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ABSTRACT

Several factors affecting the calibration accuracy o: i+t vehicie static
preesure systems have been considered in some detail. The standard atmospheres
used within the past 40 years are tabulated and compared, Altimeter calibration
lechniques and standards are discussed. The influence of pressure system leakage
hus been evaluated both analytically and experimentally, The influence of skin
irregularities in the vicirity of fuselage static pressure ports has been calculated
from linearized theory and the results presented in graphical form. Fuselage
irregularities were measured on 18 military transport type aircraft. The predicted
static pressure erors as a function of Mach number compare reasonably well with

flight test results from a NASA program.

A few revisions are cuggested to the USAF document governing the design of
fiight vehicle static and total pressure systems, MIL-P-26202.
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SECTION 1
INTRODUCTICN

Measurements of altitude are required for maintaining verticsl separatiou of
aircraft during flight. The measuring scheme which has been universally acrupted
is based on the measurement of atmospheric pressure and its relation to a pressure-
height variation of a standard atmosphere. Siace the 2tmosphere will vary consider-
ably from standard, depending on geographical iocation, meteorological conditions
and season as well as altitude, the measurements L:ased on the pressure-height
relationship will ordinarily be in terms of relative altitude. In recent years, with
increasing operating speed aad aitiiudes of aircraft, the adequacy of measuring
systema has becorme questionable, It generally follow. :hat the ind!vidual errors
which contribute to the cver~all system ermor increwse with both speed and altitude.
Current Civil Air Regulations for altitudes up to 29, 000 “eet sp::cifv '.000 ff, vertical
separation intervals and 2,000 ft, intervals for altitudes abc.e 29,0C0 . 'ora
greater utilization of air space, it has been suggested that the ac~uracy of altimetery
systems be improved to a degree that wiil allow 500 foot separations up to an altitude
of 20,000 ft. and 1,000 ft, separation for altitudes of 20, .09 to 160, 000 jeet. The
maximum allowable error permissible for a static system is somewhat arbitrary.
lowsver, considering the existence of a flight tachnicai error wherein the aircraft
deviates from its prescribed flight and considering the size of the air :raft {tseif,
it har been suggested that 1/2 of the vertical separation minircum should be con-
sidered as a zone of no entry. Thus, under present flight regulations, the zone of
o entry will be 250 feet at altitudes up to 29,009 and * 500 frot above 29,070 feet,
However, if a greater utilization of air space plan is sdapted, then the zone of no
eniry will be + 125 feet up to 20,000 feet and + 250 feet above 20, 000 feet,

The USAr covers all phasez of the necessary static pressure system calibrations
in a multitude of military specifications and technical manuzls. The most pertinent

gJocument with respect to the maintenance of aircraft static pressure systems is
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Military Specification MIL-P-26292 " Pitot and Static Pressure Systems, Installation
and Inspection of'. This document covers the design and maintenance oi aircraft and
missiles static pressure systems. At present, the principle documents covering the
calibration of aitimeters are found in the individuel military specifications for the
laboratory working standards, individual military specifications for the altimeters
themselves, and various technicai manuals,

The work accomplished under this contract is supported by the Directorate of
Operational Support Engineering, Flight Vehicle Division, Flight Contrel Branch of
the Aeronautical Systems Division, The general items covered in the program were
as follows:

1. Standard atmospheres vsed in the calibration of civil and military air-
craft altimeters,

2. Types and maintenance of pressure standards for calibration of
altimeters.

3. Altimeter calibration procedures and techniques.

4. Aircraft siatic pressure systems, in-flight calibrat on techniques,

5. Ths influence of pressure leakage on the accuracy cf static pressure
systems.

The program has resulted in specific recommendations to the USAF regarding
establishment ot procedures and teciniques to insure adequate vertical separation
of aircraft, for combined military and civilian airways.
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SECTION 2
STANDARD ATMOSPHERES

2.1, INTRODUCTION,

A standard atmosphere represents an arbitrary relationship between static air
pressure and altitude. Aircraft altimeters are actually absolute pressure gages
calibrated to read in terms of feet of altitude through the standard atmosphere
relationship. A standard atmosphere may hYe calculated if a standard value of sea
level preasure is iaken a8 well as a variation of temperature with geometric height,
The hydro-static differentia’ equation, (1), may be integrated by using the perfect
gas equation, (2), into either .f the forms shown as equations (3) or (4).

dp -0gdZ (1)

dP = pressure difference
dZ = height difference
0 = density

g = acceleration due to the Earth's gravitation.

p = P/RT (2)

R = gas constant

T = temperature

Z
/ dp Bs / 4z
VA T @
0

oonstar-’

Q
i1

T = fl {2)

wwﬁwh‘nu. T T R . L v — ——— e Y+ s = < e o e 4w o e




/] & 1 / gdz “
. P R T
P 0
(o]
e = fz(Z\
Z
1
H = — / gdz (5)
gﬁ
0

The solution shown in integral form, in Equation 3, is one where the acceleration
due to the Eartk's gravitation is assumed constant, usually at a sea levei value,
Early standard atmospheres were derived using this expression, Reference ! thru
3. A more correct integral form is shown in Equation 4, where g is actually a
function of Z. The integral form of Equation 4, on the right side, offers coneiderable
complexity for integration, Reference 8, Mathematical simplicity may be retained,
however, without the invalid assumption of constant g by a tranaformation combining
g and Z into a new altitude parameter called geopotential aititude, H, Ecuation 5, A
newer standard atmosphere, References 6 to 9, are all basically geopotential stand-
ard atmospheres, The atmospheres for References 5, 6 and 9 give the pressure
altitude relationship in terms of geopotential altitude. Standard atmospheres of
References 7 and 8 give the pressure aititude relationship in terms of both geo-
potential and geometric aititude Z, The rnewer geopotential standard atmcsphere,
therefore, offers the advantage that a standard atmesphere tabulated in geopotential
units will provide greatar geometric altitude separation. For example, the 70,000 -
60, 000 ft. geopotent:al height difference provides a geometric diiference of 10, 063
ft. A standard atmosphere calculated from Equation (4) would be exacily correct in
geometric units but would have the effect of decreasing altitude separations,
2,2, COMPARISON OF STANDARD ATMOSFHERES.

Since 1925 up to the present time there have been only iwo basic standard

atmospheres in use in the United States,




Group I: Standard Atmospheres - Geometric measure calculated using constant

gravitational acceleration.

One of the early standard atmospheres is given ir NACA Report Number 218,
published in 1923, It is 2 geometric standard atmesphere calculated on the aasump -
tion of cohstant gravity equal to the value at sea level irom sea level to 65, 000 ft,
Values of pressure at 5,000 ft. intervals are tabulated as Column I of Table I. Be-
tween 1925 and 1952 several other atmospheric tablea were published, but these
were identical to NACA No. 218 over the range from sea level to 65,000 ft. The
purpose of NAC 3 Tech Note No, 538, published in 1935, was to extend the range
of altitude to 80,000 ft. The purpose of NACA Report No, 837, published in 1946,
was to extend the atmosphere to 100,060 ft. A common fault of the first three stand-
ard atmospheres is that over part of the range of altitude, pressures were arbitrarily
rounded off to the nearest hundredth of an inch of mercury, The Kollsman Instrument
Corporation established a Kollsman standard atmosphere which is identical to the
other three except that more significant figures had been carried in the calculation.

The Kollsman standard atmosphere is showu as Column 4 of Table I.




TABLE 1
COMPARISON OF VARIOUS STANDARD ATMOSPHERES

Z ~ Geometric Feet H - Geoputential Fe=t

Pressures Tabulated Are In Units of In. Hg. Aba.

] (2) 3) (H {5) (%) n (1 % (9}
NADA
NACA 218 NACA 538 NACA 837  Kollsman WADC NACA 1235 ARDC ARDC ARDC TN D-n22
Z or H 1825 (2} 1935 (2) 1946 (Z)  3td. (Z) 1352 (H) 1955 (k) 1956 (Hr 1956 (Z) 1959 (7. 1961 (H)
0 29.92 29.921 29.92 29 4212 29,9213 28,9213 29.921 29.921 29,921 28.9213
5000 24.89 24,89 24,3959 24,3959 24,886 24,897 24 897 24,8959
10000 20.58 20,58 20.58 20.5736 20,5769 20,5769 20.577 20.5507 20,581 20.576Y
15000 16.88 16.88 16. 8557 16. 8458 16. 846 16.593 16.593 16. 5x5s
23000 13.78 13.75 13.78 1J. 7453 13.7500 13.7501 13. 750 13.761 13.761 13.7501
25000 11.10 11.10°¢ 1l. 10 11.0984 11. 1035 11,1035 103 11.118 11.11s 11,1035
30000 8.880 8.88 9. 880 8.8803 8. 8854 B. 88541 8. 5554 B.902y 8. 9021 5. E%54]
35000 7.036 7.04¢ 7.03€ 7.0356 7.0406 7. 04960 7.0406 7.0602 T.0602 7. 04060
40060 5. 541 5.54 5. 544 5.5412 5.5389 §.53801 5.3380 5.5584 5.5554 5.53x01
45900 4.364 4.36* 4.385 4.3641 4.355v 4.35497 4. 3549 4.3753 4.3753 4. 35447
50000 3.436 3.436 3. 438 3.4370 3.4246 3. 42466 3. 4246 3. 4444 3. 4444 3424686
55000 2.707 2.707* . 707 2.70698 2. 6931 2.6930Y O | 207110 2001 2O BYS 0N
60000 2.132 2.132 2.132 2.1319 2.11%8 2 11978 2. s 2. 1354 201354 R )
A5000 1.680 1,679 1.679 1.6750 1 6654 166534 iBnl6 1o 6653N
7000v 1.322 132 13023 1.3096 1 3048 L5244 L34 1a00E
TH000 1.042% 104l 1.0414 1.0.298 1,043 O
80000 320 R L8202 L BubY AT .n21ing RS R BRIV
85000 . 6460 L B3y B4745 64740
90009 . 5086 5087 500 CouaeT L33l L5101 REIRRE]
95000 . 4005 EEENE 40nd1i 04,7
100600 IREY1 L3106 2507 J1udl L3lo40 RRPS-T L R
105000 AL
110000 [N ARL Y 2143
115000 1540
120000 HR -7 Pi5ix (3l
125000 MU
130706 LORRT LN 03943 RO N
* From Kollsrran .omariscn Tabie
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Group II: Standard Atmospheres - Geopotential measure calculated using inverse

pquare gravitational acceleration.

A later group of standard atmospheres have been tabulated, Teferences § thru 9,
In all cases these are basically geopotential atmospheres. Five atmospheres have
been tabulated in Columns 5 thru 9 of Table I. In the case of the 1859 ARDC standard
atmosphere, Reference 8, even values in terms of geopotential altitude H, are not
tabulated. For comparison, the 1956 atmosphere, Reference 7, has been {abulated
both in terms of geopotential altitude and geometric altitude Z. When the 1958 at-
mosphere is compared with 1956 atmospheres, Columns 7 and 8, on the basis of
geometric altitude Z, it is seen that the comparison is identical,

The five geopotential standard atmospheres may be cormpared up to 60, 502 ft,
direct's from Table I and it is obvious that all are identical to four significant
figures. NACA 1235 standard atmosphere terminates at 65,000 ft. Comparing
the other forur standaid atmospheres on to 80,000 ft., it is found that all four are
identical to four decimal figures., In the range from 80,000 to 130, 000, it is seen
from Talle I that the WAC " 1952 atmosphere deviates from the three later standard
atmospheres.

In summary then, standard atmospheres published in the United States within
the last 35 years fall into two groups, One is a geometric stundard atmosphere
(reference 1 through 4, Table I) in which gravity is assumed constant, the other
{reference 5 through 9, Table I) is a geopotential atmosphere which accounts for
variable gravity effects. Within each of these t«wo groupz comparison between
different published standard a mospheres show that they are actually, for all
practical purposes, ‘dentical, e.g., at 40,000 ft, re{. rences 5 through 9, Tuble i,
agree within £ .0001 m Hg. The standavrd atmosphere given by NAU .. Report 837,
has been chosen as a representa‘ive atmosphere of the georaetric Leight group be-
cause it extends to 100,000 ft. The ARDC 1956 standard atmosphere has been
chosen as a representative of the geopotential group. The differences in icrms
of feet of altitude betwecn the 827 and 1956 .\RDC simosphare i3 shown graphically

in Figure 1, Up to approximateiy 35,000 ft, of altitude, differences are less than
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15 feet of aftitude. Beyond 35, C00 ft. of altituds to 80,000 ft. of altitude, the
difference steadily increassd reaching a maximum at §0, 000 ft. of altitude. At

80, GO0 ft., the altitude indicated by an altimeter calibrated per standard atmosphere
837 will read 262 feet low a8 compared to an aircraft calibrated tc a standard at-
mosphere per 1956 geopotential atmosphere,

2.3. SUMMARY OF STANDARD ATMOSPHERES USED FCR ALTIMETER CALI-
BRATION,

1. During the current investigation, many military specifications covering the
manufacture of altimeters and overhaul manuals were reviewed, These are cur-
rently use® hy both military and civil agencies, Several instrument manufacturers
were contacted. It has been concluded that standard atmospheres specified for
altimeter caiibration within the past 25 years foilow either the Group I or Groug II
Standard Atmosphere, Both standard atmospheres are veing used at the present
time almosi as if thev were perfectly interchangesable,

2. The standard atmospheres of Group I and Il are not interchangeable.
Differences are less than 15 ft. of altitude up to an altitude of abcut 35, 909 fi,
Above 35,000 ft. differences become pregressively larger reaching 262 ft. at an
altitude of 80,000 &.

