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PRESSURE DROP IN TUBING IN
AIRCRAFT INSTRUMENT INSTALLATIONS

By W. A. Wildhack
SUMMARY

The theoretical basis of calculation of pressure drop
in tubing is reviewed briefly. The effect of pressure
drop in connecting tubing upon the operation and indica-
tion of aircraft instruments ie discussed. Appréximate
equations are developed, snd charts and tables based upon
them are presented for wuse in designing installations &f
altimeters, alr-~speed indicators, rate~of- climh indlcators,
and alr-driven gyroscopic instruments.

INTRODUGTION

Gyroscopic instruments used in sircraft are commonly
driven by air, suction being supplied by either venturi
tubes or vacuum pumvs. For reliable. nerFormance, the ro-
tors of such instruments should te cperated at of @bofe a
spvecified speed. The suction-sveed charactaristics of fhe
instruments and of the suction socurces are usvally known.
In order to vredict the performance cf instruments in any
particular installation or to Dlan a satisfactory installa-
tion, it is necessary to know also the pressure drop in
the connecting tubing for various flows.

The indications of alreraft instruments actuated by
alr vressure glone, such as altimeters, air-speed indi-
cators, and rate-of-clLimb indicatcrs may be Influenced by
pressure lag in the £ﬁ51gg5connecting them to the static
or pitot heads. VWhgh thé’sltitude of the airplane is
changing, the air ssife at the pitot and static heads
is also changing, &0d therefore air must flow %to or from
the instruments tgrough the connecting tubing in order to
maintain pressureiBquilibrium. Similarly, when the air
speed is changinf? flow of air cccurs in the tubing eon-
necting the pitof head to the diaphragm capsule of the
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air-speed indicator. While this air flow 1s in progrese,

a pressure drop exists between the two ends of the tubing,
resnlting in a lag of vressure at one end behind that a?
the other end. It is therefore desirable in installing
such instruments to select a large enough size of tubing

to make the pressure lag small. A4lgo id interpreting flight
test results, it may be important—tov te adle to comrute
what the pressure lag is under varticular conditions.

It is the purpose in this paper to develop graphical
methode of presenting the relations existing between the
various facteors that determine the pressure drop in the
lines and the pressure lag in the instruments. Thls re-
port has been prepared with the financial assistance of the
National Advieory Committee for Aeronauntics.

TEEORETICAL

The use of dimensional analysis offers the easiest
approach to the general vroblem of flow of fluide in tud-
ing. A clear and complete account of thie method of ana-
lyzing physical vrablems may be found in reference 1l; and
equations avplying specifically to this problem, with ex-
perimental data and other references, are given in refer-
ence 2, Briefly, the application of the method consiste
in forming dimensionless combinations of the various phye-
ical quantities that may be involved in the problem. Scme
functional relation exigts between these dimeneionless
combinations dbut, in general, ite exact form muet be deter-~
mined by some other meansg, usually by experiment.

In the-development of the equations the fvllowing
general notation will be used; other symbols will be de-
fined when used in the text.

Symbol Name_of guantity
M, viscosity. )
P density.
v, velocity. )
D, o tube diameter.

L, tube length.

-y
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Symbol Name of auantitx )
P, pressﬁre.
P’,%%, pressure grgdienﬁ along ﬁube
Q, volume rate of flow.
M, mass rate of flow.
EEE, RJN., Reynolds Number. )
T, arsolute temperature.
: 0 " altitunde -
t, time.
R, time rate of change of pressure.

Experiment verifies the supposition that the factors
which influence pressure drop caused by the flow of a flu-
1d in 4 straight tuke are the viscosity, den31ty, and meahn
velocity of the fluid, and the length, bore, and roughness
of the tubing. Since experiments on the flow of flulids in
commercial brass and. copper tubing show the Iatter to act
practically like smooth pipe, the roughness factor will te
omitted from consideration. TFive independent guantities
are left, from which mey be formed two dimensienless com-
binations. The functional relation may be expressed in
the following form:

Dpt- DVp™\. ' .
p-‘;‘g = f ( n ) (1)

The form of the function must be determined by exper-

iment. I% cannot be simply expressed in a single equation,.

since it is applied to two distinct types of flow - lami-
nar and ‘turbulent ~ but is given quite exactly for values
of Reynolds Number D¥p/p, wup to about 2 500, by

DP ! DVp\TH

e = 22 . 2
Ve ) _ ) L )

The flow in this case ig laminar,

+
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For values of Reynolds Number Yretween about &,000 end
b aYallNaYaYs) O T T S U T, W P | P TN Y n1nna1v ol
LU VU, LVILS L ulioviould 104 bulﬂulc‘.’-vlal. LUSTrdg CaUDC - e
lows the equption
—-1/4
DP' (DVp (3)

Here the flow is turbulent.

These equations apply rigorously only for stralght
tubing. The effect of ordinary curvatures, where the ra-
dius of the bend is not less than, say, 20 times the ra-
dius of the tube, ig negligible for very small Reynolds
Numbers but may become very large for flows near the crit-
ical value of the Reynolds Number at which the flow changes
from laminar to turdulent. In the domain of turbulent flow,
.the effect is again small. o :

Preliminary computation shows that in.practice, for
inetruments which are actuated by pressure alone, the con-
ditions of installation are usually such that the Reynolds
Number is of the order of a few hundred while in gyroscop-
ic ingtrument installations the usual Reynolds Number is
well above the critical value. The formulas given will
therefaore hold approximately fér tubing in aircraft, if
there are no kinks c¢r bends of small radius and no reduc-
tion of the cross-sectional area. A simple criterion will
be developed later for determining whether the flow in any
given case 1s laminar or turbulent.

