_. If drift angles were observed

during the flights over t_e speed course, an indication of

the steadiness of the wind can now be obtained by drawing

air-speed vectors 0A, 0B, and 0C and comparin_g the drift

angles thus indicated with those observed.

It may so[_letimes be necessary to interpret data ob-

tained in runs during which the engine speed was not main-

talne_ constant for the three legs of the triangle A

fairly satisfactory correction may be possible in such a

case; for example, suppose that the engine speed is held

constant for t_ro legs of the triangle but ms reduced for

the thirc! leg. The avera_e speed deduced from the vector

@iagram _ill lie between that corresponding to the two en-
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gine speeds.. .The air-speed.meter readings for the:three

legs, even though"they are considerablyin error,.can be

used to establish an approxitnate eo2rection factor_ .by

means of which the air:. speed corresponding to the' higher

(or the lower, if desired) engine speed_oan be found. -If,

from the air-speed meter readings for the three legs, it

V Va2is deduced that the air:speeds were roughly a.l,

and Vas' .....then, since Val = Va_ '. the correction factor

by which the:average air speed deduced from the vector di _

agram must be multiplied is " "!_
, • . : .

sVa
' !

2V a + V aI s

If tlle air speed corresponding to a lower engine speed is

desired, the factor becomes

" 5V a . . .

+ V a2Va l - s

After V has been found, the correct indicated air

' speed may be ealculated,lfrom the relation Vi - V where.......
":8 is the density ratio as previously defined.

- , .. , . •

: Condition of AirShip for Speed Trials

Trim or pitch angle (defined as the incl. ination of

the longitudinal axls to the flight path) is an important

consideration in. speed trials. The drag of the airship
increases to a n_arked extent with increase in pitch angle

and, in order to obtain maximum speed, th e airship must be

at approximately zero pitcl/. In order to illustrate the

effect of pitch, figure 7, which • applies to a model of the
U.S.S. Akron hull (reference 4), is sl_own. A pitch angle

of 3 ° causes an increase in drag and power required of 9

percent with elevator neutral and 25 percent with elevator

deflected to overcome the pitching moment of the hull;

whereas for 6 ° pitch the increase is 53 percent or 71 per-

cent, depending upon whether or not the elevators are de-
flected to obtain balance, The an_le of pitch equals the

inclination of the hull in level flight, and hence can

readily be observed in speed trials. In any speed trials,
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conditions of heaviness or lightness, the average pitch
angle for different speeds, and any other items that might
influence the speed, such as unusual protuberances of any
sort, modifications of protuberances, condition of engine,
etc., should be noted.

It is apparent from the foregoing remarks that if, in
normal operation, the airship is to be flown heavy, it
would be advisable to determine the speed characteristics
for the range of loads likely to be carried by dynamic
lift. The effect of the heaviness on the engine speed and
fuel consumption required to fly at a given air speed is
likely to be very marked, particularly at low cruising
speeds with correspondingly large pitch angles.

Interpretation of Speed Data

It is advisable to plot readings of the air-speed me-

ter of the airship against correct indicated air speed V i

in order to obtain a calibration curve for the complete
air-speed installation. This curve will show the combined
effect of all errors, the principal one probably being
that due to the location of the fixed air-speed head. The
magnitude of this error is likely to be dependent to some
extent on the angle of pitch, so that the curve thus ob-
tained does not necessarily apply to all conditions of trim.

Thus, if the curve is obtained with the airship in static
buoyant equilibrium, some deviation can be expected when
the airship is heavy or light, and also when it is turning.

True speed V should be plotted against correct en-
gine speed _T. This cllrve has important characteristics.
If the airship fs in static buoyant equilibrium so that it
flies at zero pitch, and hence constant drag coefficient
at all speeds, and if there is but one propeller or multi-
ple propellers synchronized to act as one propeller at all
speeds, this curve will be very close to a straight line
passing through zero. The slope will depend on the drag

coefficient of the airship and the propeller characteris-
tics but will be independent of altitude or mechanical
condition of the engir_. The maxim_m air _eed will depend,
of course, on the maximum engine speed obtainable and hence
on the altitude and mechanical condition of the engine, but