3. It is recommended that the Group II standard atmosphere be adopted and all

barometric scales standardized thereto.
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SECTION 3

PRESENT ALTIMETER CALIBRATION STANDARDS,
TECHNIQUES AND PROCEDURES

Within the scope of this phase of the study consideration has been given to various
Air Force Facllitieas as well as other organizations concerned with the altimeter cali-
brations. Many of these facilities were visited and surveyed through the visitaticn as
well as through a review of the documents governing the particaiar service facility,

3.1, SYNOPSIS OF VISITATION.,

Visitaticns were made to five Air Force bases, two Naval bases, thre¢ commercial
airiines, three instrument manufacturers, two airframe manufacturers and several
other organizations which have either dirsct or indirect influence on preasure altimeter
calibrations and accuracies,

3.1.1. Category 1, Air Force Eases; Olmsted, Wright-Pafterson, Gentile, McClellan,
Norton.

The calibration facilities and general procedures used at these bases are generally
as prescribed through TO 33K6 and MIL-B-4308B. The a-1 fixed cistern typ2 barometer
represents beth the plant standard and working standard at some establishments and is
used as a direct resdout device, i.e., the mercury column and scale are sighted by the
operator through a magnifying lens. At other facilities, equipment capable of consider-
ably higher accuracy is maintained as plant standards. The reference vacuum is
maintained through a mercury sealed velve, Scales are calibrated generally i milli-
meters of mercury (fore-gshortened for cistern effects) and in one of the two standard
atmospheres. Mercury is not reused and is purchased from one of several sources.
Temperature extremes in the altlineter calibration areas are estimated as high as
+ 5 C, Calibraiion checks other than prescribed calibration wkich come at intervals
of 130 days, generally consist of a cross check at the prevailing atmospheric pressure
between at least two units, The roeference vacuum is checked at various intervais by
pressurizing the cistern and watching for air bubbles through the mercury real {or by
listening for a raetallic clink) as the mercury cclumn i3 pressurized against the valve
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assembly. At one hase the precision measursment equipment lahoratory has set up a
pressure maintenance survey team which has a reasponsf*ility of maintaining the work-
ing standards in operable condition. The team makes a daily check by performing
atmospheric pressure checks between several units which agreement musgt be within
+ ,004" of mercury. The team also carries a vacuum pump and evacuates the
mercury seal side of the A-1 barometers daily.

Calibration of altimeters is accomplished singly or in groups of from 2 to 28,
Calibration after overhaul is frequently carried out vnder room temperatv re environ-
ment only.

3.1.2. Category 2, Naval Bases; Naval Air Develooment Center, Naval western
Primary Standards Laboratories.

Equipment used for calibration purposes at NADC consists of A-1 type manomster,
situated in temperature controlled cabinets, Semiautomatic (photo-scanner} typo
readout is used and the reference vacuum is maintained with mercury sealed valves.

The NWPSL maintains equipment capable of obtaining considerably higher accuracy
than the A-1 type barometer. This equipment coneists of higher caliber piston gages,

a U-tube mercury manometer and a micrometer stapdard manometer which is 3 cistern
type mancmeter fitted with a true length scale and facilities for measuring column
heights in the cistern as well as the elongated tube,

3.1.3. Category 3, Commercial Airlines; American Airlines, United Airlines,
Northwest Airlines.

The airlines alsc use fixed cistern type manometers for final calibrations. At one
organization, temperature controlled cabinets &re used and mercury sealed valves and
photoscanner type readcut is utilized, Another organization uses a vacuum pump and
a thermocouple gage for maintaining and monitoring reference pressure and algo uses
photoscanner type readout.

Daily atmospheric “hecks are gererally made between two manometers aud also
between the manometers and Fortin type barometers and the local Weather Bureau

Station and also in one cass against a precision aneroid station barometer,
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The governing doc.ment for altimeter calibration is TSOC10A, although at least
ons airline is presently phasing ia on the tighter tolerances recommended in ATA
" Recommended Test Procedures for Altimeters", June 1961 (Reference 28).

Altimeter calfbration is d~une generally at room tempersnture with an abbreviated
check calibration at an clevated temperature, Aitimeters are removed from the air-
craft for recalibration and overhaul at periodic intervals based both or number of flying
hours and chronological periods.

3.1.4. Category 4, l.cirument Manufacturers;, Kollsman, Eclipse-Pioneer, Pioneer-
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In 2]l cases plant standards are maintained which are capable of substantially
higher accuracies than the A-1 type barometer. Semiautomatic readout is generally
used on the fixed cistern type barometer used for altimeter calibration and an active
vacuum is maintained with vacuum pumps in all cases. Periodic calibrations are
méade against plant standardc and daily checks include cross checks between baremeters.
3.1,5. Category 5, Airframe Manufacturers: Lockheed, Douglas,

The A-1 type barometer is used also by the airframe manufacturers for altimeter
calibration and these manometers are periodically overhauled and calibrated against
plant standards. The plant standard used by one manufacturer i8 a piston gage; and
a fixed cistern type manometer used with a vacuum pump and gage on the reference

side and direct visual readout is used by the other.

3' 1. 6. Catgg! ! 6.
This category includes additional organizations visited waich are concerned with

the problems associated with this phase of the contract, but which do not {al’ within
the catagories listed above,
3.1.8.1. National Bureau of Standa-ds.

The National Bureau of Standards is responstble for maintaining pressu: 2
messuring capability ol such a Juality that all major corrections to the measurement
can be made with 2 high degree of accuracy %o tha! onventional working standards

calibrstions may be made traccable eithor directly or indirectly to N.B.S. This
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However, for fixed cistern type barometers the gcals r.iay be certified and pressure
calibration data may be obtained under a specified se: »>f operating procedures. Fixed
cistern type barometers are not generally calibrated .,y N.B. S. since the variable
errors asacciated with normal usage are large com: ared to parameters which may

be calibrated and/or certified. The normal procecure i2 for the barometer manu-
facturer to supply a calibration with the instrume..t, such calibration to be made
against units which have in turn beea caiibrated by N.B.S. The role of the barometer
operator 18 very critical in respect to these ing:ruments and it has been emphasized
by N.B.S. personncl that greater accuracies could be possible through use of transfer
persoanel and transfer standards. Transfer personnel who are highly skilled in cali-
bration and maintenance techriques are most desirable; however, much could be
gained through test piotlems circulated ‘n the form of transfer stancdards (0 be caii-
brated at the different facilities.

3.1,6.2. U.S. Westher Bureau.

Tke Weatlher Bureau is responsible for securing hourly pressur: messuremauits
and for supplying these pressure measurements indirectly through control towers to a
large number of sircraft under field conditions. This information is =180 supplied as
in-flight informaticu so that t: ¢ rsported pressires are very important, noet only in
regard w safety considerations durirg take-off and landing but a'so for vertical
separation. The Fo tin type barometers of 1/4 inch bore are generali; relied upon
for transfer standa,ds and for calibration checks with aneroid type station barometers.
3.1.6.3. FAA.

Although the Westher Buresu is generally responsibie for accurate station pressure
readings, the Weather Bureau does not meictiin offices at all locations in which case
the FAA to.er is responsible for supplying correct barometric information to aircraft.
FAA station barometers are of the anercid type and are checked at least once daily
agair ¢ Waather Bureau {nformation wherever possible.

3.!.6.4, Hsss Instrument Company.

Calihration of the A~ type barometers 8 done in a room which is temperature
oontroiled and i8 done against & similar type instrument which has boen calibrated at
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the Bureau of Standards, All calibrations are carried out with an active vacuum
maintained on the reference aide of the manometers which vacuum is monitored with a
McLeod grge.
3.2. DISCUSSIGN OF PRESENT ALTIMETER CALIBRATION STANDARDS AND
TECHNIQUES WITH RECOMMENDATIONS FOR IMMEDIATE IMPROVEMENT.
From practices observed at the various organizations covered by the vigitation
program, it may be concluded that the general class of instrumentation used for
altimete~ calibration is essentially identical at all the facilities, It may also be
concluded, however, that the usage of such equipment is subject to considerable
variation, The specific equipment used in all cases for altimeter caiibration by
the Air Force consists of the A -1 barometer, A error analysis based on manu-
facturing specifications as well as observations fron: the visitation program is given
below:

3.2.1. Analysis of Errors for A-1 Barometer.

The Air Force mercurial, altitude test barometer, type A-1, Military Specification
MIL-B-4308R (USAF) is the Air Force working standara for the calibration of altimeters
and several hundred units are presently in service at approximately 180 Air Force bases.
Errora assignable i the barometer may be segregated into three classifications:

1, Precision texting errors.
Z. Repeatability testing errors,
3. Operating errors,

Errors falling within the categories 1 and 2 are, in general, random errors
associated with the instrument due to its characteristics and construction. Operator
errors are errurs associated with the tech "Gues of operating the barometer during al-
timeter calibration. For this error analysis, two sets of operatwor ermors have been
assigned. The first set is assigned in sn attempt to be consistent with the operator
errors as they may exist in the Air Force utilizing present day techniques. The
second ret {8 assiyned with an attempt to be consistent with improved, suggested
techmiques, All quantitative values given are 3 sigma errors, i{.e., the maximum

statistical valuss which would occur in 98, 7 percent of the measurements,
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3.2,1,1. Precision Test.ng Errors of A-1 Barometers.

The precisjon testing errors refer to the dispersion of readings repeatad under the
same conditions and at approtimately the same time. A quantitative welue for this
error has been taken from sec'icn 4.2, 1,5 of MIL-B-430823 an £ 0.1 mum. Hy.

3.2.1.%, Repeatabllity Testing Erxrors of A-1 Barometers.

The repestability ervrs refer to the diepersion of readings repeated under
different ~onditions and at i Terent times of testing. Errors have baen assigned with
primary ruference to Air Force Technical Ordsr Number 33A7-4-2-1, The various
errors aed the arror asslgnmevia are &8 follows:

1, Temperature-Gravity Corapengawr = £ (0. L ramHg.

2, Mercury meniscus uncartainty = ¢ J, 1 maHg,

3. Zero setting = * 0. 05 mmHg.

4, Vernier accuracy = £ 0,025 mmlig,

5. Leveling error = % 0,02 ramKg,

6. Temperature Error (% 0,3 C) = 2 0, 04 paratly at 760 mmHg.

7. Gravity uncertainty = + 0,03 mmHg at 760 timHg,

The arrors listed as itema i through 5 are purely random errors ard essentialiy
independent of pressure level:, Errors issignable under items £ and 7 are errors
which are proportioni to pressure levels. 1f one adiz ail the errors listed in ‘ema
1 through 5, a marimum arror of (), 285 minkg may nccur, However, since ull errors
are random, a ravch mwore representative over-all srror would v the root-mean-
square whiclh vesults 12 an RMS of # §, 15 mizHg, 11 itexs € and 7 are included, the
result is an FMS value ¢f £ 0. 16 mmHg st 760 mmt g pressurs.
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3.2.1.3, Operator Exrrors Using Present Techniques.

Most of the errors assignable to the operator daring altimeter calibration are of
the random nature, is tiss fpllowing list, nine errors are listed, 1 - 6 2ad 9 being of
2 random nature and 7 and 8 being of a systematic nature. These errors with assign-
ablc values are as follows:

1. Neglaction of scale correction chart reading. A correction chart is
furnished and attached to each barvmeier listing the scale error as a function of
pressure level, However, during altimeter calibration these are seldom, if ever,
taken intc account. The resulting error of + 0.2 mm Is given in Section 4,2.1,6 of
MIL-B-4308B.

2. Use of altitude scale. In calibrations throughout the Air Force, it is
common practice to use the altitude scale for altimeter calibrations, The altitude

scale is primarily for convenience and not as accurate as the millimeter scale.

Older barometers are inscribed with a pressure-altitude relationship corresponding
to NACA TN 538. New barcmeters arve inscribed with the pressure altitude scale
corresponding to the ICAO Standard atmosphere, which is given in NACA Report 1235,
also ARDC Model Atmospheres. During the recsnt field surveys, both types of

barometers were found to be in service in the Air Force. The altitude scale is not
cut with the 3ame precision as the millimeter acale and in addition, a correction
chart for the altitude scale is not provided with the barometer. The use of the altitude
scals gives an additicnal random error of + 0. 15 mmHg.

3. Mercury hysteresie and capillary depression, + 0.1 mmHg. For most
altimeter calibrations it was found from fieid ¢rips that very few of the operators take

precaution against minimizing mercury hysteresis, Although Technical Order Number
33A7-4-2-1, in paragraph 4-13, item C, instructs " rap the table to adjust the meniscus, " '
a far more satisfactory method of reducing hysteresia would be to rap the cistern and

specify exactly the method by which the rapping should occur., This {8 extremely im-

portant with the fixed cistern instrument, since ihs height of the mercury column in

the cistera is assumed and not measured. Mercury hystercsis and capillary depres-

sions have the eifsct of in. ~easing thiz uncertainty. An error of « 0.1 mmHg has been
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aasigned to this effect under repeatability errors and is considered to be that value
obtained wher necessary precautions are used. Accordingly, the additional error of
+ 0.1 mmHg is assigned under operator errors.

4. Accuracy of setting sighting ring, + 0.05 mmkg. The above assumption
is based on the fact that the best the operator will be able to set a pressure or level is
to 1/2 of the smallest vernier reading. Since the smallest vernier reading iz 0,1 mm

(although it is 0, 05 mm on later model barometers, many of the 0. 1 mm verniers are

still in service), this accuracy is estimated at 0, 05 mmHg.

5. Temperature uncertainty, i 0.5 C. The half degree assumed error is
compatible with good temperature controlled rooms when the operator takes nrecautions
and watches for temperature changes as the calibration proceeds. Fortunately, even a
1/2°C error (0.06 mm at 760 mmHg) will pot cause sufficient altitude error to warrant
taking into consideration at this point.

6. Elevation correction, gas head. This is the correction based on the
altitude difference between the instriment to be calibrated and the cistern of the
barometer. In almost all calibration facilities this pressure differential i8 only on the
order o 1 or 2 feet and, hence, not worth taking into account in an error analysis
where other errors are considerably larger.