-——4{:{-»
PRESSURE LAG IN LINES OF AIRCAAFT INDICATORS,

ALTIMETERS, AND RATE-OF~CLIMB INDICATCRS

The exprassion for the pressuré lag is derived from
equation (2) which may be solved for P! and integrated

ever s length L, giving as the vbressure drop:
- = zo YLy
P1 Pa = A2 b (4)

In making this integration it ie assumed: (a) that the
flow is isothermal, and (b) that the pressure drop in the
tubing is small compared to the prassure at either snd.
These assumptions are guite permissidble in the usual in-
stallations of vpresgure~type instruments where the tudes
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are of metal and the maximum pressure'drops are c¢f the or-

der of one percent of the atmospheric pressure. Since o L
Q = TD°Y, . $his may be written in the more familiar form: >
: bl _ St

- \-. rd - ' T '-_"__" ’ 2

Pl - Pa = 128 Q t " > ’ (5) R

L ™ D4 _." ) ) T s

This is Polseuille'!'s-egquatiocn for lamlnar flow. _ - .

‘An installed ailr-speed indicator’ or altimeter may. )
for the purposes of analysis, be congidered to consist of 3
a chamber connected to a reglon of changing pressure ty a =
line of tubing. The rate of chgnge oef air preggulée dn the T
chamber will depend on the rete of air flow threugh the ' e
tube, For simplicity, a constant rate of change of nrsa—’] T e
sure at the open end of the tube will be assumed. - 1 D

Let P, be the pregssure in chamber

¢, volume of chamber ' s

outlet end of the .tubte _ _? e

R, time rate of . change ef the amblent pressure
at the outlet end. of the tube
%, tlme? measured fram the beglnning qf change - -
The pressure difference. between the two_ends of the
tube, or pressure lag, at any time t, will be- Py + S ,
Rt - P,« Then by eguation (5), - , S -

Py + Rt - P, = 1289D o (6) S
. TT e

The mess rate of flow Qp, 1is.alsc the.rate of . .
change of the mass of air in the chamber +3.(0p); and =

since o is,proportlonal to the pressﬁre, B ST :
‘ | o oap, <& 47T T T
=P, at ¢ 4*? L

._____-_l__.' - - S

if . Q@ is measured at the Presstre P and the volune

a’ _ _
of the tube is neglected. Substltutlng in equatlon (6) S .
for Q h T N e R e
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128 p LC 4P,

+ - = et . 7_
Po. #. BV - Pg 7 4B, at ™
For'brevity, set
128 u LC _ n ) g )
m D% Py 2 (8)

Equation (7) can then be written

4P, 1 1 L1 - :
it " 3% Pe =% Pa * x RY (9)
If N 1is considered as a constant, a solution of this
differential equation ig:

-t o
P, = P, + Rt = A R + K e /A (10)

and since P, = P, when ¢t = O, the constant X = AR,

Setting the pressure lag P, + Rt - P, = AP, equation
{10) becomes

AP = AR (1 - e-t/A) (11)

Ordinarily the tuding is chosen so that A, called
the lag factor, is of—the order of—one gecond or less, in
which case the exponential or trangient term for all prac-
tical purposes will vanigh within a few geconds. The
steady state will-be attained in most meneuvers. It is
therefore usually necessa?y to consider only stesdy atate
conditions., Weems (reference %) has congidered the more
generel case where the pressure does not ¢hange linearly
with time.

Assunming that the exponential term ig negligidvle,
equation (11) becomes:

AP - '
A A (12)

Now it is geen that A has the dimensions of—time; it ia,
in fact, the time interval by which the pressure in the
1nstrumemt lags behind the %ressure at the open end of the
tube. If the same units of pressure are used for AP and
R, and if R 1i1s expressed in terms of the pressure change
per second, A will be in seconds.,
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These ‘relations are shown graphically in. figure 1,
where an assumed linear incregse of the ambient pressure
with time is represented by the upper line, and the varia-
ticn of pressure within the instrument is ‘sBowh by the” .
lower line, The pressure difference between the two lines
at any given time is the vpressure drop in the tubing.: The

time difference between the two lines at a. glven pressure.

is AN (1 - —t/k> or simply A after the two lines heve
become parallel, which occurs a short time after the pres-
sure increase btegins. The slope of the upper line is the o
Tate of change in the pressure, denoted by the constant R, ke
and the relation AR = AP is evident from the figure.

y Lag factor.- The lag factor is defined by equation o
(8): . o - : _ - -

1 e T T

‘Z

N = 128
Tr

"in which up and P, are the viscositylénd pressure of o S

the air, respectively; L and D are the length and in- =~ o
ternal diameter of the tubing; snd C 1§ the volume of _ 3
the chamber or chambers to which the tubing is connected., =~ ST