the slope will remain constant. The slope of the curve
will be altered if there are alterations to the airship
that change either the propeller characteristics or the
drag coefficiont.
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If the airship is not in equilibrium during the,speed
trials, the curve of V against N should show a varying

slope with the ratio of _V/N increasing with increasing
speed. This type of variation Will Occur because of the
reduction in pitch angle, and hence drag _oefficient, with
increasing speed. If the plot of the speed results shows
this type of variation, it serves, therefore, as an indica-
tion that the airsliip was n0t in equilibrium and that the
measured speeds at the various engine speeds were not as
great as could have been obtained _vith zero pitch. The

curve will approach the curve" corresponding to zero pitch
at high speed.

Summary of Test Procedure for Speed Trials

I. Suspended-head method: :

A. Obserwat ions:

I. Dynamic pressure from suspended head.

2. _Air: speed from air-speed meter Of airship.

3. Out side air temperature.

&. Inside temperature in control car (unless
water manometer is used so that change Of

density of manometer liquid with tempera-
ture is negligible):.

5. Pressure altitude (altimeter reading).

6. Inclinat ion.

7. Engine speeds (tachometer readings).

8. _{ake note of such things as the.buoyant con-

dition of the airship, protuberances or
openings, behavior of ,synchronization of
the engines, and air conditions that are
likely to have bearing on the[ speed re-
sults. It might also be of assistance in

interpreting results, to obtain records of
control position and to observe the com-
pass readings at short regular intervals.
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B. Calculations:

1. Correct readings of dynamic pressure for cal-
ibration of instrument to obtain q' (or

Vil if air-speed meter is used).

2, (a) L_iguid__ma_nomet_er.- Hultiply q' by pi-
tot correction factor K and manome-

ter liquid-density factor r to ob-
tain q, and then find correct indi-

• cared air speed from V i = 45.08 _.

(b) Air-s__p_e_gd_meter.- Find correct indicated

air speed V i from

V i = V i , yK

Z. Correct altimeter readings in accordance with
calibration to obtain correct barometric

pressure p.

4. Same for thermometer to obtain T.

5. Calculate 8 from relation

459.4 + T
8 = 0.05772 X ..................

P

6. Calculate true air speed from relation

V = Vi j_

7. Correct tachometer readings in accordance
with calibration to find correct engine
speed.

C. Plot:

1. True air speed V against engine speed.

2. Correct indicated air speed V i against read-
ing of air-speed meter of alrship.
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II. Speed-course method- straight course:•

A. 0bservat ions: _

1. Time to traverse course in opposite direC-
tions.

2 _. Angle of drift _ or magnitude Vw and di-
rection e of wind r_lative to l course.

3. Items 2, 3, 5, 6, 7, and 8 of IA.

B, Calculations:

1. Find Va from relation

s_+ s
tl t2 1

V a - X2 1. 467

2. Correct V a for effect of cross wind to
find true air speed V from

V - Va
COS O_

or

j •V = Va2 + (Vw sin 8)2

3. Items 3, 4, and 5 of IB to find 8.

4. Calculate correct •indicated air speed V i

from Vi = V

5. Item 8 Of IB to find correct engine speed.

C. Plots:

Same as IC,
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Iii. Speed-course method- triangular course:

A. Observations:

I. Time for each l_g.

2. Items 2, 3, 5, 6, 7, and 8 of IA.

B. Calculations:

I. Find average true air speed by graphical
method (fig. 6) .

2. Items 3, 4, and 5 of IB to find 8#

3. Find correct indicated air speed V i from

V

V i - j-_-

4. Item 7 of IB to find correct engine speed.

C. Plots:

Same as i C •

RATE-0F-CLIMB MEASUREi_NTS

General l_iethod

Under average atmospheric conditions reprssented by
the standard atmosphere there is a definite pressure, tem-
perature, and density corresponding to any given altitude.
In actual cases there is some departure from the average
so that the relations that hold for the standard conditions

can be regarded as only approximate for any given case.
Altimeters, which are actuated by pressure changes, are
graduated in feet in accordance with the variation of pres-
sure with altitude in the standard atmosphere. Hence the
reading of an accurate altimeter may be regarded as an ex-

act indication of pressure and an approximate indication
of height or true altitude. In general, however, pressure

and density, or pressure altitude hp and density alti-

tude h d, are the quantities desired. These items can
readily be obtained, the former being given direetly by
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the altimeter reading and the latter being obtained from
calculations based on readings of the altimeter and the
thermometer.