7. Error due to the use of the mercury sealed valve, The Air Force type
A-1 barometer is furnished with a mercury sealed valve for maintaining vacuum on
the reference side of the barometer. In most cases, the valvas prebably do provide
an adequate seal. However, during altimeter caiibration where the pressure range
from seu i-vel to 80, 000 feet is traversed, mercury will tend to pick up air bubhles

and these air bubbles are easily transmitted to the reference vacuum chamber at the
mercury sealed valve, To eliminate the possibility of vacuum deterioration with time
and usage, it is recommended that the mercury sealed valve be replaced with a oon-
tinwous vacuum pumping system. At the present time, the errors caused by the use
cf the mercury sealed valve are somewhat hard to estimate. It would probably fall
etween zerd and on: millimeter of mercury. Much larger errors are possibie,

T1e preseur? errcr cavded by deficient reference vacuum may be calculated from

aquatior 6 a8 follows:
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AP = 4P, Z,+ (760 - P) )
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where:
AP = the pressure error

APO = the error at 780 mm setting.

Z, = the heizht Jf the tube from the top ¢ the mercury to the mercury
sealed valve at 760 mm setting.
) 4 = pressure beiag messured, mmktyg,

Calculated altitude error using equation “ as a functi~n of altitude i8 shown in Table II.
The results are based on a pressure error at 760 mm in the vacuum of 1 mmHg. If
an srror of only 0.1 mmHg occurs then the resulti~; AH is only 1/ 10th of the value
indicated by T~ble II, Worthy of note is tuat * e altitude arror decreases with in-
creasing altitude up to about 20, 000 feet ac ti. : inc. 2ases with increasing altitude

to 109,000 feet. It should be notec he* tkis ercr is  Li~metic and that the pressure

error is always positive.

T LED
CALCULATED NEGATIVE YL EMATIC ALTITUDE ERROR
DUE TO APO = 1 --mHg. ABC.

(Equation )

ALTITUDE ALTITUDE ERROR

(Ft. x 10 3) (Ft.)

0 - 30

20 ~ 18

40 - 21

50 - 87

80 ~170

100 448
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8. Air bubbles antrapped at raercury !rterfaces, This error will increase

with decreasing pressure as given in .quation 7 where Z_ is height of mercury column

2
above the bubble.
760 + 22
AP = APO P 52-' (N

Utilizing equation 7, the altitude error as a function of altitude has been calculated
assuming APO = 0,025 mmHg., This is the error which would result from two
hemispherical bubbles of 0.1 inch radius. Results ar9e indicated in Table III. In the
calculation of Table III, height Z o Wae assumed to be two inche .. The results of Table
HI indicate that the altitude arror due to air eatrapment will increase rapidly with
increasing altitude. In an attempt to verify this, experiments were conducted in the
laboratory using an A-1 barometer, These were accomplished by purnping both cn

the reference tube and the cistern from atmospheric pressure to 80, 000 fcot preesure.
Tests were performead at random after the mercury had been in extensive use and air
bubbles were clearly visibie at the mercury glaas interface. The results of the tests
repeated at least six random times, indicoted the change in zero setting between at-
mospheric pressure and that conforming to 80, 000 feet was within ¢, 05 mmHg.
However, it was further noted thst the air was continually escaping Into the vacuur
system as the teste were performed, As the nressure was reduced from atmospueric
nressure, the air bubbles became increasingly larger as would be expaectad; bow.ver,
thev were unstable and many e8caped into the vacuum system as the test proceaded,
Hence, it mus. be concluded from these picliminary tests that the effe~t of aiv trapp.d
in the mercury interfaces has small effect on shifting the zero when an active vacuum
is maintained. Precision of the testing indicated that any such arrers s:re 7ve {o ten

times smaller than calcuistsd for Table II,




TABLE I
CALCULATED POSITIVE BYSTEMATY™ ALTITUDE ERROR
DUE TO AP = €.025 mmHg,
{Zqvatica D

ALTITUDZ ALTITUDE ERROR
{Ft, 2 1075 (Ft.)
0 0.9
20 3.4
40 15.5
80 74.5
80 287.0
100 932. 5

8. Thermal lag, The thermal iag existing between the observec thermometer
and the mercury column its.if can result in an apprsciable error. For example, in an
area where tha daily teinperature may fluctuate 10* C, a lag of 3° C would prebably be
possible and this woild correspond to an exror of approximately 0.4 mmHg at a pres-
sure of 760 minkHg.
3.2.1.4. Jalculated Accuracies for A-1 Barometers z8 Presently Used for Air Force
Altimeter Calibrations,

If the ~andom =rrvors onlv of section 3, 2. 1.3 are added, a maximum errcr of ¢, 50
mmHg results. However, if the random ervorse are combined by root-magnitede -square
method, the RiMS value is calcuiated at + 0, 27 mmHg. Combining this latter figure on
an RMS basis with repeatability errors of O. 15 mmHg, the final computed error is
+ 9,31 mmaHg., This error /3 constant and independent of pressure level and when
sonverted to altitude error the results are as shown in Table IV,
3.2,1.,5. Calculated Bsromeier Error With improved Operator Techniques.

The repeatability errors associatad with the A-1 barometer are characteristic of
this type instrumont and, nence, cannoi be improved without changing to a different
design. From section 3,2, 1,3, bowever, items 1, 2, 3 and 7 are the items of iargest

magnituds and, hence, in need of improvement as follows:
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1, item 1, if the ¢cals correction cuart 1z used to onrrect the reading, this
erroy may b8 reduced to pessibly 0,06 mmHg,

2. Item: 2, uss of thie millimeter scale instead of the aliitude scale will
eliruinate the stated er;or of * f, 15 ramHg aseigned :0 the sititude scale.

3. Item 3, with furtiier emphasis to reduce mercury hysteresis in tha
capillary depression, its tota] exrror may be reduced from * 9, 2 mmHg o the figure
of £ 0, 1 ramHg which is included in the repeatabiiity errors.

4, Item 7, the marcury sesled valve referencs replacsd by a continudus
pumping vacuum System and menitoring of the vscuuwm level witk &8 McLeod gage or
equivalent vacuum gage will eliminate the sysiematic error aszigned ¢ the mercury
sealod valve system and the figures given in Tzble IT will be eliminated.

Making allowance for the changes indicated above, the resultant RMS vaius Sor
all nonpressure dependent random errors i8 reduced from =* 0,31 mmHg to 2 §, &
mmHg, The altitude errer as a function of altitude corresponding to the resuiivxg
RMS error of + 0,16 mmHg i8 given as part of Table IV,

TABLE IV
ESTIMATED ALTIMETER ACCURACIES USING
MERCURIALL ALTITUDE TEST BAROMETER, TYPE A-1

AH AH
Altltude Present Methods Proposed Methods
(Ft, x 1073 (Ft.) (Ft.)
0 % 11.3 + 5.8
20 + 21,2 + 10.9
40 + 45,9 2 23,17
50 +119,.9 x 61.9
80 341, 9 +161.8
10¢ +873.5 432, 3
21
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3.3. DISCUSSION OF ALTIMETER CALIBRATION PROCEDURES,

The calibration of an instrument can rarely be performed under the exact oonlitions
which wili be encountered in normal service. The effacts cf a different environment
such as temperature or vibration are often predomisant changes althcugh the time
dependent and thermally induced inelastic errors are also generally significunt for
precision instruments.

The primary callbration of altimeters is conducted at approximately 25° C with
sscondery calibrations at higher and lower temperatures. it is belieaved, however, that
in modern tempersiure controlled aircraft cabins that the altimeter normally operates
al & temperature somewhat higher than *5* C because of the heat dissipated by other in-
struments in the immediate locale. In uncontrolled thermal environments, the opsra-
tional temperature may vary widely. These factors require a calibration at more than
one temperature, Such calibrations are generaily sonsidered to be quite repeatable

since the thermally induced inelastic errors are ucuaily small iz conuparison to the
thermally induced dimensional changes; and in-service corrections conceivably couid
be made for thermel environmensal changes in a normal service of 2n alfimeter,
The inelastic errors are not 8o easily defined and the major portion of this
section is given to a discussion of these errovs.

3.3. A, Generel Consideration pf Instrument Errors,
For this consideration the ecrors sgsociated with an altimeter are divided into

grenns, The first group includes those errors normally referred to as scale error
deviations and are hersin defined as the discrepancy of instrument reading at a pre-
scribed environment from a predefined relationship between pressure and altitude for
a perfectly elastic mechanism, i,e., all inelastic effects such as hysteresis and drift
are assumed to be zero. Conformance to a prescribed pressure-altitude relationship,
then, is the major criterion for scale error figures, The second group of errors
includes only those errors which appear as deparwures of a calibration curve from an
ideal calibration curve due to inelastic effects at a given temperature. A third group
might include only those errors due to temperature, however temperature errors may
well coatribute to either one or both of the above listed groups so that it is advantageous

to consider effect., ¢f temperature changes on each of the groups separately.
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Assuming that there are errors falling under the second classification which are
of such a magnitude to warrant consideration, then some sort of average scale error
calibration is desired about which the errors of this classification will be uniformly
grouped. As an alternate, if scale errors are obtained in a manner such that the sign
and magznitude.of inelastic errors are knowm, then an average response may be pre-
dicted from the measured response, If the response of the instrument to a prescribed
function is inherently linear and production techniques have heen refined to the extent
that no departures from uniformity are expected, then scale error calibration may
songist of measurement at two points oniy, provided that the pointa are measured
under known conditions of elasticity, iHowever, if response is not linear and curve
siaping i8 necessary within the instrument, the number of scale error calibraiion
puints required depends greatly on the comiplexity of the curve fitting mechanisms
2! the uniformity expected from a particular production facility, For example, if a
cim is used for curve fitting, an irregularity on the cam could cause a large error
to 20 undetected if calibration points straddled the irregularity, In genersl then, for
rs#Ximum reliability of scale error calibration an infinite number of calibration points

mist be used. In practice of course, a reasonable compromise must be made,

Regardless of the number of scale error calibration points, however, if inelastic

arrors are significant, the direction and magnitude of the inelastic errors should
be known for each scale error calibration point. It i3 also necessery that environmental
effects be known if they are of sufficient magnitude to warrant consideration. The
complete problem then, i8 to <elect a schedule of testing such that the proper magnitude

and sign of inelastic and environmental errors may be assigned to the measured scale
error in order to determine the total error associated with any prescribed operational
cycle,

Many attempts have been made in the past o desci he in a8 general manner the
relationsnip between force and deflection of a spring member but a review of this fleld
of study is beyond the scope of this report. For precition force-deflection type

instruments, however, it will be assumed that the force-deflection characteristics may

be d- 3cribed by an envelope as shown in Figure 2.
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The intersection of thoe absoissa and the ordinate represents a zero point which is
#-point at one extreme of the normal operational cycle and at which the spring member,
i, e., altimeter, has been held for a long pericd of time. Curve A then represents the
first cycle of uperation after rest at the zero point, The curve A represents the wors,
possible combination as the portion {from 0 to 1 is rapidly traversed ard then held at
point 1 umtil essentially all drifting is accomplished. This brings the measurement to
point 2, where again it is rapidly traversed back to zero stress, point 3, and if held at
zero stress for a long period of time the point will finally return back to zero, Curve
B represents the condition under a sustained rapid cycling type of testing where a
closed, symmetrical hysteresis loop is obtained. Curve C is shown to demonstrate
what may happen under very slow cycling where the frequency of cycle traversing is
low enough so that essentially all drifting is taken care of while ihe cycle i# being made,
Assumirg that this representation is correct, it is clear that the maximum error zcne
that may occur is simply the drift error plus the hysteresis at the point of measurement,
It should be recognized that the greph of Figure 2 is shown iz greatly enlarged scale for
illustrative purposes only and that the relative width of the drift and hysteresis curve,
as shown in Figure 2, is not necessarily representative. It i assumed for this dis-
cussion that the center of the envelope (point 4) is fixed. This assumption requires
that dimensional instability of i=strument materials has been stabilized 1o a point where
further shifts are minor compared to the inelastic errors considered ne:rein.

The same envelope is shown in Figure 3, and here it i8 assumec that after reaching
po st 3 the cycle is immediately continued up-scale in a rapid manner hack to point 2,
The crosshatched area then represents the zone of possible readings for upscale tra-
versing. Tkis zone width is defined by the total drift at the ends and the curvature is
defined by the hysteresis. A eimilar graph would hold for the zone of possible readings
for downscale traversing.

If it can be shown that experimental data correlates with this representation, rela-
tively simple tests corresponding to curves A and B (or other prescribed curves) could
define the error envelope associated with a scale error calibration obtained under krown
conditiona. The possibility exists that a fixed relatiouship exiats between the hysteresis
as defined by Curve A, and the drift curve which if known, could further simplify cali-

braijon procedures,
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Possibly the closest mechanicel model of such a curve is that discussed by Zener

(Ref. 13) and termed the " Standard Linear Solid." This model is shown in Figure 4
and has the analytical form:

¢+ a ¢ =b ¢ +co (8)

where:
¢ = strain {displacement)
¢ = stress {force)
¢ = time rate of strain
¢ = time rate of stress

a b, ¢ = proportionality constants
The response to a unit step of stress may be readily obtained from expression (8) and is
c -t/a
¢ (%) =(5 -be +b ()

T. is model may be utilized in attempts to characterize drift patterns; however, ic
do ‘¢ not allow for the hysteresis obtained under conditions such that drift effects are
neg \gible.

As s first approximation however, it may be assumed that the hysteresis curve is
parabolic (Ref. 14, 15) which assumption gives the following expression for the shape

of a closed ioop hysteresis curve,

(4 ) g

3/8 =4 (1~ —g—) —5— "
3/ m { “m’ 9 m (10)
whero:
v = gtress range
m
& = hysteresis
Em = maximum hysteresis for a given stress cycle

Although expressions (8) and (10) might be combinsd it seems advantageous to conside
thexn separately until correlation could be shown for a particular instrument design,
Ag previously implied one might 2leo expect to find fixsd relationshipe between Sm of

expression (10) and the constants of the drift curve, exprassion (9),
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It should be noted that expressions (8) and (10) are in terms of stress and strain
and may be directly applied to a specific case of force and output only if the inter-
relationships are known, Assumirg that an altimeter employs a linear pressure cap-
sule and curve shaping linkages, the respective altitude errors due to nominal values
for hysteresis and drift are shown in Table V for an operationsal range of 0 - 70, 000 ft.
The midpoint of the stress range is appreximastely 17,000 ft, for this altitude range.
The envelope of inelastic errors (described in Figure 2) would take the form of the
last column of Table V for the hypothetical " linear" altimeter of Table V. No infor-
mation is at hand to indicate & precise relationship of drift to stress range; however,
it would be expected to be proportional to a power of stress greater than unity and
possibly proportional tc the hysteresis.