It 1s seen that AN 1s inversely proportiocnal to the .k
alr pressure ©P,, and hence increases with altitude. The ~ =~ =~ 7
ratios of the lag factor at various altitudes to that at . N
5,000 feet, are shown in table I where Pg 1is the pressure ..
at an altitude of 5,000 feet, Pg is the pressure at alti-
tude H, and P, is the pregsure at sea level. 2Jther

ratios may be computed from pressure-a ltitude tabIes (ref~
erence 4), -

oG,

' _ TABLE I oL T
Altitude, H 0 {2,000 | 5,000|10,000|15,000{20,000
Pressure, P ) 760(706.6 | 632,3| 522.6| 446.3( 349.1 -
Lag ratio, §% 0.83| 0.90|" 1,00} 1.21 S 1.41] 1.80 )
Pressure ratio, ;; 1,0 | 1.08{ 1.20{ 1l.46|. 1.70| 2,18

Also, since € is the total wolume of the individuai _
chambers of the instruments. to which the tubing is con- S e
nected-, t'b.e lag factor, and thsrefore the lag in indica,- . L - s
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tion, will depend on the number and types of instruments
Avproximate values of

the volumes of ingtrumentes in use at the present tlme may

which are connected to the line.

be taken as follows:

Instrument e

Sengitive gltimeter

Rate-of~-climbd indicator
(new pioneer)

Air-speed indicator
(statie side)

Alr-gpeed indicator
(pitot gide)

-:»_ Ghamber volume

225 cm?

- 225 cm®
160 cm®

3C cm3

Table II gives the ratios of the total volume of various

ingtrument combinations C, t© the volume of one alti-
meter C_.
a
TABLE II =
Instrument combinations
Altimeters Air-gpeed Rete-of-climd C/Cq
indicators indicators
1 ' - - 1.0
1 1 - 1.
1 1 1 2,7
2 . 1 - 2.7
2 - 2 - 3.4
- 1 ~- .70
(static side)
- , i 1 - 015
(vitot side)

For convenience in mﬁking computations, eéuﬁt{nn (8)

may be written:

o7

Iy
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P, C

A = Ao 2 — . S (13y T

5a By Og

where Mgz 1s the value of A for one altimeter at an

altitude of 5,000 feet. The values of the last two terms
may now bte obtained from tables I and II. JIn flgure 2 the
value of Ay, 1is plotted against length of line for sev=-
eral sizes of tubing, The internal diameters of the ftubes
are . aggumed to be 0.152, 0.305, and 0.457 centimeter for
1/8—,3/16m and 1/4 inch nominal sizeg of tubing, respec-—
tively. The viscosity of air is taken as 180 x 10~°

poise; Py equals 8 x 10° dynes per om®! and Ca is

taken as 225 cm3, the wolume of one altimeter. In using
the chart it must be kept in mind that the value of A

for a combination of instruments is the indicafted value
for one altimeter as given by the chart, multiplied by the
aporopriate factors in tables I and II. TFor ccmbinations
of instruments other than those given, the factor is the
total volume in cubic centimeters divided by 225.

No consideration has thus far been given to the ef-
fect of the volume of the tubing sn the lag factor. Theo-
retically, the value of © in equations (8) and {(13)
should include one-half the volume of the tubing in a2ddi-
tion to the velumes of the ingtrument chambers. However

since the uncertainty in the lag factor due to uncertalnty_

in other quantities, such as the tube diamgter, the effect
of bends in the tubing, etc., may be greater than the. cor-
rection for the volume of the tube, the correction usually
need not be made except for extremely long tubes ¢f the
larger sizes.

Experimental determingtion of lag factor - (a) Theo-
¥.—~ The lag factor A, may be odbitained experimentally
for any combination of line and instruments by subjecting
the instruments and line to an initial pressure differen-
tiel and noting the time required for the pressure differ-
ential to fall te 1l/e .of its initial value. This can be
shown ag follows: : )

Let Py bte the ambient pressure
P, , 1initial instrument pressure (when t = 0) _
P, instrument pressure at time t
Pg~ P, differential pressure at the two ends cf
the tube

Eheﬁ, as in equation (7)

—n— o -

iodw

(1]
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ap T p* P
P- & (14)
where ¢ 1s the volume of the nart of the instruments
connected to the line.

In the usual notation

_-dp . 4t ' - 15

Thls gives, upon integration, since P = P, when t = O
= - —t/A
(Py = P) = (Pa P) e (18)
- Pa"‘P 1_ z .
If. .t = A, N ¥ 5 = 0.365 (17)
Py - P 1 _
If t = 2\, - = —g = 0,135 (17e2)
Pa = B e '

The time required for the differential pressure P —P
to change from ,(Py ~ P, ) t» 0.%65 (Pg -~ P;) 1s X and
to chenge to 0.135 B, P, ) 1s 2A. The value of A
thus determined may be multiplied by the ratio of the alr
pressure at which it was determined to the air pressure at
any other altitude to obtain the value of A for the oth-
er altitude,. o

Since the eguation for laminar flow was assumed 1n
this development, care must be taken to have the initial
pressure difference small enough sc that the flow in the
tubing will be laminar., Criterlas for determining the type
of flow may be developed from eguation (2)

DP! D AP (DVp)
= = gy —— = &2 2
PV eV (2)
Multiplying both sides by (DVP )
8 18
p3 8P _ g5 B2 (BXE) = @2 Eo R.w. (18)
L U P