Although the true altitude may not be known, the true
rate of climb can readily be obtained by utilizing the bas-
ic relation between altitude change and pressure change.

Ah = - Ap I___
gP

where Ah is an increment of altitude

Ap, the corresponding increment in pressure

p, the average air density for the altitude in-
crement being considered

g, the acceleration of gravity (g = 52.17 ft./
sec. 2 ) .

Thus, the altitude change corresponding to a given pressure
change depends on the average density p, which is deter-
mined by the average pressure and temperature for the in-
crement. From the preceding calculation there is obtained
for the true rate of climb Ve, the expression

Ah - Ap I

Vc At At gp

_t being the time interval required for the observed pres-
sure change Ap. Then the angle of climb is obtained from

-_ Vc
8 = sin

V

where @ is the angle of climb

V, the true air speed

The units of velocity, time, height, etc., must be consist-

ent as explained later under Calculations.

It now becomes necessary to consider which of the vari-
ous items are finally desired. An analogy with heavier-
than-air craft offers little assistance, since the airship
is essentially sustained by static buoyancy rather than by
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dynamic forces. Ceiling is determined by volumes and
weights in relation to density, rather than by engine
power, and is a height which it is not safe to exceed
rather than one which it is impossible to exceed. The
ceiling of an airship can probably be determined better
from calculations than from actual tests. Below the ceil-

ing no more power is required to climb than to fly level
as long as no dynamic lift is required. The factors that
limit the ability to ascend or descend are essentially the

pitch control, or maximum inclination permitted by the de-
sign, and the capacity for maintaining correct gas pres-
sure when the atmospheric pressure is varying. The alti-
tude at which the ascent or descent is made is generally

of no great importance. It appears, therefore, that we
are concerned chiefly with the rate at which the pressure

varies Ap/At, or the equivalent rate of change of pres-

sure altitude Ahp/At, and the angle of climb 8. If
climbs were to be made with dynamic lift the climbing abil-
ity would tend to become definitely dependent on engine

performance, in which case it appears that the true rate

of climb V c should be obtained as a function of altitude,

the pressure altitude hp probably being better for this
purpose than density altitude h d, although there is some
doubt as to which should be used.

Instruments

Some instruments indicate rate of climb directly, the

reading of the instruments being dependent on the rate of
change of pressure. Such instruments are not reconlmended
for test work, although they are useful in determining at
a glance whether one is ascending or descending and the ap-

proximate rate. The standard types of Koll_uan altimeters
for airplanes are small compact instruments that are gen"
erally satisfactory and can be recommended for climb tests.
These instruments have an appreciable friction and must be

lightly tapped to insure accuracy of the readings, unless
they are vibrated by other means. When thus vibrated there
should be no perceptible hysteresis.

The altitude scale is divided into feet in accordance

with the change of pressure with altitude in the standard

atmosphere. The instrument, of course, should be cali-
brated before it is used for test purposes, and it may be
convenient to have the calibration show the scale reading

in feet against pressure in inches of mercury. The Kolls-
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man instrument, like most other altimeters, has an adjust-
able zero but, in order that one calibration shall suffice,

it is desirable that this adjustment be locked in position
before the calibration is made. The instrument then becomes

essentially a simple aneroid barometer reading barometric
pressures in foot units.

The Kollsman instruments are usually equipped with a
fitting on the back of the case that permits the pressure
chamber to be connected to a source of true 'static pres-
sure. For airships this connection can be ignored since

at the relatively low speeds obtainable with airships the
pressure in the control car will not differ from the true

static pressure by an amount sufficient to introduce a se-

rious error into the barometric pressure. It seems iprob-
able that the error in pressure altitude from this source

would not be more than about 40 feet at a spe@d of 70 miles
per hour, and less at lower speeds. The error will proba-
bly depend to so,me extent upon whether windows are open or
closed. If absolute precision were desired, it would be
necessary to connect the instrument to a suspended static
head.