TABLE V
HYSTERESIS AND DRIFT FIGURES FOR NOMINAL VALUE OF
20 FT. AT 17,000 FT.

6/ 6 Hysteresis Hysteresis

B (Ft.) m_ _B(Ft.) Drift (Ft,) Plus Drift (Ft.)
70, 000 0. 0. 214 214
60, 0C0 . 113 14.5 128 142
50, 000 . 273 21,2 78 99
40,000 . 502 24,8 49 T4
30, 000 778 25.2 32 57
17,000 1. 00 20,0 20 40
10, 000 .87 13.9 18 30

0 0. 0 12 12

The effects of moderate temperature cnanges for precision inatrwments can be

fully a3 significant as the pressure induced inelastic errors discussed above. This

arises partislly through use of materials having different thermal exp2psion charscicr-
istics or <ven the same material having different expansion characierisiics in different
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directions snd would be quite prevalent, for example, if soft wolders are used for
joining active riembers. An additional source of stress, temrerature induced, could
arise through mechanically operated temperature compensating means. If the tem-
perature induced siressesz are moderate, however, the ineiastic error envelope due to
temperature changes will be gimilar to the envelope of Figure 2 and temperature
effects may be analyzed in the same manner as loading effects. The only distinction
being that the stress is now brought about by a temperature change rather than a direct
loading:
3.3.2, Experimental Investigation of Altimeter Inelastic Errors.

A limited amount of testing of altimeters for inelastic errors was accomplished

fcr comparison with the concepts cutlined above. Data was obtain~d for twe precision
(MA-1 or AAU-8/ A) altimeters on loan from ASD and two sensitive altimeters (Type
C-12) which were purchased from a FAA authorized overhaul base, Hysteresis and
drift data were obtained for {we pressure ranges.

3.3.2,1, Testing Procedure,

The four altimeters and a vibrator were mounted on a table under a bell jar,
Pressure was ocontrolled manually using a C.E, C. type 6-2u1 piston gage for refererce,
The low pressure side of the piston gage was maintained below 20 microns as indicated
on a McLeod gage which was connacted via a separate pressure line into the iow pres-
sure chamber at a position across the chamber from the exhaust connection, 2 small
bore mercury U-tube manometer was aigo tied into the system foxr a rough indication
of absolute pressure. App.opriate valving was included jor large pressure ajustmerts
and an adjustable bellows was used for fine adjustment, "' ~lving was also used to
"disocnnect" the piston gage from the remainder ui the system during ihe large
pressure cycies associated with the hysteresis testing,

The hysteresis data was obtained by running five continuous cycles over a pressure
range and readings were made at the midpoint of the pressure rarge for both upscale
and downscale traversing. (The pressure range midpoint was used it order {0 measure
the maximum hystercsis in accord with the theory discussed herein,} The duration of
each cycle was approximately 10 minutes, and fine sdjustment and reading of the altii.
eters required spproximately one minute,

1




b e : R ST e g L S WA R G

[

Drift data was obtained by holding the altimeters at one pressure for at least 24
hours and then progressing rapidiy to a pressure established with reference to the
pistun gage. The first readings (represented as zero on the time scale) were taken
three minutes after starting the pressure change and efforts were made to accom-
plish the pressure change in two minutes at a constant rate.
3.3.2,2, Testing Hesults.

Results of hysteresis testing are shown graphically on Figure 6 and 6 and are
summarized in Table VI, The data of Figure 5 give upacale and downscale readings
at 20.4 inches Hg (essentially, the midpoint) for cycling between 28,9 inches Hg
(1000 . altitude) and 12,3 inches Hg (22, 700 ft, altitude.) The data of Figure 6
give upscale and downscale readings at 16, 82 inches Hg for cycling between 28, 8"
Hg and 3.42" Hg (50,000 ft.). Average values of hysteresis measured at mid-pressure
range are given in Tabie VI in feet of altitude, inches mercury and as a fraction of the
pr.3sure range. Although the altimeters employ " nonlinear'” elementa in order to
read out directly ir feet of altitude rather than pressure, it would seem fairly ssafe to
assume that the integrated value of stress for all elements is directly proportional to
the applied pressure, Accordingly, the maximum hysteresis, in terms of pressure,
would occus 2t the midpoint of the pressure cycie. The fructional hysteresis increased
with increased stres. range for the two precision altimeters (1 and 2). The sensitive
altimeters (4 and 5) do nct show any well defined trend. The bigher hysteresis values
exhibited by the sensitive altimeters {approximately equal to ten times that for the

precision altimeters) indicates & more highly stressed mechanism,
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TABLE VI
HYSTERESIS RESULTS

Readings at Approx. 10,300 Ft.;
1000 Ft. to 22,700 Ft. Cycles (16,59 Hg)

S A s N
1 4 . 0032 .019 percent
pA 5 . 004 . 024 percent
4 42 . 034 . 20 percent
5 65 . 062 .31 percent

L2 22222 L4
Readings at Approx, 15,000 Ft.;
1000 Ft. to 50,000 Ft. Cycles (25.44 In. Hp)

Altimeter Hysteresis Hysteresis Fraction of

({Ft.) (In. Hy) Pressure Range
1 9 . 0062 . 24 percent
2 i5 L0190 . 039 percent
4 T . 049 . 19 perceuat
5 &2 . 056 , 22 perc:at

Results of diift testing are shown or Figures 7, 8§, and 9, Besults of the first
teat, after spproximately one hundred houre ~I " r=2s8t” at aunbicnt pressure, {8 shown
on Figure 7. As previousiy described the first dats point rerorded ag zero timu was
taken three minutes after start of the pressure change and approxii~l.y ong minute
after the pressure was stabilized at test value, Readings wore taken frequently for
20 10 30 minutes and then every nour or two uyntil the end of ths dav. Ambien? tem-

peratu-e variations were oy about 2* F maximum during thess tosts, The aulimeters

e d

were maintained "at pregsure’ overnight and severs! readings tsken the fellowing day,

which raadings sre tudicated as a dashed line afier tic time scale break on Figures

T, 8, and &, Drift dats shown on Figure & was obtained at approximately 1350 &,

altitude after " resting” &t 22,7060 R, anu simlarly, the data of Figure § was obtained
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after a 22 bour "rest" at 50,000 &, altitude. The drift results associated with the
precisior altlmeters show considerable scatter but in general, the drift after 24 hours
for the semsitive altimeters is aleo of the same order of magnitude as the hysteresis.
Analysis of the " Standard Linear Solid" mw.el, Section 3.3.1, dictates a linear
relationship between ¢ 9~ e'l and PR M where ¢ O R indicated output

values and ¢ are their first time derivatives respectively. The data for

» €
altimeter numt];er 5 :hown on Figure 5 was compared in this manner and no correlation
was indicated. No attempts were made to compare the drift data for the precision
altimeters to the Standard Linesr Solid model because of the paucity of data. It is
observed that the drift (as a fraction of the pressure range) is greater at 22, 700 ft.
than at 1350 ft. This result would be expected from the Standard Linear Solid model
and would have ihe form shown in Figure 10 for a stress-time cycle of small magnitude
after bolding at one extremity of the normal stress rsnge of the instrument for an ex-
tended period. This type of response has alsc been demonstrated in Reference 16 where
it was found that drift and after-effeci developed during a number of simulated short
duration successive flights {ended to accomulsgte, . Drift is defined in Paference 16 as
the change in altimeter reading with time when the instrument is subjected to a constaat
pressure and after-effect is defined as the hysteresis, at sea level pressure, at the

compietion of a preasure cycle,

3.3.3. General Discusaion,

Test results indicate that hysteresis for the precision altimeter is &n order of
magnitude lower than for the sensitive altimeters, Drift accumulated over 24 hours
was of the same order of magnitude as the hysteresis for the sensitive altimeters
Drift, over a 24 hour period, of the sensitive altimeters was two to five times the
drift values exhibited by the precision altimeters. All comparisons were made on
a presaure basie rather than altitude basis, since the integrated stress value for an
altimeter is believed to L2 more closely proportional to pressure than to altitude.

Curvature of the drift response for the sensitive altimeter waa found to be
different than that predicted by the " Standard Linesr Solid" rmodel; however,
phenomonoiogical cerrelation was shown between this model and the accumulation
of drift and after-e¢ifect under successive cycling at a low frequency as shown in

Reference 16.
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Fractional hysteresis values were roughly proportional to pressure range for the
precision altimeters and roughly constant for the sensitive altimeters.

Existence of measurable irequency dependent inelastic effects requires that some
attention be given 1o the calibration sequence. The calibration procedure adhered to
by Air Force calibration facilitiec appears to be adequate in this respect for the pre-
cision altimeters since such calibrations tend toward the mean calibration of an
inelastic error envelope (calibration is performed " slowly”" so that a major portion
of the driii takes place as the calibration cycle is performed) which is small relative

to present values of overall scale error tolerances.
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SECTION 4

FUTURE ALTIMETER CALIBRATION STANDARDS, TECHNIQUES,
AND PROCEDURES

Ar objective of this contract was to survey the field for calibration equipment and
techniques which might he utilized in achieving more satisfactory calibrations. Adver-
tising literature on sppropriats products waa available from mzny manufacturers.,
Furcher information was obtained through a survey letter mailed {0 twelve organizations
which have indicated cepability in the pressure calibration equipment field.

4.1, ALTIMETER CALIBRATION STANDARDS PRESENTLY AVAILABLE,

The instrumenis which may be utilized in calibration of au altimetsr are classified
into two groups; Reference Standards and Working Standaris,
4,1,1, Reference Standards for Altimeter Calibration.

The Reference Standards are cheracterized as pressure instruments which permit
direct reference of the indicated reading to the fundamentals of mass, length, and time.
A further restriction on this classification is that the instruments be constructed in
such a manner that the accuracy values practically achieved are at least twice as good
as the more versatile instruments of the second classification, The instruments sur-
veyed which fali into this classification are listed in Table VII.

4,1,2, Worling Standards for Altimeter Calibration,
The working standards are generally characterized as instruments having somewhat

less accuracy than the reference standard but having greater flexibility and ease of
operation. The instruments surveyed which fall within this classification are listed in
Table VIIL,

Items 1 through 6 are mercurial manome.ers and are generally considered capable
of cperation as a reference standard if careful attention is given to the measurement;
however, the designs are such that ease of operation are favored over absolute accuracy.
Item 5 requires special mention because of the exceptionally high accuracy reported.
This instrument utilizes one fixed cistern and one movable cistern interconnected by

flexible tubing. Mercury level within the cisterns is sensed through <apacitive means
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TABLE Vil

Classification | (Reference Standards)

rl’l'EM INSTRUMENT TYPE | MANUFACTURER IDENTIFICATION APPLICABLE RANGES ACCURACY REFERENCE
0-a1" Hg +.001" Hg for
y Type M3-2 Micrometer . exch 30" saction Munulacturers
1 Modified U-T "
! ube Hase Standard Baromcter g:ﬁo,,“; with occasional random Literature
% doviation to . 002" Hg
. 0. 2-15 pei (0. 1 pai increments) N
.01 rosat actu
2 l‘; :“’:"_‘é“"l " Dynametrics Model PPS-500 0.5-50 pil (0.5 pai increments) A °:’° of ":“im""
wlon-Lylinder 1-150 pai {1 pai incremsnts) ang re
0.3-1.8 psi
. Consolidated 0.3-5 pai
3 g?:::_‘éu“n der Electrodynamics Model 8201 1.5-15 psi t ;‘:‘?‘:’r“u ":r::ml:""
y Corporation (1 percent f.5. incre- ing sture
mants for all ranges)
.01 percem {.c.
4 gnrt‘:;?ucb‘:‘l“:ln- Wallace O. Leonard Primary 4 10 250 pei .02 percent of read- Manufacturers
Ry do r (Digit Lernard, Inc. Presoure Standsrd ' oe ing for each of three Literature
eadout) ranges
Vertical*
.3-15 peig .01 percent f. 8.
5 Tilting Pneumatic Ruska 2600 psig .01 perceat reading Manufacturers
Pisten-Cylinder us - Letter
1-  lined®
0-.3 psig .01 percent 1.8,
0-2 paig .01 percent reading
* Tentative Repeatability Figures, units expected to be marketed in 1962,
TABLE VIIl
Classification' 2 (Working Standards)
. )
ITEM INSTRUMENT TYPE MANUFACTURER IDENTIFICATION AFPLICABLE RANGES ACCURACY REFERENCE
1 Mercurial Manometer Hass Bar:;nleter 0-31" Hg .026 percent {.». T.0.N0.3IAT4-2-1
C-31" Range
y . 004" Hyg with Manufacty
2 Mercurizl Manometer Hass Mercurial Barometer 0-31" Hg 0?‘1 ullbzntion :.h: rn Lite "‘;n:""
MIL spec B—4308B
i i " " Manufacturers
3 Mercurial Manometer Ideal -Aeroamith OFF-SET Cistern 0-30" Hg .005" Hg Literature
Mercurial M ¢ 1deal-A th U-Tube 0-30" H 203" H Manufacturers
4 ercurial Manometer eal -Aercsmi - - ' . ['d Literature
Double Ciatern Manufscturers
surial te - 0-33" . "
5 Mercurial Manometer ideal-Aerosmith Nulling Manometer 33" Hg 0003" Mg Litersture
R Series 500 . Manufacturers
> t 0-32" H 004" H
6 Mercurial Manometer Exactel Servomanometer I'4 ['4 Litersture
Ljon»olidmod Electromanometer + 1.5 pai Less than . 48 Manufacturers
7 Force Balunced Bellows Electrodynamics . +5.0p8l percent {.g. drilt
System : Literature
Corporation 2 15 psi tn 8 burs
; - 0 04 ( Manufacturers
8 Wiancko Type Q3403 -15 pat -04 percent (.. Bulletin 106A
R . Fused Quartz 0-1" Hg . 0933 percent Manulacturers
4 Quartz Pressure Gage Buck Transfer Standa: 1 0-40" Hg . 8. repeatability Literature
+ (.001" Hg:. 00J percent)
Reference Prossure Manufscturers
. e v - " ity
10 Dhaphragm. Gae Reference Rosemount Cell Model BO2A 0-200" Mg per year stability Bulletin 46027
{tontative)
L . . 2 .07 percent of prossure Manufacturers
11 L. 3. dcience Corp. Universal Barodyne .8-120" Hg or .002" Hg Letter
19 L. at 10, 000 Manufscturers
12 Precaure Coapsule Fischer and Porter Press-i-Cell 0-80,000 12, 58 ft. at 40, 000 Catalo, . .-102
358 K. al 80, 000 dpec, 11-3221-1
—
Servo-{urce balanced Model FB-500 . 925 percent £. 8. Manulaviurers
. . 0-15P8
1 l Piston Cylirder Dynametrics Piston Beam t . 031 psi resofution iciter
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and rebalanced to a given position by vertical motion of the movable cistern. Column
height is indicated through a iead screw.