The critical, or transition value of R.N. may be taken
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conservatively as 2,000. VWhen allowance is mgde for the
cholce of units usual in ageronautics and numerical wvalues
are inserted for p and p, equation (18) yields as the
condition for laminar flow that:

1)

D3 %? mist be less than 9,4 x 10~ (19)
when D is in inches and %2 is the pressure drop in _
inches of mercury per foot of tubing. e
For %/16-inch tubing (inside diameter 0,12 ineh), A&E

L
must be less than 0,054 inch of mercury per foot for lami-
nar flow, The change in Indication ,of the agltimeter corre-—
spending to this pressure, near sea level, is about 50 feet.
In experimental determination of the lag factor A, the
initial change of reading of the altimeter should not ex~
ceed 50 feet per foot of length of the static tube for
3/16~inch tubing.

For 1/4-inch tubing (inside diameter 0.18 inch), the
inlitial change of reading of the altimeter in feet should
not exceed 15 times the length of the static tube in feet.
If the initial pressures are higher than the values so T
computed, the value of AN obtained will be somewhat too
large.

{b)_Bxperimental procedure.- The lag factor Ay for

the system comprising the static line and the instruments
connected thereto may te determined simply by applying to
the open end of the static line a suction sufficient to
change the altimefter reading by 500 feet, releasing the
suction, and noting the time reguired for the altimeter
indication to decrease ‘218 feet. This time is Ag. If

As is small, it may be determined more accurately as halt

the time required for the altimeter to decrease its indi-
cation 435 feet. Alternatively, the time lag factor for _
the system can be determined by applying a suction to the
static line sufficient to obtain a reading of 100 miles
per hour or knots on the air-speed indicator, releasing
this suction, and noting the time for the reading to de-
crease to 61 miles per hour or knots. This time is Age
One~half of the time for the reading to decrease to 35
miles per hour or knots also gilves Ags

The lag factor for the pitot pressure line 'AP, may
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be found by aepplying a pressure to .lt sufficlent to cause
the air-speed indicator to read 100 miles per hour or knots,
and determining the time required for the indication to de-
crease to a resding of 35 miles per hour or knots after the
pressure is released. AP is one-half of this time.

The system must be leaktighf in méking thege tests.
The factor so found is for the altitude at which the test
is madey to secure its value at other altitudes, use tmble
I (pe 7).

Lag in altimeter indication.- For the altimeter,

LR L | . (20)

where Ag 1s the lag'factor for the gystem consglgting of
the gtatic tube and the instruments connected to it. 1In
order to obtain the lag in indication of the altimeter
OI4, in feet, equation (20) may be written

Ap AT
e dad - R .
R ~ 4H AB (21)
at '
or '
AL, = 4H 22
a. >\S at .< )

since .the air pressure varies nearly linearly with the al-
titude H for shcrt intervgls. The term dH/dt ig the
rate of climb in feet per second. h

For any sgervice installgtion the value of the lag in
indicaticn AI, at any altitude and rate of climb may be
computed by formula (22). The value 6f Ay can be com-
puted by eguation (13), using the. factors from table I and
table IT and the chart in figure 2, cr it—mway be deter-
mined experimentally for a gilven installgtion by the meth-
od described in the preceding section.

Lag in _asir-speed indication.—~ The approximate equation
for the vregsure difference develaped by the pitot-static
head is . ’

p=K3p V% | (23)

where p 1s the pressure._difference, p is the alr den-
sity, V 1is the true air speed, and X 1is a constant of



N.A.C.A. Technical Note No. 594

proporticnality depending on the choice of unitse.

13 S

Tha

type of alr-speed indicator in general use overates on

this differential pressure, and is calibrated so that the

indicated air speed is equal to the true air speed only
when the air density is that cerresponding to sea—level

pressure, Thug the indicated air speed I,

Y by the relaticn

where p, 1is the air denslty at sea level.

_ for steady
conditions at any altitude is rslated to the trus air speed

ey

The effect of pressure lag cn the indlcations of the

air~speed indicator is somewhat comnlicated. First,

of the lag in indicaticn deprends upon the ‘§ifferencs Fe-

tween twe pressure lags - one on the static side of
instrument, one on the pitot side. The lag factors.
the two sides Ag. and Ap,

rart

the
for

respectively, usually differ

because of the different volumes connected to the ingtru<

ment end cof the lineas. Second,
sure 1is also usually different on the two sides,

the rate of change of pres~-
since the

pltot pressure is affected by changes in either altitude

or air gpeed,
by changes in altitude. Third,
of the air-speed indicator corresponding to a given
change in differential pressure is not the same for
‘air speeds, since the indicaticr is preopertional fto
square root of the pressure differesnce, as shewn by
parison of equations (23) and (24).

be called

Let I, as defined by equation (24),

whlle the static pressure is affected only "~
the change in indication

small
all
the

e cém—

the

"true indicated air speed"; denote the indication cf the

insgtrument,
nf the lines, dy I;;
pregssures corresponding te I
respsctively,
ic heads bdy Pp and Pg,
caticn nf the instrument
ential across it, which. is that
static head minus the line drops,
I and I, may be derived from expressiong for P

and. Il as p

respecﬁlvely. Since the

These may be written as follows, using equatlcn (12):

a . 4P,
PSPy - Mp gy (Pe + 2) - (Ps - Ne gt

when a pressure drop occurs in either or both
and designate the dlfferentlgl

and pl,
and the agir pressures in the pitot and stat-

indi-

depends cn the pressure differ-
developed at the pitot-
the equatien ccnnecting
and P,