Any type of calibrated thermometer will probably be
satisfactory for determining the free-air temperature if
it is freely exposed to the outside air. Some considera-
tion should, however, be given to the lag characteristics
of the thermometer because for extreme rates of ascent or

descent the lag may introduce an appreciable error. The
error for any given type of thermometer will be propor-
tional to the rate of change of temperature and hence, in
general, to the rate of change of altitude. The tempera-
ture ordinarily varies with altitude at the rate of about
3 ° F. per thousand feet, so that if the rate of ascent or

descent were 2,000 feet per minute the temperature would
vary 0.I ° F. per second. According to data given in ref-
erence 5, the errors in reading with different thermome-

ters f0rthis case would be approximately as follows:

Laboratory thermometer, mercury in glass I ° F.

Laboratory thermometer, liquid in glass i-_-° F.

Strut thermometer, liquid in glass, flat •

bul b • I 1-° F.

Strut thermometer, liquid in metal helical

bulb l_° F.

Strut thermometer, liquid in glass, large
cylindrical bulb 3 ° F.
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Since an error of I ° F. introduces an error of only about
0.2 percent in the calculated density, it appears that the
error due to lag can usually be neglected even for the

high rate of ascent or descent assumed in this case. If
greater precision is desired, however, the relation be-
tween temperature and altitude can be established immedi-
ately before or after the tests by readings made under
steady conditions, or at least while the variation in al-
titude is slow.

When timing the ascent or descent, the increments of
altitude for which the •time is taken should not exceed

1,000 feet and smaller increments should be used if feasi-

ble. The time for equal increments of altitude change or
the altitude change for equal increments of time may be
observed, depending upon which method is more convenient
with the apparatus available. Probably the best accuracy
will be obtained by the former method with two or more

stop watches being used so that one watch can be started
and the other stopped at each interval, and the time read-
ings noted between intervals. Another satisfactory meth-

od is to "use a bank of stop watches mounted on a single
board and so arranged that they can be simultaneously

started and independently stopped, one watch being stopped
for each increment of altitude observed.

CAL CULAT ION S

It will be assumed that the flight observations give

hpl hp_
observed altimeter readings ' , ' , etc., and times

t I , t_, etc., corresponding to those altitudes. Air tem-

peratures m T_ etc must also be known, of course,
before the rates of climb can be calculated. Furthermore,

it is assumed that the air speed is observed so that the
tr_e air speed can be found.

The first steo is to find the barometric pressures

corresponding to the observed altimeter readings. If the
calibration of the instrument is plotted against pressure
in inches of mercury as previously suggested, pressures

Pl' P_' etc., will be obtained directly from the calibra-
tion. If the calibration is plotted only against correct•
pressure altitude h .... it will be necessary first to find

hpl, hp , etc., and _henl :by reference to standard alti-

tude tables or charts (see fig. i) to find Pl, Ps, etc.
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The next step is to find the air densities Pl, P2,

etc., corresponding to the observed pressures and temper-
atures.

Pl
p_ : 0.04120 X 459.4 + T_

where P l is in inches of mercury and T I is in degrees

;ahrenheit. Subsequent values of p are calculated in a
similar manner. Thus, for the first increment of alti-

tude Ap -- p_ - Pl" the corresponding increment of time is

At = t e - t l, and the rate at which the pressure varies

is

_P - P_ - Pl_

At t2 - t l

in inches of mercury per second when Ap is in inches of
mercury and At is in seconds or

Pe - Pl- 13.59
At T 2 - T l

in inches of water per second.

The average value of p is

Pl + P2
2

Then, with pressure still expressed in inches of mercury,
the rate of climb in feet per second is

(P2 - 1
V c = - 70.7

t2 - t (p + p )l l 32.17
2

the constant 70.7 being the conversion factor for reduc-
ing pressure in inches of mercury to pounds per square foot.

The angle of climb @ ms given by

v c (f.p.s.)
e = sin- I

1.467 V (m.p.h.)
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For example, assume the following • data to have been
observed in a climb:

A!t itude:

hp ' = 3,000 feet1

hp ' : 4,000 feet

Time:

t I - 0

t 2 = 62 seconds

T emp erature:

' = 75 o F.T1

T_' :-- 73 ° F.