Kems 7 through 10 and 12 and possibly Item 11 (no descriptive literature is
svailable on the sensing mechanism for Item 11) use high precision spring elements
sither directly or indirectly through a force balance system to give an analog signal
of epplied preesure, An evacuated chamher on one side of a precision spring seal
serves as a pressure reference for these devices. Item 10 is unique in that the
pressure reference chamber is not evacuated but is filled with gas to give one discrete
pressure setting for the minimum energy position of the precision spring seal.

Item 13 is an adaptation of the conventional piston gage and is designed to give
analog readings through force balancing of the piston rather than through direct use
of dead weights,

With regard to the reference standards tabulated in Table VII, it is of interest to
note the reiative accuracy curves in terms of feet of altitude rather than units of
pressure., Figure 11 shows the comparison between an accuracy specification given
as ,001 inch Hg and an accuracy specification defined as , 015 percent of pressure.
These figures correspond to the best accuracy figures quoted by the reference standard
manufacturers. It should be noted that, in terms of feet of altitude, the .015 percent
of pressure curve is almost flat compared to a rapidly increasing error at high «ltitude
for a fixed pressure error of ,001 inch Hg,

4,2, ADDITIONAL ALTIMETER CALIBRATION STANDARDS AND TECHNIQUES
UNDER DEVELOPMENT,

In addition to the items documented in Tables VII and VIII, information has been

received on several items recently developed or presently in a developmontsal state,

4,2,1, Manometry Dc/elopment.

There have been many developments in the past ten years which have increased
the ease of operation of the off-set system style barometers while preserving high
accuracy. These developments include better cistern and cistern-tube passageways
to minimize leaks and bubble entrapment, use of temperature controlled cabinets

housing and manometer, electrical meniscus sighting devices with remote indication,

38




T 3UNSSAUd QL TVNOILLMOdOMd MHOWH3 MHO4 ONV
HOMM3I Q3Xid ¥Od NOILVIAZG 300UV ANITVAIND3
1 3HNS5

Ccol 08 09 oL 09 ce o oL 02 Ol

r~ H 7 { I ! T i

| | | _
{FNESAd 4O *o_o.ouol\\

|

_ !
( AJVHNOOV

B% ,1000)V

o O 3 o o °
) ® [ 2] o -
(IARLILTY 40 1334) 'HY

o
~

39

B s e v AGIOR ARG




L My R A -

s,

El

pressure connections on the reference side so that the reference vacuum may be
monitored ccontinucusly at the top of the reference tube, remote positioning mechanisms
fur positioning of the meniscus indicating apparatus, and precise pressure controllers
which automaticsily hold & pressure setting on command of the electrical meniscus
indicating apparatus. The development trend for the off-set cistern barometer systems
is definitely toward remote console control and indication of a pressure setting.

The Hass Insi.ument Corporation expects to market a pushbutton control console
for the offset cistern barometer before 1963. The pushbuttons will automatically
establish a pradetermined discrete presaure or altitude setting. Further development
by this manufacturer calls for automatic stepping through a pre-set sequence of altitude
points or photographic recording of altimeter indications.

The other off-set cistern barometer manufacturers also have remote indication
and control features, along with their own precision servo actuated pressure controllers,

Exactel Instrument Company is developing a U-tube servo menometer incorporating
two~inch bore tubes. This instrument will have facilities for verifying length calibration
through use of gage blocks,

4.2.2, Non-Mercurial Calibration Standords Development.

The Buck Instrument Company i8 adding a servo valve to their fused quartz transfer
standard which will be supplied as an accessory to allow presetting and maintaining of a
given check point,

The Rosemount Engineering Company has modified a design of their Reference
Pressurs Cell in order to give an optionr. electrical adjustment of the setting of an
individual RFC cell, This feature allows adjustment over an approximate range of
0.1 inches of mercury. This company is aiso developing accessory aquipment which
will permit semi-automatic and automatic altimeter calibration,

The TriDyne Corporation is developing a force balanced piston cylinder type
instrument and the lowest standard range i8 20 psia, Accurazy i8 reported as +,025
percent f.8, The force is supplied through a servo driven poise weight on a bail lead

screw and an evacuated reference bellows Berves as & nressure referesnce.
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4,.3. PROCEDURAL DEVELOPMENTS,

The developments that are presently taking place in the procedures of Air Force
altimeter calibrations and that might be considered for further development have been
divided into those pertaining dire~tly to the calibration equipment an¢ those pertaining
t> the calibration of the altimeter.

4.3.1. Altimeter Calibration Equipment.

The Air Force is presently in the process of renovating the procedure for main-
taining accuracy on the altimeter calibiation instrnments. This {s being acoompliehed
through use of piston cylinder type reference standarde, as listed in Table VII. These
reference standards will be established at approximately 130 bases throughout the
world and will be referenced periodically to simiiar standards maintained at the Heath
facilities, The units at the Heath facility will be czlibrated on a rotational basis at the
Bureau of Standards. These reference standards then are utilized to maintain the

accuracies of the A-1 type barometers. This procedural development, if coupled with
the recommendations for improved operator techniques of the A-1 barometer given in
Section 3.2, should result in an accuracy of the order of magnitude calculated in
Section 3.2.1.5. If further improvement is required, the items listed in Table VIIT
and the items discusscd in Section 4 must be considered to be used in lieu of the A-1
type barometer, or i1 some cases, in conjunction with the A~1 barometer. The
improvements in manometry techniques given in Section 4, 2 definitely tend toward
greater ease of operation, but at the same time tend toward less portability, At the
periodical calibration checks against a reference standard, the reference standard and
the working standard must be brougt together, which requires that one nr the other

be quite mobile or portable. An alternate solution is the use of a highly accurate and
portable transfer standard. ltems 7 through 12 and possibly item 13 have the advantage
of being highly portable and scme of these can also classify in the same accuracy range
as the mercurial working standards, The nonmercurial working standards do not have
the mercury contaminstion problems and periodic cleaning procedures that are
associated with the mercurial standarda, They also do not have the inertia of a column
of mer~ury to coutend with, 30 that their response time is generally much faster and in

most cases they do not require a vacuwmn reference of an active nature.
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4.3.2. Altimeter Calibration Procedures.
The small, but nevertheless significant magnitude of the inelastic errors of the
precision altimeters, as discussed ir. Section 3.3, indicates that a better procedure

for determining scale error envelope may be determined. For further improvement

in this area, ‘t is recommended that a large group of altimeters be suhjected to testing
alng the patte™n established in Section 3.3.2 and at temperatures correspoading to the
extremes that can be expected under service conditions, This data would give envelopes
analcgous to the envelope shown on Figure 2, and under cart=in service conditions the
calibration of the sitimeter could b . expected to fail anywhere within this envelope. A
study of envelopes encountered by aliimeters in service condition then could be utiiized
to give the best statistical calibration for scale error of any one altimeter, and expected
deviations from this calibration for a differeat flight enveiope could be estimated, With
the advent of semi-automatic and awtomatic calibration facilities it 2ppears that a
superior procedure for determining the bes® statistical scale error calibration and

deviations from this scale error calibration could be devised.
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SECTION 5
INFLUENCE OF PRESSURE SYSTEM LEAKAGE AND PRESSURE LAG
ON AIRCRAFT STATIC PRESSURE MEASUREMENTS

A leak in the stutic pressure system of an aircraft will cause a flow of air
through the connecting tubing of the system and therefore a breathing of air in and
out of the pressure sensing orifices. The situation is identical to an aircraft in a
dive or climb. In fact, leakage rates are usually specified in terms of rate of
descent or feet/ min. The rate of allowable static system leakag- specified in
Section 4.4.3, 2 of MIL-P-~26292 is8 1000 ft,'min at an initial condition of 50, 000
ft. (test perfoi'med near sea level conditions). The specifications for altimeters are
much tighter, Military Specification MIL-A-27229A {USAF) for the AAU-8/ A
Altimeter specifies 100 ft/ min 2t an initial condition of 18, 800 feet (test performed
near sea level conditions).

Flow through the connecting tu* ing will subject the system instruments to a
pressure different from the pressurc sensed at the orifices. This {8 the well known
pressure-lag error (see References 17 and 18) and is dependent on the static system
instru...-at volumes a8 well as the lengti: and internal diameter of the connecting
tubings, 4 Jdcw in or out of the static orifices will produce another error which is
caused by a pressure drop arross ‘he orifices and disturbance of the external flow
past the orifices, Both of these types of errcrs will be discussed {n the following
paragrapas.

5.1. PRESSURE LAG.

The maximum allowable lag for an aircraft's static pressure system is shown
cn Figure 4 of MiL.-P-26292, The pressure lag &: the malor transducer and at the
{nstrumen: panel i3 specified {n terms of maximum rate of climb of a vehicle for an
aititude of 5¢, 000 feet. Altitude error equivalence for the <ilowable pressure lag

can be obtained from:

dH
AH - X — 133
dt ( }
where:

AH = Prossure-altitude error, £.

A = Pressure iag consiani, 3ded.

dy . .

-c.ij = Rate of climb, 8/ sec,

TR —————— A



Under the conditions for dstermin‘~g system lag siated in paragraph 4.4.5.2 of
MIL-P-26262, the lag onnstant will consist entirely of viscous and acoustic lag
terms. Tke lag due to aerodynamic interference of the external flow caused by air
breathing in or out of the static orifices, reporied in Section 5.2, can be determined
orly under actual flight corditicns or by wind tunnel testing. Assuming that acoustic
lag i8 small compared to viscous lag, &s explained later in Section 5.1.2, and that
the temperature of the siatic pressure system is near sea level standard conditions,
i.e,, T, = 518.69° R, the allowable system lag for any altitude can be approximated
by using the viscous lag relationship

P0
A=Ay $) (12)

where P ie the static pressure and subscript "' 0" refers to standard-atmospher: sea
level conditions.

The ellowable static lag at the major transducer and at the instrument panel as
a function of altitude and maximum rate of climb of a vehicle is shown in terms of
altitude error on Figures 12 and 13 respectively. The allowable error is8 consider-
ably larger for the instrument p. .el tkan for the major transducer. It also increases
with the maximum rate of climb capabilities ¢ " the aircraft, although for rates of
clitmb beyond 60, 000 ft/ mir there is u definite leveling off of the curve. Figures
12 and 15, therefere, indicate that superson. 2, high performance aircraft car have
a larger allowable pi1essure-aititude lag error than slower aircraft if they climb at
rates near their maximum capsabilities even though their allowable lag constant, A ,
miust be held to a lower vaiuc, However, it should be noted that the altitude errors
ghown correspond o maximum rates ¢f climb and will be less, by direct proportion,

for alower rates o1 ¢limb.,
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5.1.1, Viecous Lag.

Air flowing through the connecting tubing of an aircraft's static pressure system
when there i8 a leak in the system, or when the vebicle i8 in a dive or climb, causes
a pressure drop between the pressure ports and the receiving instruments. This is

the viscous lag of the system and can be expressed for moderate flow rates as:

A= 1_2_8_1:_14_ v at -Et- (13)
D P
where:
K = coefficient of viscosity
L = length of tubing
D = internal diameter of tubing
P = static pressure
A q- volume downetream of tubing

Vt = volume of tubing

In an actual aircraft Instaliation, Equation (13) must be evaluated for each length of
tubing between the static port anc the instrument for which the lag is to be deter-
mined, All the individual lag constants are then added to obtain the total lag.

For this report we assumed a realistic total instrument system volume of 100
in, 3 to determine what altitude error wculd exist for a leak in a pressure line 10
feet from the static orif;;fs. The resuiis are shown on Figure 15 as a function of
internal diameter of the tubing. The leakage rate used was 1000 ft/ min which is
the allowable ratc stated in Section 4.4.3.2 of MIL-P-26292 for an entire static
system. The coefficient of viscosity, ¥, was evaluated at sea level standard
temperature, During flight the average temperature of the ir in the static system
could vary considerably from this value but, as shown on Figure 14, ¥ is not
grestly dependent on temperature, {.e., a 100° R temperature change from sea
level conditions, To = 518, 69* R, will cause only about a 15 percent change in the

coefficient of viscosity.
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The viscous lag error varies as the fourth power of the tubing diameter. For
the example at 40, 000 feet shown on Figure 15, the altitude error equivalence of
viacous lag cax be decreased from 15.3 ft. to 0.51 ft, by increasing the inside
diametsr of the tubing from 0. 15 inch to 0,305 inch, the diameter specified in
Paregraph 2.4. 6.1 of MIL-P-26292, The altitude errors shown on Figure 15 for
the recommended diameter of 0.305 inch and the allowable leakage rate of 1000 £t/ min
is emall, reaching a value of only 15.5 feet for an altitude of 100, 000 feet. However
the errors shown are for a specific example and the magnitude of altitude error will
he dependent on the location of a pressure leak in the system and will be largest if
the leak is ci¢se to the instruments because L from leak to ports is maximum,
5.1,2, Acoustic Lag,

The acoustic leg is the time for pressure prupagation through the static system

tubing ard is defined as follows:

A== (14)

where: "a" is the local speed of sound inside the tubing.
From Eq. (11) we can obtain the equivalent altitude error:

AH - = - (15)

U/sing the above example for a pressure leak 10 feet from tune static orifices, a
leakage rate of dH/dt = 1000 ft/ min, and assuming "a" = B = 1116.4 ft/sec, the
altitude ericr Gue to acoustic lag will be 0. 15 ft. This value is smail compared to
“he visnous 1o~ errors shown on Figure 15.