(25)

(26)
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From these equationg:
N a
Py =P 7 % T¥

Eliminating V from

Similarly, P, =

Substituting for p . and

Kpi 1.2 - Kpo

8
5~ I;7 == I" = M

Differentiating, substitut

2 . . 4P aI
2 2 _ -8
I" - 5L,° = oo hp = Ag) gp2 + 2% I 37 (30)
The term I? - I,% may be factored inte (I ~ Iy} _
(I + I,) and since I - I,, which is the lag in indica~
tien AI, will be small compared with I  or Il.

Ia g Il

aPr .
(Ps + 1) + Ay 35 - (27)

equations (23) and (24),

Sfey® o - (28)

KP g .
_5_2 I,

p; in equation (27),

. _
dPg4 Koo dI. dPg

2 LA, ZE8 T 4 A, —ZE 29
it P 7o 4% 8 4% (29)

ing, and rearranging,

2 _ 21 AT : - (31)

Making use cof this &pproximate relatlon:

Ay - Ag 4P dX -
.M 8 8 L
A1 = ¢ T ¢ N 3T (82)
pO

St1ill another substit
somewhat mare usable. The
releted to the rate of cha
mate relation, based on an

' dt—

where, for an air temnerat
when the pressure is exvre
end altitude is in feet.

ution helns to make the equation
rate of change of pressure isg

nge of altitude by the approxi-
iscthermal atmosphere:

k., p. OB - (3&7)

ure of 0° Csy, ky = %.8 ¥ 10“5
ssed in millimeters of mercury,
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The value of Xp, 1im equation (32) is 18.4 x 107

when I is in miles per hour and P is in millimeters of
mercury. '

When these numerical values are ingerted, equations
(32) and (33) combine to give the general form of the ex-—
rression for lag:
Py 4dH 4T -
- . s &M ded
AT = 0.021 (Ag - Ap) <t M 3% _ (34)
The two terms in the right-hand member of equagtion (34) N
may te called, resmectively, the "climd" and the "acceler- o T
catien® terms. It should be remembered .that Ag and Ap
refer to the lag factors for a particular installation, in
which onse or more air-speed indicators and altimeters ma

be connected to the lines, and are given by equations (8 _ -
or (13). o B

Table III gives the values of the climb and accelera-—
tion terms, as well as the total lag in indication in an
average ingtallagtion fer various assumed conditions. The _
lags are computed for values of Ay and N of O 6 and _ T

C.1l second, respectively.

The lag factor for the-spitot line is much less than
that for the static line because the volume at the instru-
ment end of the pitot line is much smaller than that at
the end of the static line while the tubing size iIs usugl- Z
ly the same for teth lines. In table III the ratio of the s
lag factors, that is, of the volumes, for the two lines
was assumed to te 1 to 6. In actual installations the
volume gt the end of the pitot line isg likely to be rela—
tively even less than given by this ratio. 4&s indicated
in table III, under mecst ccnditions of uss the lag factor
Kp may be neglected without great loss in accuracy. In
this case equation (3%4) Dbecomes : .. _ TR

1
T ' L
N |"J1I v ..|.|'..

AI = 0.021 Ag 25 %% Yyl - (36) e

Ji
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TABLE III
Lag in Indication of Air—-Speed Indicatfor

for Repregentative Condlitions

+« Ps 4H 4T
0.021 (Ag = Ap) .33 p3pg =0t A
Ag = 0.6 second %P = 0.1 second
Assumed conditions _
Indi- Alr [Rate Air
cated |pres—-| of speed
alr sure |[climb | acecel-~ ! Climdb | Accel- [Total
spesd eration| term | eration| lag
term A] AI
I P B! 4z C
s at ét
m.psh.|mm Hg|f.p.s.[m.Dshs Hm.PohsfMm.p.h, JMm.pP.0.
: per
second
Take-off 60 760 o - 10 _ 0 1 1
Just after
take—off 80 760 - 30 10 T3 1 4
Steady climb 150 600 30 [ 0 1 0 1
Steady climh 150 200 15 | 0 0.3 0 0.3
Lgvel flight * * 0 10 0 1 1
Descent 200 600 -30 10 - -1 1 ¢
Start dive 200 500 | ~350 40 -3 4 -5
Steady dive 400 600 | -400 0 -6 0 -6 9
Zoom after dive| 200 | 600 50 -20 1 -2 =1
Landing 60 760 -15 -10 -2 -1 -3

A negative AI means that the indication is greatermthan the &l

true value, . T

*The lag in this case 1s the same for all values of I ag@_(é}_*

L

au‘] Alll wien W n'..: wht o

hac.

A
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For an approximation which is sometimes ussful in
computing lags at altitudes below 10,000 féé&t, equation
(35) may be simplified by expressing the rate of change of
altltude in terms of the air sgpeed and the angle of cllﬁF

B T
neglecting the quantlty / E—-~_l. The error in the com-
“ .o -8 .