Indicated air speed:

V.' : 50 miles _ per ho_Ir (average)l

After the altimeter calibration has been consulted,

which it is assumed has been plotted so as to show both
the correct pressure altitude and actual pressure corre-

sponding to a given altimeter reading, suppose it is found
that

hp_ : 3,250 feet

hp_ = 4,475 feet

the corresponding pressures being

Pl = 26.57 inches mercury

p2 = 25.39 inches mercury

Similarly, from the thermometer and air-speed meter
calibration is obtained
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= 77 ° F.TI

T 2 : 75 ° F.

Vi : 47 miles per hour

Tile densities are

25.57

• _ = 0.002040, :: • p = 0.04120 X 459.4 +. 7,7

25.39
• -L _0.001957
P2 = 0.04120 x 459,4 + 75

Then, the rate of change of _ressure altitude is

Ahp • 4475 - 3250
: = 19.75 f.p.s. (1185 f.p.m.)

At . 62

and the rate of change of pressure

.... A_p_-: 25.39- 26.5.7 X 13.59 =- 0.259 ,in. of water/

At 62 - 0 sec. (-15.54 in. of water/
t-

rain. )

The true rate Of cl'imb

-70.7 (25.39- 28'.57) : i :
V c _ X

62 - 0 (0.002040 + 0.001957) 52.17
2

: 20,92 f.p.s. (1255 f,p.m.)

Since the average indicated air speed is 47 miles per
hour and the average value of .p is 0.00200, the true air

speed is
t " - '•

V. = 47 7 00"002578.00200-_ 51.2 m.p.h.

Then, for the angle of climb, ....

20,92
sin e : : 0.278

51.2 X 1.467

or

8 : 1 6.2 o
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Condition of Airship for Climb Tests

The condition of the airship for climb tests may or
may not be important, depending upon what factors limit
the rate at which an ascent or descent can be made. It

does not seem feasible, therefore, to attempt to stipulate
in general what the condition of the airship should be.
If the ability to maintain proper gas pressure limits the
performance, as is usually the case for a descent, the con-
dition of buoyancy and trim would probably be unimportant.
If the pitch control limits performance, the condition of
buoyancy and trim Tcight be important. For example, assume

that the airship is heavy so that a positive pitch angle
is required in order to maintain a certain dynamic lift.
Aside from the fact that the climbing performance now tends
to become dependent on horsepower available, the heaviness
will have an important bearing on the pitch control. Air-
ships, .in general_ are unstable so that a positive angle
of pitch introduces a positive pitching moment tending to
increase the pitch. A negative trimming moment must be

applied. If this negative moment is applied by the eleva-
tor the result will be that, in maintaining the positive
pitch angle, the average elevator position will be down.
The net effect is somewhat as though the neutral position
of the elevator were shifted downward so that the range of
downward elevator movement is diminished and the range of

upward motion correspondingly increased. This change in
the effective elevator range may have considerable bearing
on the ability to ascend or descend.

Interpretation of Climb Data

Tile results of the climb tests should show maximum

values for angle and rate of ascent and descent. They
should also show, insofar as is possible, what character-

istics of the airship limit the ability to ascend or de-
scend, as for example, controllability, valve capacity, or
blower capacity. In connection with items pertaining to

valve and blower capacity, rate of change of atmospheric

pressure, as well as the corresponding rate of change of
altitude, could well be shown.
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Summary of Test Procedure for Climb Tests

A. Observations:

1. Altimeter at regular intervals.

2. Time interval between successive altimeter read-

ings.

3. Outside air temperature corresponding to each al-
timeter reading.

4. Air-speed meter.

5. Inclinometer.

6. Note amount of elevator control required, condi-
tion of static buoyancy, and other items that

appear to be _ignificant.

B. Calculations:

(i_ote: In each of the following equations pressures
p are in inches of mercury, times t are in sec-
onds, and temperatures T are in degrees Fahren-
heit.)