The conciusions that may be reached regarding viscous and acoustic lag are
that the resulting pressure-altitude errors will be small if the connecting tubing
has an internal diameter of 0.305 inch or greater, if the leakage values are moderate

(106D ft of altitude per minute) and if the static system volumes are moderate (about
100 in. 3). For higher values of leakage or climbing rate or larger system volumes,

errors increase in direct proportion isee Equation 15 used to caiculate Figure 15

resuits).
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5.2, PRESSURE ERRQRS CAUSED BY FLOW THROUGH STATIC PRESSURE
ORIFICES,
A leak in an aircraft's static pressure system will produce & breathing of air in

o

or out of the pressure sensing orifices. Flow through the static orifices will intro-
duce two types of pressure errors; one is the pressure drop across the orifices and
the other is caused by disturbance of the external flow field past the ovrifice,

The influence of external interference effects of flow through pitot-static tube
static pressure orifices at supersonic Mach numbers and angles of attack has been
investigated by the NASA, Reference 19. Result: and parameters from Reference
19 have been incorporated in the present analysig, together with additional subaonic
wind tunnel data obtained at REC, (o predict typical leakage effects.

Wind tunnel teste were run at REC to determine the magnitude of the orifice
errors for subsonic flow using the USAF Type MA-1 pitot-static tube. The test
set-up for measuring the subsonic orifice pressure error as a function of mass
flow through the orifices of an MA-1 ia shown as Figure 16, Manometers, with
1. 04 specific gravity oil, were used to obtain accurate differential presgure
measurements, A static tap on the tunnel wall was used 28 a refercence for measure-
ments ¢f the static pressure (Ps) variations. Mass flow through the static orifices
was controlied by a mass flow measuring capiliary temperature controlled in an ice
bath, A pre-cooler ceil, placed in LNE’ wag used to remove water vapor from the
air hefore it passed through the control capillary. The tests were run in the REC
Transonic Wind Tunnel, rectangular 3.6 inch x 17 inch test section, at M = 0.5 and
0.7 for 0 anc 10° angles of attack. Atmospheric total prssure and total tempera-
ture conditions were used. Mass flow passing out through the ¢ fices was varied
from ¥ to approximately 3.5 xdonv slugs/ sec for each Mach namber, angle of
attack conditicn, Resulte of the experiment are shoywa on Figure 17; pressure

y/ P

egrror, e _=(P -P
§ ref

1
Cw =m/(P, YV, As).

ref. i8 shown as a function of mass flow parameter

49

R

L




b b i B ¢

L TR

Lt

FIGURE B
SHETCH SHOWING MAS3-FLOW AND PRESIUGE-MEASUNING
SETUP FOR TESTING Ma-i #MTOT STATV. TUBE.

= “‘*‘T' - '”T“ - T‘ -

8 10f T )‘
—— fT— o
. e i
B — ! 7T -l
L,’?b —._? T
...4" e 1 —— —
n.0e.¢!
Womo b — A 0 S ] e

FIGURE 1T
YMRATIGNS OF STATYC PRESSURE DRAOR 7 WA | PITOT
TIATIC TUBE WR T MASS FiOw PARAME TR

. f.l.‘P:
ok,

1
{
4
|
1

° - » » “
" . e
FIGURE. W

PRESSURE DROP ACROSS STATIC OMIFICES OF MA-i PITOT-
STANKC TUSF AS A FUNCTION OF VELOCITY OF 4R THROUGH
THE ORWFICES.

2+ A

P
" —_
T

]

/ |

: ;
L S— ~+~»‘,/~~» - - —— ey
! yl‘.l/ 1
[FS— - i —

Tl RE 12
VARATION OF CHANGE OF STATC PRESSURE € RROR TS
&Y JSTUMERTY OF Tof [XTERMM FL0w W BATE ¥
OHWNGE F MASS-FLow COLFFUENT

LI 4
° PRESENT REC RESL "5 USNC MA-' BTG STa o 1
O TURWARD CRIFCES OF “WCA aRPEsr »ﬂoxfmu&‘m
DREAR RFSES O wala ARSI a0 FEFOENCE )
AT MK B4 AT STATC WE A IREFERENCE 3G)

® - < -mm
= t e A:‘
- - . - * M- -
r ' N L R Toeec &
- : ol Comerexd g s
: . LR T
- . sl-mc AR )
[ 8 - -t - v.ou0c md tt V0N FQUNE T
. - QP < " .oy 7%
s ko id ;
w t ) L3

bt A )

Gm X

WL AWE ¥ A TR e

1TATC TS WKL ATTR
Ln 0 D s Amy

TR WBRM T

s ‘.., IS R B :
& (g k‘- SRV ﬁ > vy *‘- re

&0




where:

= gtatic pressure reference from tap located on wall of wind 4unnel

= mass flow, sluge/sec, determined from pressure drop across

= wind-tur ~el or free stream static density determined from P

ref

P = gtatic pressure at sensing orifices.
Pref
test section.
m
mass flow measuring capillary.
P
and static temperature in the tunnei test section.
v, = wind-tunnel or free stream velocity
A = total cross-sectional area of static orifices.

As shown on Figure 17, the pressure error did not go to zero for zero mass flow.

This i8 due to an inherent pressure ditference betweenp the wall static reference used

to set the tunnel Mach nuirber and the static pressure as measured by the MA-1,

The difference does not effect the reliability of the resuits since the change in pitot-

static tube pressure reading with orifice flow rate (e1 with Cw‘; i8 the measurement

of concern.

Data plotted on Figure 17 includes the effact of pressure loss across the static

orifices as weall as the pressure error caused by disturbing the externai Cow past

the orifices. Pressure drop scross the static orifices of the MA-1 as a function of

small air velocities through the orifices was determined separately and is shown as

Figure 18. This deta was obtained with no external flow over the tube. The dimen-

sionless pressure error (e_) in this low mass flow r.inge is, within experimental

accuracy, a linear functioy of velocity thrcugh the orifices.

8x10¢6

From the siope de.),:‘dvz =

rec/ ft, the magnitude of the error due to pressur: drop across the

orifices with respect to the over-all pressure error with extarmal flow, Figure 17,

csn be obtained {rom the relationsnip:

de de v,
2 2 )3
- =gy Ty
aC dv o _m
£V A
x o

It

Si

(16)




Using an aversge value of V_ from the experimental values for M = 0.5 and 0.7,

the pressure srror due to pressure drop across the orificed, dez/ d02 was subtracted
from the total error, de/ dCz, to obtain the pressure error (deI/ de) due to
disturbance of external flow past-the orifices.

Figure 19 ahows the rate of change of static pressure error caused by dis-
turbance of external! flow past the orifice with rate of change of mass~flow coefficient,
deI/ de. a8 a function of Mach number. Also shown or Figure 19 are transonic and
supersonic values of dal / de obtained from References 19 and 20, In Reference 19
the orifice erroxrs were obtained to simulate an aircraft in steep angles of climb or
dive and therefore th< data was cbtained ovc+ a greater range of masa flow than our
present data, l.e., from 0 to ahc «t 2,2 x 10"5, 2.9x 10'6 and 3.7 x 10-6 slugs/ sec.
for the Mach numbers of 2. 4. 3,0 and 4.0, respectively. The extensive data obtained
in Reference 19 showed a linear variation of € with CW and therefore should be appli-
cable *n small leakage rates on the order of 5,000 ft/ min in the tropopause, which
was aboyt the maximum mass flow rate used in the present investigation. Results
from Reference 19 also indicate that del/ de is essentially independent of angle of
attack up to +15°, ‘The data shown on Figure 17, for an angle of attack of 10°,
appears to verify this postuiation, althoigh there was a fair amount of scatter in the
a = 10* data, Tbhe transonic daia from Reference 20, shown on Figure 19, was
obtained using a British Mark 9A Pitot-Static Head, This data was also for large
masd flow leakage rates up to 2 x 10—5 slugs/sec., and for zero angle of attack.

A semi-~empirical analysis for determining atatic pressure system leakage errer
is given in the following ucalysis, If a {ix-d volume system is counsidered as well aa
the perfect gas law,

pv:-mRT {11

and

dp dm RT mR 4T B
dt dt v v gt :

"o

[44)
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and if the system is at constant temperature or isothermal, which is the case for an

aircraft system under moderate leskage ¢r climb rates, then

@ _d@  dai _ - RT
&t dH dt v
or
-+ dp cdH v
M8 ‘& RT
. dH v
Y R S S
o it RT
where
@,
aH [V density
H = pressure altitude

The maas flow parameter was dafined »2arlier as:

C, = WE_ Y, A)

where

= mass flow rate

= free stream density
o

m
o
V,, = free stream vslocity
A
8

= grea of stitic orifices

or from {18' ") o n

"=

v
RT -dH v

dt

(18)

(18)

(18' "

(19)

(20)




The pressure ratio parameter is:

_ APy B-F
e P, P, (21)
P1 = {ndicated pressure with air flow through the static orifices
P, = true static pressure

The resuits, for constant Mach number, have been shown to be nearly linear with gas
flow rate sad not largely dependent on angle of attack. Thus,

AP, de
£l /1.
) o dC Cw (22)
w
and
AF de
- =2=1RaT = o ——d . :
aH = T B s ac. - % Rl. (23)
w
where

AH = altitude sensing error, #&.
T_ = atmospheric temperature, °R

then

t

AH = = . - . RT (24)

where subscript "i" refers ¢c insirument system

/I )

1/2
let v, =M a =M, 49.1 (T ) ~°, thea

, (de 1
oH = K, 10, )1/2 ld C1 M . ! dt
L T L‘i”g-}




where Kl = constant = 2,83 x 10-5
A = Altitude parameter which {8 relatively constant in the standard
L atmosrphere varying from 22.8 at sea leve!l to 19.7 ia the tropopause, T tn°R.
r .y
B = Experimentally astermined influence of orifice outflow from Figure 19.
rC = Static system desige paramster.
- - 3
Vi T instrument system volume, ’un.
T - insirumient system temperature, *R
As = area «f siatic orifices, in, 2
[D] - Rate of climb o leakage paramster. The form of this parameter is
converient since leakage rates are usually expressed as altitude

rates, Uniis are in ft, / min,

The resulting equation {25) permice e culation of the exteral interferencs static
pressure e1..r due to legkag- ag a fuprauicn 7. sltitude, Mach number, static sysiem
geometry, and leakage 5- rate of _iimb.

The paramcter fc: ~ressurs . op acros: the orifices, e ot is independent of axternal
Mach number and, a8 eb.wva 1 Figuve .4, varies linearly with velocity through the
orifices. The f~.:vvi g axpressior <an be used to determine mass flow as a funciion

of leakage ra::, ata! - pressu: ° $ysiem parameters and altitude.

. '
il i
noooa B A 2
v * r RT {26)

where O is the static density at aititude, Using the pressure-altitude error relstion-

ship;

i=-== R T (27
AK 3 RT, (27
aad
‘-f_z —_ e = E‘iz_ "7 (:?8‘
P, 2 " dv, o St
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wasere VZ 5 A " veiccity tarough the orifices, the following expression can he

cotained for altitude-position error due to pressure drop across the static orifices:

oo [ (B

The constant K, = 1.39 x 107
when

T, = °R

dez/dvz = B X 1) sec/%t

v = i 3

g in.

Ti = R2

A = in,

8
% = f,/min,

Equations (25} aad (29) were used in au example as follow=:

- = 380°F
{ 100 tn.3
’I‘1 = 506" R
As = —;6 iu. (defined hy the grometrv of the LLA-1 pitor-atatic tube with
four 0625 inch diametsr stotic o-fices),
at

e 1000 . / min, (this number is defined by MIL-P-28292 and {8 as3sumed
1o exist in the axample),

The 1 3ults of the calculaticn are indicated by Figure 20. At subsonic Mach
numbers, the predicted leakage effect increasedto 7.0 ft. at M = 1,0, and increased
with incressing supersonic Mach numbers to 24,3 fi. &t M = 4.0, The error due to
the pressure drop acro£g tha giatic ovifices, 5512 - 0,07 fi., 1s in pendent of fligh
Mach number ia the sbove example wnd anall when Jompsared to the avrndy-amic

interfarencs error, .-}.H“,
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The conclusions that may be reached regarding the asrodynamic interfe. Jice . fecls
of leakage are that they will be small (3ee example; but not neg!” 'blc ~maviding static
systera volumes are not excessive (200 in. 2 or less) and icakaye values are ww orate
(2, 000 ft. of altitude per minute). It should be noted that tne recirsirent nf Section
4.4.2 of MIL-P-26292 allowable leakage rate cf 1000 ft.; min. at an initial condition
of 50,000 feet, (test performed ncar sea level conditions) (8 severe 8ince it reiires
the leakage test be performed witlk about 13 vsid acicss the aratic system. However,
in pressured aircraft, the diffei 2ntial w=+ zrpro2-h thie value for components ol tic
static aystem in the pressurized ares.