_nuted lag due to this approximation is less than & percent
at 2,000 feet, zero at 5,000 feet, and 1éss than 10 per—
cent at l0,000 feet. This simpli:ied expression is :

Al = 21 Ag sin 6 _ ~ (35a)

where AI is the lag in miles per hour, As is the lag
factcr of the ingtallation for an altitude of 5,000 feet,
and 6 is the angle of climb or dive, measured p05151vely
upward from the horizontal.

™

In diving, the negative valggrﬁffra’:gives g negative

lag, which means that the air-speed indication is too high;

a positive leg, in climbing, means that the indication is
lowe ’ o ’ .

The lag in indication of an installed air-speed indi-
cator can be computed by formula (34) or (35) for any con-
dition of use, provided that the lag factors are known.

The'se may be computed as described in the section on Mlag
Factor" using the chart given in figure 2, together with
the appropriate value for the volume lactor from table II
and altitude factor from table I, or they may be deter-
mined experimentally by the method previously désE?ibed.

Lag in r rate-of-climb indication.~ The third pressure
instrument ip more or less common use is the rate-of-climd
indicator, Thisg instrument utilizes a pressure differen-

tial across a porous plug or fine tube produced by the lag

phenomena already described. Thus its operation depends
only on the rate of chsnge of pressure.

As shown in figure 1, the rate, of change of pressure
at the instrument end of the static line is equal to that
at the open end a short time after the beginning of the T
change. Thus the static line and the other Instrumédts
connected to the rate-of-climb indicstor have only = tran-
slent effect upon its indication. Therefore, for quanti-
tative megsurement of & constant rate of e¢limbd, the accu-

rac¥y of the rate-of-climb indicator is unaffected by the

o
I

Lo
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other instruments and line, When used ag a null indicator .
For level flight, however, the-sengitivity or the insgtru-

ment is slightly reduced owing to the increased time lag

of the pressure in the case behind the prewsure at the open

end of the static tube.

As the lag constant of the instrument 1tself when not
connected to a line is rather large, from 2.5 to B seconds,
end the added lag due to the line and other instruments 1is
usually lese than one second, the decrease in gensitivity
is not very important.

Computation of lag in indicgiion.- For convenlience in
computing the lag in indication of installed instruments,
the procedure is summarized here, and the necessary formu-
lag are repeated.

le Determine As:

(a) By calculation;

A, = ng 18 %8s . (13)
s a Pg Cq i}
| Pg Cq
Obtain As, from figure 2; P from table I; E; from

table II; or,
(b) By experiment; -

Ay = time for pressure differential in instrument and tube

to decrease to 1/e of its initial value. See section on
"Experimental Determingtion of ILag Facter.!

2. For gltimeters:

AI = Ag %-‘E ' (22)

where AI is the lag in feet and 42 the rate of climb

in feet per second.

2+ PFor alr-gpeed indicators:

P
(a) &I = 0.021 Ay, F° %% (35). .

where Al 1is the lag in miles per hour, I 1g the indi~ .
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cated air speed in miles per hour, P, 1s the static

pressure in millimeters of mercury, and dE/dt is the
rate of climb in febt per second; or, -

(bp) as a good approximation btelow 10,000 feet,

e
AI =21 Asa 6§ sin 8 . (35Ba)
. a

wvhere AI is the lag in indication in miles per hour and
6 is the amgle of climb,

The negative. values of - AI obtained in descent mere-
ly -mean that the indicated air speed or altitude is “too _
great. Positive values of AI mean that the indications

are too low.

The abave formulas hold goed only if the connections
and instruments are sirtight. 1If the instruments leak ap-—
preclably the pressure in the. 1nstrument cases may follcw
the pressure in the cockpit more closelj than that at the
outer end of the static tute.

Selection of tubing size.- The procedure to be fol-~

lowed in deftermining the size of tublng that should be
used to obtain a desired performance 1is summariged below:

1, Determine the value of Ks correspanding to the
allowable lag AIa, in the 1ndicat10n of the altimeter
for a maximum rate of climd or dive dE/dt.

Ag, = éEg P E& - . (21a)
a 4HE Py GCg )
dt

Py c .

The values of Be and Eﬁ may be obtained from tadbles I
s

and II,

2, Determine the value of ksa corresgspcnding to the

the allowable lag AI, in the indication of air speed in
miles per hour., The following form of equation (35) is
econvenient: -

I ¢
5, = 0.075 AL — &2 _ - e (35D)

A dE G
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where I 1is the indicated air speed in miles per hour,
and dH/dt is the rate of climb or dive in feet poer sec-
ond, at which AI is not to exceed the given value. The
reciprocal off-the ratio Ga/Gs may be aobtained from table
II.

%. Enter figure 2 with the smaller of the two values
of Asa obtained above, and with the length of tudbling, to

obtain the proper size of tubing.