1. Correct altimeter, thermometer, and air-speed me-
ter readings in accordance with calibration to

f_Zn_[ correct pressure altitudes hpl, hp2,

etc., and pressures Pl' p2, etc.; correct tem-

peratures T I, T 2, etc. ; and correct indicated

air speed V i •

2. Find rate of change of pressure for successive
intervals in inches of water per second from

--= X 13.59.
At (t= -

If desired, also find rate of change of pressure

altitude in feet per second from

At ( t2 - tI ) "
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3. Find successive values of density Pl, P2 , etc.,
from

Pl etc.
Pl = 0.04120 x 460 + T l

4. Find true rates of climb for successive intervals

in feet per second from

-70.7 (p_ - pl ) 1
V =

C

t2 - tI 'Pl + P_
32.17

2

5. Find average true air speed V in miles per hour
for successive intervals from

j/ "
V = 0;002378 Vi m.p.h.

6. Find the sine of angle of climb e in degrees
from

vo (f.p.s.)
sin e =

1. 67v (m.p.h.)

arid _ from trigonometric tables.

C. Plot:

It is apparent that no plotting is required. If
climbs with dynamic lift were made, however, there might be

some point in plotting rate of climb against air speed for
different amounts of dynamic lift at a given altitude or

rate of climb against altitude (preferably pressure alti-
tude) for given amounts of dynamic lift.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Va_ , }_[arch 26, 1936.
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APPENDIX i

Density of _ioist Air

i_ioist air is slightly lighter than dry air because it

is a mixture of air and a small quantity of water vapor
(steam), and ,he latter is lighter than air. The first

step required to determine the density of the mixture is
to find the partial pressure of the water vapor so that
the total barometric pressure p may be divided into two
parts_

P = Pa + Pw

where Pa is the partial pressure of air

and Pw is the partial pressure of the water vapor.

Wet-bulb and dry-bulb temperature readings are required in
order to calculate Pw by means of Carrier's equation

(P- Pw') (T-
Pw = Pw' ................................inches of mercury

2755- 1.28 Tw

where T is the dry-bulb temperature in degrees Fahren-
he it

T w, the wet-bulb temperature in degrees Fahrenheit

pw t , vapor pressure in inches of mercury corre-

sponding to the temperature Tw

p, barometric or total pressure in inches of mer-
cury. (See standard textbooks of thermody-

namics for a more complete explanation; for
example, reference 6.)

In order to find Pw' it is necessary to refer to
standard steam tables for saturated steam (reference 7).

Table I, which has been copied from reference 7, has been
included for convenience. The density Pw of the water
vapor can then be found from

0.02,56 Pw
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The density of the dry air is

0.04120 Pa

and the density p of the mixture is the sum of the two,
or

0.0256 Pw + 0.04120 Pap =
459.4 + T

In order to show the error involved by neglecting the
humidity, the ratio of the densities of humid and dry air
at any given temperature and pressure can be written

p(dry) = 1 - 0..1378 --p /

Example :

T = 80 ° F.

Tw = 70 ° F.

p : 29.42 inches of mercury

From table I the vapor pressure Pw corresponding to the

wet-bulb temperature of 70 ° is found to be 0.739 inch of
mercury. Then

pw , = 0.739 - (29.42 - 0.739) (80 - 70) _ 0.628
2755 1.28 X 70

and

Pa = 29.42 - 0.63 = 28.79

so that

p : (0.025_ x 0.6s) + (0 04120 x 28.79) = 0.002228
459.4 + 80

The rat io

p (humid) 0.63: 1 - o.z7s x - 0.992
p(dry) 29.4_
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which shows that the error in density due to neglecting

humidity would have been 0.8 percent. The results of this
error as regards the conversion of indicated air speed to

true air speed would have been an error of -0.4 percent
in true air speed.

APPEND IX II

Additional Speed-Course Methods

In addition to the speed-course methods discussed in
the _uain body of the text, Dr. Arnstein of the Goodyear-

Zeppelin Corporation has recommended two additional meth-
ods. For one of them two neighboring but not necessarily
adjoining straight courses arranged in the shape of an L
or T are used. The two legs are followed in one direc-
tion and then retraced. The evaluation can be made as for

the triangular course except that there are four instead
Of three factors from which to determine the circle, so
that to som<_ extent a chcci_ on the accuracy is obtained.