The Air Force flush staiic poit installiaion «hovm on Figure 1 of MIL-P-26292 has
the same total static port acea ‘As - 0,012 in, z; as {ize MA-1 Pitot-Static Tube. The
flush fuselage imstallation requires seven 0.u47" diameter orifices while the MA-1
requires four 0,0625" diameter orifices. Although not verified experimentally, it is
expected that the orifice pressure drop through flush frselage instaliations wili be
similar to the Figure 18 data, In the fuseiage staii¢ poert installation, the aerodynamic
irterference may be considerably lesz2 since the orifice flow cxhausts into a relatively
thick boundary layer as compared ic the conditions at the MA-1 pitot-static tube orifice

ccation,

EXAMPLE: Figures i3 end 20 may be used to solve any leakage or rate of cilmb

. .3
altitude error problem. If we coasider Vi = 200 in,

-1 2000 ft, / sec.

{
H - 4,000 ft,

D 0.305" (dia. of static ling)

n

M = 1.9 {Mach No.)
From Figure 15, vis>ous lag = 3.9 fi. for 190 i.n.rg velume and 1000 f, / sec,
50 t¢ist viscous leg (8. of altituge) = 0.9x 4 = 3.8 f1.
From Figure ¢}, .>mbined interference and orifice preasurs drop = 7.0 {i
{for 100 in.3 and 1000 ft./8ec.)
sc tutal interference amd oriiic efiect = 7.0 x 4 ~ 8.0 {t

andg
all effects onvhuwee 3.6 + 25.0 = 21,6 fo

ey, R N e ek PR S L e T Y O A R TN PR = (s o ; . .
chasd < TR SO i Yo+ DRI,




SECTION 8

PRESSURE ERRORS CAUSED BY DIMENSIONAL VATUGATION® AND
IRREGULARITIES OF STATIC PRESSURE PORTS ON
PITO" -STATIC TUBES

Wind tunnei tests were performed at REC on seven Model 852A Pitot-Static uwes
that had variations in the angular displacement of their static ports. The REC Model
852A is an Air Force Type MA-1 deiced P-S tube and operat=e on 11y volts, AC or DC.
It i8 manufactured in accordance with MJL-P-25632B. External dimenzions of the MA-1
are identical to thoae of the USAF TRIi-1/ A (REC Model 859) which has a 28 volt AC or
DC heating unit and is manufactured in accordance with MIL-P-25757B. Dimensiona.
tolerances of these P-S tubes must be held t =n accuracy that will permit interchange-
ab!lity on aircraft without introducing unxuows 2l.udynamic prescure errors. The
external tolerances for the Tvpe MA-1 are shown on Figure 1 of MIL-P--25632B,

There are four 0.0625 inch diaineter static holes which have tolerances of 1 ggg inches.
Angular digplacement for each hole i8 37.5° = (* 15'. Preseure errors mtt;)duced by
angular displacements outside this = 0* 15' tolerance, which corresponds to only +.0014
inches on the circumference of thr tube if the 0,620 inch nominal tube diameter is nsed,
is discuased in the following paragraphs.

The seven P-3 tubes tested at REC had the following angular displacements for

the forward static holes:

TABLE IX
Angular Displace ment Included Angle
Tvbe of Forward Static Ports Between Static Ports
1 38* 18'; T 39! 75° 46’
2 43* 15', 32 13 75° 30
3 34° 597, 40° 10' % ¢
4 41° 18, 4" 48' 5T
5 gt 0% 38 27 74° 32
& ar 30% 35° a6’ 73* &'
7 37T 11, 35" 44! 72 5%
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These P-2 tubes were selected for testing because they reprezented a wide variation of
static hole logcaticrs from the nominal 37.5° angular displacement from the vertical
centerline of the tube. The £ 0* 15' angular tolerance on the boles is exceeded fer
each tube. Although the port angles are given ounly for the forward ports, the inline
rear ports exhibited approximately the same angular displacements. Two of the P-S
tubes tested, No. 2 and No. 3, nad external burrs in the immediate vicinity of the
static ports. Tests were made with these burrs on and after the burrs were removed.
6.1. TESTING PROCEDURE.,

Tests were performed in the REC 5.8 inch x 17 inch subsw™ic wind tunnel. The
wind tunnel facility is described in Reference 21, Data was obtained using the accurate
"pressure differential” method where a flush siatic pressure wall tap on the 3.8 inch
side of the rectangular test section was used as a reference and pressure differentiai
between the refereince tap and the static ports on the P-S tubes was measured on 2
water manometer. One tube, No. 1, was selected as a reference. Measured pressure
differential, (Ps - Pr), for this tube was used as 3 reference, or zero value, and w:a
subtracted frem the (Ps - Pr) values for the other six tubea to obtain A(P' - Pr)’ the
pressure difference due to variation in the angular displacement of the static holes,
This method gives a very accurate determination of the minute pressure diff<rences
caused by small dicmensional variations of the s.atic ports and does not introduce the
large measuring errors tnat would result if absolute values of static pressure were
measured. Each P-3 tube wa< {(estel at an angle of attack of +10° and Mach numwners
0f 9.3, 0.5, and 0.7. Two tubes. No. 1 and No. 3, were also tested at 0° and +4°
angiss8 oi attack.,

6, c. PFRESENTATION Or DATA,

The preasgure-altitude errcrr c~used by anguler digplacament variations of static
pressure poris on the seven Modcel §52A P-8 tubes are shown on Figures 21 and 22.
Also included on these graphs are the errors introduced when external burrs are
present on the static ports of tubes No. I and No. 3. Ssa level conditions and an

angle of attack of +10" were used to illustrot the aXtreme altitude errors that oould
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occur., The pressure errora, A(Pa - Pr). were converted to altitude errors using the
relationship

-8(P - P )

AHSL = ‘——5:-“' RTSL (30)

Wher= R is the gas constant - Ll
Altitude error will decrease In direct proportion with the absolute static temperature
as illustrated in the following tabie for standard atmosphere temperature values.

TABLE X
Static Static Temp.
Altitude Temperature Ratio __AH
Sea l.evel 518.69°R 1, 600 100 ft.
10, 000 ft. 483.04°R 0.9313 a3 ft.
20, 000 £, 447.43°R 0.862¢ 86 ft.
30, 000 ft. 411.86'R 0,78+ 79 it.
36,000 ft. 389.99°R 0.7019 75 ft.
to
80, 000 ft.

The + 10° angle of attack ‘s sevure with respect tc normal flight conditions of an
airci:® and can be realized ugually only under low speeod landing conditions. A typical
flight ecveiope for an aircraft flving in a " clean” configuration, taken from Figure §
of Reference 22, is shown as Figure 23. Four a qcmh of 187,2 I‘U,:"ft‘?. the mavimum
angle of attack would range between 6° ard 7T for ﬂxghts from sea level to 59, 000 (1.
Arn indication of altitude ¢ —ors present at angles of attack jess than - i0* wow ibe to
nse a linear varistion with angic of attack for the errors shown in Figi ~¢ 21; . e., for
X =+ 5, the errors would be 1/2 th2 values showa on Figure 21,

The tubes tested had « wide varialion in the angular displacement of the static
ports, Considering only the cata cn ¥Figure 21 tha! was taken fur tubes wiin no burrs

presen’ on the static holes, we see that very small «rrors 3 e introduced at M = 6.3,
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At this Mach number, which is in the vicinity of an aircraft's landing speed, the total
deviation of the data from all seven tubes is iust 18,0 feet. At M =0.5and M = 0.7
the total deviations of the data i8 68,0 feet and 143.1 faet, respectively. It should be
noted that at these higher Mach numbers, the 1ircrafi's angle of attack is usually con-
siderably less than 10* and the aircraft would normelly he at altitude. The above
errors, reduced to correspond with the Qe - 187-2 b/ #% line on Figure 23, are
shown as column 5 on Table XI, It should be noted that following along this U min.
line is al®o an extreme conditicn for operation of most aircraft. An indication of the
accuracy of the data :aken can be cbtained from the two gets of data points for tube
No. 7. Tkis tube was run twice in the wind tunnel to verify the magnritude of its dis-
piacement errors and the data agreed within M’sl = 10 feet for all three Mach nuimibers,

To obt2ain a relative order of magnitude of the altitude errore shown on Figure 21,
we will compare them with the errors permitted for altin:eters and air data computers.
The Air Force precision pressure altimeter, Type AAU~8/ A, has its permissible
scale arrors specified in MIL-A-272294A (USAF). The Air Force Central Air Data
Computer, Type MG-1A, has its scale error specified in MIL-C-256538 {USAF) as
+ 40 feet or 0, 2 percent of the indicated altitude whichever is greater. A readout
indicator must accompany the air data computer. One of these indicators iz the
A/ A24G-T Amplifier - Indicator Group, Altitude - Vertical Speed, which has its
scale error calied out in MIL-A-27328 (USAF) 28 = 25 feet, This =rror must we
combined with the air data computer error to obtain the overal! error of the system.
An sbbreviated labulation of the above scale errors is shown i Table XI.

The total deviation of the data shown on Figure 21 can be used as 2a indicstion
of repeatability cf pitot-static tubes with the range cof nole 1-cations per Tnble IX,
From the data there appears to be a definile error dependance on the included angir
netween the static poris. Two fubes sied, No. 6 and No. 7, had included angles
for their poris conslderably below the specified 7§ . The er.ors for these tubes
were larger than those for the remstuing five tubes, all of waich had iacluded angies

aear 75°. Included angler f less than 75" gave a negative altitude ¢rror which
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Standard
Altitude
(Feet)

G
1,000
2,000
4,000
6, 000
8,000

10, 000
20, 000
30, 000
40, 000
50, 000
60, 000

TABLE XI

COMPARISON OF ALTIMETER SCALE ERROR TOLERANCES

WiTH THE ERRORS INTRODUCED BY
STATIC PRESSURE PORT ANGULARITY VARIATIONS

Altitude Errors (Feet)

tFstimated Values

Column

1.

i 2 3 4 5 6
£ 30 + 40 25 + 47 20 + 4,8
+ 35 + 30 * 26 + 47 21 %+ 6.1
+ 40 + 40 + 25 + 47 22 + 5.3
+ 50 + 40 + 25 + 47 23 + 5.4
+ 60 + 40 * 25 + 47 24 + 5,8
+ 70 x 40 + 25 + 47 27 x 6.7
+ 80 * 40 = 28 * 47 30 + 7.8
+130 + 40 4+ 25 * 47 42 17,3
+180 + 60 + 25 * 65 62 18, 4
*230 + 80 + 25 + 84 g1* 25, 1*
+280 =100 + 25 +103 149* +42, 4%
800 %120 + 25 +123
Exglanation

et e

Scale ermr telerance of Afr Force AAU-8/ A Precision Altimeter,
MIL-A-27229A (USAF).

Scale error tolerance (inciuding hystercsis) of Type MG-1A Central Air
Data Computer, MiL-C-288653B (USaF).

Svale error tolerance of Type &/ AZ4G-7 Amplifisr~Indicator Group,
Altitude-Vertical Speed, MIL-A-27328 (USAF).

Root -Magniiude -3quared, or random error addition, of Celumns 2 and 3.
This is the combined ccile error of the Air Duata Corputer Systeam.,
The total varistion of the aititude errors of sli soven (ubes shown on

i " el
Figure 21 reduced to correspond o the YCmin = 187.2 .t line on
rigure 23 Thia is not & randomized error,

Maximum :ardom altitude evror devistions for the {ive tubes with inclwied
angles near 75 (Numbers i, &, 3, 4, sua 8. The randomizad errors cor-
respond to the q, = 187.2 b/ ft% line on Figure 3, Effect of tube
rotation relative &3 gir stream are included, Maximum velus tested was

3* 43'. Tube No, 2, Table: IX,
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corresponds to & positive pressure er:or, A(Pa - Pr)' This trend i8 in the same
direction that earlier experiments indicate, Reference 23.

A rotational displacement of the static ports, with a 75° included angle maintained,
with respect to the rear mounting holes does not appear to produce a large pressursa
error. This rotation angle (for which the single ,.ort manufacturing tolerance of
37.5° x0* 18' is specified in MIL-D-25632B) could alsc occur easily if the pitot
boorm on an aircraft is cut of alignment. To obtain an idea of the random deviation
of altitude error caused by rotation of the static ports, we took an average vaiue of
the errors that occurred for the iiva tubes with included angles near 75°, numbers
! 2, 3, 4, and 5. The maximum deviaticn from this average will give a repeatability
error for tubes with slightly rutated static ports. These maximum deviations which

we shall assume as random deviations are AHS =+ 4,0 feet, + 17,7 feet, and + 38,6

fest for Mach numbers of 0.3, 0,5, and 0.7, ri.apectively, Taking into account that
these random values are for sea level conditions and an angle of attack of £ 16*, it

can be concluded that they are indeed si.all when compared to randomized altimeter
and air data computer errors, The errors, reduced to correspond to the qcmin. =
187.2 lb/ft2 line on Figure 23, are tabulated in coclumn 6 cf Table XI. At zero degrees
angle of attack, thess errors will i educe t¢ zerc, It should also be noted that the poris
on some of the tubes used in this analysis were rotated as much as 5° 45',

6.3. EXTERNAL BURRS IN THE IMMEDIATE VICINITY OF THE STATIC PORTS,

As mentioned above, tests were also run on two tubes that had external burra in
the immediate vicinity of one or more of their static ports, These burrs could be
formad when a hard instrument is used to clean ot the holes or by inserting an indicating
device into the holez. Photographs of the burrs arc shown on Figures 24 and 5, On
pitoi-siaiic tube, No, 2, Figure 24, the two foerward ports on the tube had burrs. The
largest burr had a height of only 0, 906 nches. Number 3, Figure 25, also had two
burrs with a height or the larger one of 9.004 inches, Earlier studics, Reference 24,
indicated that external burrs or internz! bevels »n the static ports could cpuse sizeabls

pressure errors, Tests were run on hoth (ubes, with the burrs on and after the burrs
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FIGURE 24
PHOTOGRAPH OF BURRS ON STATIC PORTS
OF REC MODEL 882A PITOT-3TATIC TUBE NUMBER 2.