As an example, assume that an gltimeter, an air~speed
indicator, and a rate=of-climb indicator are connected to
a static head by a 20~foot line, The lag in indication of
the altimeter at 700 millimetere of mercury and at a rate
of descent of 30 feet per second 1s not to exceed 20 fect.
The lag in the air-speoed indicatlion is not to excecd two
miles per hour at an air speed of 50 miles per hour, a rate
of degcent of 15 feet per second, and at an alr pressure
of 760 millimeters of mercurye. -

le For the gltimeter:

AT 20
Ag,. = =2 m —— = 0,67
s iE %5 0.67 second
at - |
Py C '
= “H Ca o
Nsg, As s Cg
700 r 225

0.67 x = 0,27 second

x

632 225 + 225 + 160

©e For the air-speed indlcator:

5g 0.075 AI 15 -6-;

dt

>
fl

I}

50 i
0.075 x 2 x 22 X —== = (.18
15 2.7

3, Entering figure 2 with 0.19 second and 20 feet, 1%
1s seen that tubing having an internal diameter of 0.11
inch is satisfactory, or practically, 3/16-inch tubing
should be uged.

A table showing the tubing length for various arbl-
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trary values of lag in 1ndication and tudbing sizes is
glven in reference 5, -

PRESSURE DROP IN LINES OF SUCTION~DRIVEN INSTRUMENTS

For the instruments which operate on a steady flow of
air, the flow will usually be turbulent. For this condi-
tion, equation (%) is to be used to compute the pressure
drop in the lines.

P 1 /DVpN 174
v =5 (o (®)

Solving for P!, the pressure drop per unit length,

P! = % u1/4 p3/4 v7/4 p=5/4 (26)

or, since the mass flow M = pV E£~, V can be eliminated,

giving
\7/4 1/4 1 =19/4 7/4
pr - X (é) v e M (37)

Over the range of temperatures encountered in prac-
tice, ’ h

HI!—ZI

- T
P = Po 5 T and B = Wg

(38)
Po T. o .

where the sgubscripte refer to conditions at 20° ¢. and

normal atmospheric pressure, 760 millimeters of mercury.

Substituting,
/4 1/4 56/4 _7/74
iP _ 1 (4 Fo b T ) M
y - 48 L 1 (4 -9 HPo —— 3z
F iL " 6 n) P po <T prs7/4 (89)
or, separating variables,
/4 1/4 5/4 _7/4 _
-1 <£=.> o T_> M__ T (4
P ar = = (3 P, o2 Ty L T577 aL (40)

Integrating over the length of the tube, assuming isother-
mal flow, : Ce TRITEE
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s 1 4 7/4 LLO1/4 p 5/4 H7/4
1 a8 = & (- oSN (SN a5 L (41
L(p,? -2 -2(3) Po =~ \To) JTs77 L (41)

Thie equation givas the relation between thelpressures P1
and P, at the ends of the tube. The pressure drovp

P, - Pz, designated by AP, is not exvlicitly given by
this eguation, but we can factor (Plg- ?ag) into

(Py - P5) (Py + Pg) or A P (P, -+ P,), &if eXpress ecua—
tion (41) in a form that will vermit a simole approxima-
tion:

.. 1/4 5/4 ,,7/4
_ 1,4 ?/4 2Pq S A M T 42

m 5/4
Wow, when P, = P, .and T = _Tow the term (?;) =
2P, 2P

1 an& t ) _ S may & 1
ane¢ the term 5.+ 7y f 5%, = 4P may be set equal to

vanlty for values of AP small as comnafea with 2P5. As

Py = 760 millimeters of mercury, neglecting this term will

result in an error of only about 10 percent <or a pressure
drop of 150 millimeters of mercury. For this condition,
then, we—have the approximate equétiong

1/4 7/4
7/4 M M N
AP==i<é) ° 1 (43)
6 \ 1 Po 19/4 :

All equations given thus far are valid for any con-
sistent system of unite. It is customary in aeronautics
to exwress preéessure in inches of mneréury, flow (Fg) 1in
cubic feet per minute of air at 200 C. and 29.92 inches of
mercury (760 mm of mercury), tube diameter in inches, and
tube length in feet. When numerical allowance is made 1n
the constant term for this cholce of nnits, and the values

of p, {= 180 x 107 ° noise) and p, (= 0.0012 g/cm®), are
ilngerted, the working equation is obtained:

7 ?/4

AP = 9.8 x 10 ° 2 L (44)
D

If a fixed value is taken for. I, say 10 feet, and
AP 1s mlotted against Py on a log-log chart, straight
lines are obtained for various wvalues of D. Figure & was
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prepared in this manner, and coverg 1nside tube diametbers
from Oe2 to 1.0 inch, Tlows from 0.5 to 20 cubic feet per
minute of air at 20° C. and 29.92 inches of mercury, and
pressure drops from 0.1 %o 2.0 inches of mercury per ten-— -
foot length of tubing. .