The other method is limited in its api>iication to parts of
the country where long _arallel landmar_ns such as roads
are available. When such land_arks are available, the

_uethod appears to have considerable advantage over other
s_eed-cot_rse methods. A summary of the method as described
in a _%oodyear-Zeppelin Cor_}oration report by Dr. }[lemperer,
follows:

From an accurate map two parallel roads, say 5 miles
ay>art, are selected as the parallel landmarks. A compass
coT_rse is set exactly at right angles to these roads and

held without regard to the ground loath as the crossing is
made from one road to the other. (See fig. 8.) The com-

pa_s course is then reversed and a return is made. It can
readily be proved that, from the two crossing times, the
true air speed V in miles per hour is obtained without
graphical analysis by means of the equation

+ × ..........

where L is the perpendicular disi;ance in feet between
the landmarks and t I and te are the crossing times for

the two directions of flight.
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TABLE I RELATI0!T 3ET_"m "_• .=_r_ TEKPERATURE AKD VAPOR PRESSURES
OF SATURATED STE/d_'i*

Temperature Pressure !i Temperature Pressure

o F. in. Hg i! o F. in. Hg
lj

32 0.1804 i 70 0.739
33 .1878 } 71 .764
34 .1955 72 .790

............ 35 •2034 73 .817
36 •2117 74 •845 ----
3'7 .2202 75 .87Z
38 .2290 76 .905
39 •2382 77 •933
40 $477 78 964........... ----.---------3- ....... • •

41 .2575 79 . 996-_-

4.3 .2677 80 1,029
43 2782 81 1.0 ,-,7• 0 ,..)

44 .2890 82 I .098

45 3002 N 33 1. 13445 [3118_-- 84 I •171--_-
47 . Zo....38 85 1.209
48 .3363 86 !.248
49 .3492 87

'-,_o,-- i 1.289
........ 50 ........................-1 ......... • oo,,,o _! 88 1.331

51 .3752 ................................i[ 89 ........................ 1. 373---
52 .3903 II 90 1.417

53 .4049 I' 91 1.462
54 •,1201 ', 92 !. 50 8
55 4357 ! 93 1. 558

56 .4518 I! 94 ................................ 1,505

57 .4684 ! 95 1.65558 .4856 96 I. 70 6
59 .5034 ii 97 1.759
60 .522, 98 1.813
61 ........... .541 ............ i' 99 1. 869_--

62 .560 ! lO0 i. 92 ¢
65 .580 IJ lOZ 1.985
64 .601 ,,ti 102 2.045

65 622 _ ............... ! 0 3 ")....................... " .................... ,_.i07
66 . 644 Jl 104 ................. ,._".171 ......
57 ._67 li lO5 _._36
68 .690 i lOS _.303
69 .714 li 107 2. 372

ii 108 2.443
............................... .t!-.............lO9 _.515--

_ ii0 _ 2 .589I,

Reference 7.
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Vo , true air speed o
V , local air speed
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Figure J.- Calculated variation of air velocity with distance
from the hull at maximum diameter for the U.S.S. Akron. _m

C_



C'_

• ) I B.
<---'--- 8 1/_,' _,.., s s/u*.... A 4" ->_

i
' (D

J T _ _ Q

I>) k- ""Z/4" a

"" LQ 0
ct _

i --_ I °
I

6 / ° (._ _'° 7---O

Dynamic opening Static orifices

3/16 inch diameter 36 holes

0.05 inch diameter

e_ually spaced

_F

Figure 4.- Suspended air_speed_head.



N.A.C.A. Tec_ic_ No te No. 564 Flg. 5



N.A.C.A. Technical Note No. 56& Fig. 6

Leg 2 N

Orientation of speed course

VI ' ¥2 , V$ , measured ground speeds
"_w ,wind speed /-

V, tmze air speed .i j """_""

,.../

/

,//

; b

_ /../

\ /

X "" .\ "•-_ ,/

"%.\,,,,, ,,," "

_igure 6.- Graphical method of finding true air speed from flights over

a triang_11ar speed course.
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