PHOTOGRAPH OF BURRS ON STATK PORTS
OF REC mODEL 882 &4 FITOT-STATIC TUBE NUWBER I
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had beon removed, The resylts for & + 10° angle of attack are shown oun Figure 21,
Although ths Lurrs are small in height, theoy produce a roticeable pressure error,
The equivaleni sea lavel altitude errors for the burrs, taken from Figure 21, are

a3 shown below in Table X1i,

p 911
Aﬂsl FOR BURRS
M Tube Number £ Tube Number 3
a =iy a = i0* a=4 _a=0"
0.2 © 34,7 ft. + 17,1 ft. + 16,9 ft. + 9,0 ft,
0.5 +111.7 ft. + 81.0 fi. + 52,4 ft, +33.9 ft,
0,7 +136.3 ft. +125.9 ft, +110.8 ft, +68, 17 ft.

The tube with the smalier purrs, Mo. 3, was also tested at 0* and 4° angles of
attack before ard aiier the burrs were removed. The results, listed on Table XII
snd shown on Figure 22, indicate that a pressure error due to the burrs exists for
zero gngle of attack, and that at + 4° angle of attack the errors are nearly as large
ag for a = + 10*, Cocmpariscn hetween the tube used as a reference, No, 1, and No. 3
ailer the burrs had been removed show 3 very slight difference ia the data taken at
a = §*. This cdifference is within the aforementicned accuracy 27 the wind tunnel data,
put coudd also Le due to other small variations wetween the two tubes,
6.4, CONTLUCICNS.

On the basis of the data presanted above, .he following conclusions can be
reached,

1. From the data it can be concluded that the # 0° 30" manufacturiug

toierance on the 75° inciuded angle betwoen the static ports is sufficient to provide

excelient aerodynamic interchangaability, reference Column §, Table XI.
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2. The randomized altitude errors due to rotation of the static holes, main-
taining the 75° included angle, are shown in column 6 on Table XI, Although anguiar
variations as large as 5° 45' are included in this average, the errors are sraall when
compared to the stated accuracies of altimeters and air data computers. The + 0° 15'
manufacturing toierance on the 37,5° locations of the individual static ports from the
ventral plane of the tube is conservative and could be relaxed to a tolerance of + 1° if
the v.* included angle tolerance is specified as + 0* 30' . The tolerance relaxation
will cause no noticeabie errors in the accuracy of the complete static pressure system,
providing the pitot-static tube is installed or the aircraft with an accuracy of about + 1°.

3. Burrs in the vicinity of the static ports, even if only a few thousandths
of an inch in heigh:, will cause noticeable pressure errors. As shown in Table XII,
these errors do not decrease rapidly with decsecasing angle of attack, They will cause
& relatively large residual error at zero angle of attack, whereas pressure errcrs due
to angular variaticns of the static ports will decay with decreasing angle of attack ana
will cause no pressure error at a = (°,

Extreme care should be taken if measuring or cleaning instruments are inserted
inio the static ports as these instruments could cause burring or internal beveling of
ihe poris,

4. The total variation of the altitude errors of all seven REC Model 852A
Pitot-Static Tubes tested fails within the scale error tolerance of other components
of an aircraft's static pressure system., Although the pitot-static tubes tested covered
an extreme range of (1) singular angular variations of the static ports and (2) the
includsd angle between getsn of static ports, the total variatioo of all the errors, shown
on Column 5 of Table X1 are compatible with the stated accuracies of altimeters and
air data computers shown as Coiumns 1 and 4 on Table XI. The total variation errors
sbown on Column 5 of Table XI are alsc extreme cases because they follow the qcmin:
187, 2 Ib/ #tZ line on rigure 23 and operation along this line will be at an angle of

attack of over 8°. Lower angles of at‘ack would give proportionately lower errors.
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SECTION 7

FUSE LAGE SKIN IRREGULARITIES
IN THE VICINITY OF FUSELAGE STATIC PRESSURE PORTS
AND FUSELAGE MOUNTED AERODYNAMICALLY
COMPENSATED PITOT-STATIC TUBES

7.1, FUSELAGE STATIC PRESSURE PORTS.

This sectivn presents a brief analysis of the pressure-altitude errors that would
result if, in the vicinity of the static ports, an aircraft’s fuselage skin is deformed from
its specified manufacturing contour, Fuselage static porte on aircraft with high sub-
sonic flight capabilities normally have a residual altitude-position error due to the local
flow field of the aircraft. This error is primarily a function of Mach number but could
also be dependent on angle of attack, angle of sideslip, and Reynold's number. The
position error is usually different for each aircraft model produced and flight tests are
performed on at least one aircraft of each mcdel to determine its position correction.

If the fuselage contours of subsequent aircraft of the same model deviates from the con-
tour of the flight tested aircraft, the master calibration curve of position error for
these aircraft will be in error, Both manufacturing tolerances during preduction and
damage to the aircraft's skin in service could cause unknown residual position srrors.

To arrive at a criterion for allowable axin deformation, cerresponding to equivalent
altitude errors and as a function ~f iengii and width of the deformation and disisnce of
the deformation from the siatic ports, o smcoth wave deflection was chosen as shown on
Figure 26, The deflection has the shape of a 360° cosine wave with a deflection depth,
D, equal to the double amplitude of the cogine wave, The wave is assumed to start a
distance "‘1' from the port and extend for equ.al distance + y on either side of the static
port location. The pressure error felt at the poit caused by specific skin Jeflections
were compuied oia the REC LGP digital computer using numerical integration of three-
dimensional wavy-wall, small-perturbation theory, Reference 25.

It shoula be noted that if the wave is a depression in the surface and the static
ports are located upstream of the depression, as shown on Figuré 26, the pressure
errog, P -P_, felt at the port will be negative. The equivalent altitude error, AH,
will therefore be positive which means that an altimeter will indicate tco high an

altitude. If the ports are located downstream of the depressicn, (P-P 1 will aiso be
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FIGURE 26
NOTATION USED FOR 360° COSINE WAVE FUSELAGE SKIN DEFORMATIONS.
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FIGURE 27

ALLOWARLE WAVE DEPTH FOR AN EQUIVALENT ALTITUDE ERROR AT
SEA LEVEL GF SSOFT AS A FUNCTION OF 2

Ma =0.8

A =LONGTH OF WAVE DEFLECTION.

L, =DISTANCEL FROM THE STATIC PORYTS TO THE START OF THE WAVE
DEFLECTION.

D = MadiMUM WAVE DEPTH.

7 :=LENGTH OF WAVE IN DIRECTION PERPENDICULAR TO THE FLOW
DIRECTION.
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negative and AH will be positive. If the wave protrudes from the nominal surface, the
reverse will be true, l.e,, if the ports are upstream or downstream of a protruding
wave, (P-F_)> ¢, and AH < 0.

For a free stream Mach number of 0.8, the allowable wave depth for an equivalent
altitude error at sea level of + 50 feet is as shown on Figure 27. The dimensions are
ail given as fractions of wave length, X . The right extremity of the four curves shown
on Figure 27 was used to determine the tightest to.orance nccded to assure an ecror of
AHSL = 50 feet, These tolerances are showr. on Figure 30, The allowable wave depth
shown on Figure 30 would be increased for free stream Mach number leas than 0.8,
but would be decreased for M > 0.8, The greatest deviation with Mach number will
occur for waves in close proximity to the static poris i.e., for small values of L and
short wave lengths, Also superimpnsec on Figure 30 are the dent limitations for
structural repair specified by the Boeing Aircraft Compaay for the Boeing 720 Aircraft.
This is shown as an exampie of desired tolerances of a menufacturer and should result
in altitude errors of AHSL <X = 50 feet for a singie deformation if L > 12 inches but
would allow altitude errcrs at sea levcl in exceas of + 50 feet for L < 12 inches. The
approximate theory limit line shown on Figure 30 correspond< {0 a maximum angle of
15° on the slope of the cosine wave deflection.

It sheuld be noted that the tolerances shown for sea-level conditions will give a
slightly reduced altitude error as altitude increases, The error will decrease in direct
proportion with the absolute static tempecatu. e and will reach a minimum of 0, 75 times
the sea-level value for altitudes from 36, 000 feet to 82, 000 feet in the standard atmos-
= & 50 feet would correaspond to H =+ 37,5 ft.

SL 368,000 - 82,000 ft,
The allowable wave depthe for altitude errors at sea-level of + 10 ft. and % 100

phere, i.e., AH

ft, , obtained fxrom graphs similar ¢o the one shown on Figure 27 for + 50 ., are
shown as Figures 28 and 29 respoctively,

From Figures 28, 29, and 30, one can obtain an idea of the tolerances needed for
smooth skin deformations outside a 3 inch radius from the static ports, If the skin
deformation 18 located off to the side of the static po:'s, with respect {0 the flow
direction, or if the length of the wave i8 iess than would be indicated from the right-

hand extremity of the curves shown on Figure 27, the pressure errors induced by
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the waves would be less and the tolerances ocould consequently be increased from the
values indicated. Bowever, if more than une skin deformation occurs in the vicinity
of the static ports, the allowable deptu for each skin deformation would have tc be
uzcreasea ;roportionaliy.

If tuc static ports are located in the cemiar of & skin deflection, the allowable
depth tolarances oould becoms extremsly tight, Figure 31 shows the allowable wave
depth fer AHg, ~# 50 ft, at M_ = 0.7 for fuselage ports located in the center of a
360“ ocsine wuave skin deflection. The alicwable wave depth ig practically independent
on the leagth of the wave in the "&" direction and is directly proportional w altitude
srror, For an ecuivaient aititude error of AH

10 times the valus shown on Figure 31,

g~ ¥ 500 ft., the wave depth would be

Locaticn of the ports in the center of the wave represents the extreme case with
respact to allowable wave depths, If the ports are displaced off the center of the
wave, but etill inside the wave, the allowable depta could be slightiy larger, For
ports located on the edge cf iis wave the allowable depth would be increaseid to
approximately 2. 4 times the value if located at the center of the wave.

7,2, FUSEZAGE-MOUNTED AERODYNAMICALLY COMPENSATED FPITNT-STATIC
TUBES,

The same wave shape used in the preceding section was used a8 a criterion to
deterinine how much the allowable fuselage skin defccmation toleraace could be
reduced if a fuselage mounted pitot-static tube were used instead of flush static ports,
By moving the static port location away from the fuselage skin, the pressure influence
at the ports due to small skin irregularities in the vicinity of the ports can be greatly
reduced, The difference betwosen the allowable wave depth for flush static ports
located on the fuselage and static porig lccated 8 inches from the fuselage on a
pitot-static tube is shown on Figures 32 through 35 for an equivalent altitude ervor
at ses level of £ 50 f&. and a free stream Mach number of 0.8, The wave, in the
e <directicn perpendicular to the ficw direction, {3 symmetrical about (he #tatic ports.
Two valica of s aregiven: a-+1A ands:- +4X, whare A Is the length of the wave

in the flow direction. The aliowable deptl values for poris iocated on the surface are
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ideztical to those explained in Section 7.1 and shown on Figurs 27,

Amther way of presentation of the data would be to show the equivalent altitude
errcr for each specific wave length and distance of the wave from the static porta
me=sured in a direction on the surface and parallel to the flow direction. Howsver,
for sake of comparison, the fixed value of AHSL =  §0 foet will give a realistic
indication of the advantage of using fuselage mounted pitot-static tubes.

The greatest increase in allowable wave depth w.il be, as abown on Figure 32,
when the static ports are locaiad in the center of the 360° cosine wave skin daformsation,

For A =3 inches and # =2 1A ¢ 6 inches, the allowable wave depth could
increase from 0,001 inch to ¢.072 inch for the same equivalent error of AESL = % 50 ft.
For A =20 inches and y = 1 A or 40 inches, the allowahle wave depth could still be
increased from 0.007 inch to 0,02 inch for the same equivalent error. Greater in-
creasee in allowsble cepth will exist if the wave length is longer, i.e., & = 42X .
Other locations of the port within the wave deflection, from Ll =0.5A to L, =0,
will give varying degrees of allowable wave depth, but the iocation, L1 =«0.5X,
is the extreme case,

A sizable increase in allowable wave depth also e.’ists when the static poris are
located at the edge of the deformation, at L1 =0, a8 shown 0. Figure 53, Aathe skin
deflection moves away from the atatic ports, 2e shown on Figures 34 and 35, ti-e in-
crease in allowahle wav-~ depth diminishes, except fcr very small wave lengths, but
in this region the allowable depth is already quite large and, therefore, m:: as critical

as when tke wave {8 in close proximity to the ports.
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SECTION 8

ATRCRAFT SKIN CONTOUR MEASUREMENTS
ADJACENT TO FLUSH STATIC PORTS
ON MILITARY TRANSPORT TYPE AIRCRAFT

8.1, INTRODUCTION,

A survey of flush mounted static port assemblins and the surrounding a’reraft
skin area on thrce military type transports was conducted by Rosemount Sngineering
Company. The aircraft were stationed at M. Guire Air Force Base during this survey
which pegan on November 13, 1961, and ended on November 22, 1561. At abeut the
same time, but extending for a longer period, flight tests wera conducted by the Air

a T e sy AP TRV

é Force and NASA to determine the static pressure error of the co-pilot's altimeter
gsystem. Results from tLe flight test phase are given in Reference 26. This section
describes primarily the techniques used by Rosemount Engineering Comp=ny to
measure surfaces near the static ports and the results of the survey. In addition,
results of the measurements were used to predict the static pressure differences
between the aircraft. Predicted position error differences -re compared with t..e
flight test data,

8.2. AIRCRAFT SKIN CONTCUR MEASUREMENTS ADJACENT TO FLUSH MOUNTED
STATIC PORT ASSEMBLIES,

8.2.1, Aircraft Surveyed,

The skin contour in the area adjacent to the static port assembly wag surveyed on
the following aircraft:
Aircralt Type A (C~131)

NASA gnd REC Afrcraft No, Ajrcraft S/N Remarks
1 25781

25786

25792

25799

o e L

53-7087 No skin measurem.nts taken,
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Aircraft Tvre B (C-118)

NASA and REC Afrcraft No. Aircraft S/N Remarks

1 3821
2 3270
3 3825
4 3834
5 326