Gorrection factore.—~ As indicated in ﬁhe_development,
figure 3 will give sufficiently accurate values of the
pressure drop AP only when AP i1is smell and P; 1is

nearly equal to P,. When thege conditions are not ful- o

Tilled and accurate values of the pressure drop are re~ o e
quired, eguation (42) should te used. However, it will be T
shown later that for gyroscopic instruments, the pressure’ L
drop at or near zero altitude is sufficient to determine

the size of tubing to be wused. R e =

For convenience in meking more exact computations -
based on equation (42), a table and a chart are presented. -
If the total pressure drop in a given line, computed from -
figure 3, be designated by AP,, the exact equstion is: E

B/4

T 2Po
AP = A — _— .- (45)
F Pe (\To> P, + Pg
or,
P.2 . p,2 5/4 -
S Ry 3 _T__) (46)
2Pg To . S
In equation (46), P; is the air pressure at the in-

strument end of the line; Py at the pump end; P, - P
is then the pressure drcp fer the entire length of the
line; T 1is the temperature of the air in atsolute de-
grees centigrade; T, equals 293 absolute degrees. centi-
grade; and Ty equals 29.92 inches of msrcury,

The value of the correcticn factor (T/To)5/4. for.
various dentigrade temperatures t is given in table IV;
the chart given in figure 4 furnishes g graphical means of
solving equation (46) to obtain the true pressure drop.

In the chart the ordinates are valies of Py and the di-
agonals are valuss of P, . The numbers on the vertical
scale refer to bPoth P, and P,.
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TABLE IV

- /4
Temperature Corrsction Factor, (F;>
o

T, = 2939 adsolute (203° C.)
65/4 } ' _ 5/4
t° ¢, (I—> | £9 ¢. (2—)
Ny | . Ty
~40 . 0.75 ; 10 . 0,96
-30 .79 ; 20 . '1.00 )
~20 .83 i 30 1.04
~10 .87 | 40 : 1.09
0 92 . . BD - 1.14

The procedure in making a computation of the pressure
drop Py = Pz 1s as follows: AP, 1s computed for the
total length of tubing from the value obtained from figure

2 for a 10-foot length. The ratio (T/T, )3/%  ig obtained
from table IV. ZEnter the chart (fig. 4) with the value of
the preduct AP, (T/T, )° and P;. The intersection of
the diagonal representing P, with the vertical line rep-
resenting the product determines the value of P which

ig rend on the ordinaste scale. The nrocedure is i1llusg-
trated by fhe dotted lines in figure 4. From the pressures
Py and Pz thus availasblé, the true pressure drop

Py, = Pz, ig then readily obtained.

Since the pressure Adrop varies inversely as nearly B -
the fifth power of the diameter, a slight percentage un-
certainty 1in the diametesr will result in about five times
as great a percentage uncertainty in the computed pressure
drope For this reason, one should not expect too exact
agreement betwsen computed and obgerved values of the
pressure drop 1z ordinary tubing. BExperiments have bdeen
made with copper, brass, and rubber tubling, which indicabve
that the agreement is usually wlthin 10 or 15 percent when
the nominal diameter is used. '

It has been mentioned that; in determining the gize
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of tubing to be used in operating gyroscopes in alrcraft
installations, it is usually unnecessgary to determine the
eltitude corrections. The condition desired in this case

is that the rotors of the gyroscope instruments should _
spin faster than a given minimum speed, It has been found

by expveriment that the gyroscope rctor speed is directly
proportional to the volume flow through the ingtrument,

and that the volume flow is determined Ty an equation of o
the form

AP3 = k' py Qi (47)
or . S
APy = k" Py Q3% (48) o )
where iP3 1is the air pressure at the instrument outlst, _
AP; the pressu drop through the insgtrument, and Q3 1is =

In most installations a suction regulating valve is - iz
connected in. the line near the instruments. This valve N -
opens to admit air to the line when the suction exceeds a ..
certain value, thus keeping the suction across the instru~
ments nearly constant while allowing a large variagtion in o
flow to the suction source. It is seen from equabtion (48) .
that under this condition, with AP nearly constant, Q3 o
will increase with increasing altitude or decreasing pres— ] -
sures As the rotor speed depends only on Qz, it also- =
will ibhecrease with altitude when the suctlon regulating .-
valve 1s open. _ B -

When the suction developed by the source is not suf- .
ficient to open the regulagting valve, the performance of _ .
the instrument will depend upon the characteristics of the
suction source. The two most commonly used sources are
venturi tubes and vacuum pumps of the disvlacement type.
The characteristics of different venturi tubes vary sO
widely that gquantitative computation for the general case L
is not feasible, but the qualitative effect of increasing _
altitude, with a constant indicated air gspeed, is to in- B
crease the volume flow through the instruments and there—
fore also the rotor speed. TUnpublished data obtained dy )
H. C. Sontag and D. P. Johnson have establlished thisg fazct. -
For the vacuum pump, the volume flow as measured at the _ .
pump lintake depends on only the punmp speeds The volumse R
flow when measured at the ingtrument is approximately the v
same as when megsured at the pump intake, so that the
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gspeed of the rotors ig nearly indeoendent of altitude in
this case.

Then, since in practice the roter speeds will.either
increase with, or remain independent” of, altitude it will
te necessary in designing 4installatlons to conslder sea-
level conditione only, using the chart in figure 3.

Nationel Bureau of Standards,
Washington, D. C.; February 4, 1937.
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Figure 1.- Chart illustrating the relation between the pressure lag, AP ,

and the lag factor, A ,for a linesr change of ambieni Pressure.
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is the internal 1lameter of the tubing, 0.D.
To compute the lag constant for s combination

of instruments, take)ws from the chart and multiply by the appropriate
factor from Table II. -
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_~Outsile diameter for 0.935" wall thickness

I
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‘figure 3.- Chart for computing the approximate pressure
drop in smooth tubing At pressares near 30
inches of mercury.
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