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PREFACE

This document is one of 14 Aerospace Information Reports (AIR) of the Third Edition of the
SAE Aerospace Applied Thermodynamics Manual. The manual provides a reference source for
thermodynamics, aerodynamics, fluid dynamics, heat transfer, and properties of materials for the
aerospace industry. Procedures and equations commonly used for aerospace applications of these
technologics are included.

In the Third Edition, no attempt was made to update material from the Second Edition nor were
SI units added. However, all identified errata were corrected and incorporated and original figure
numbering was retained, insofar as possible.

The SAE Af
Manual and
AIR1168/10

The AIRs ¢
Edition are s

AIR1168/1

AIR1168/2

AIR1168/3

AIR1168/4

hown parenthetically in the third column.

Thermodynamics of Incompressible and
Compressible Fluid Flow

Heat and Mass Transfer and Air-Water
Mixtures

Aerothermodynamic Systems$ Engineering
and Design

Ice, Rain, Fog, and Frost Protection

(1A,1B)

(1C,1D,1

(3A,3B,3

(3F)

C-9B Subcommittee originally created the SAE Aerospace Applied Thermodynhamics
, for the Third Edition, used a new format consisting of AIR1168/1 through
. ATR1168/11 through AIR1168/14 were created by the SAE SC-9 Committee

pmprising the Third Edition are shown below. Applicable sections of the $econd

E)

C,3D)
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AIR1168/5 Aerothermodynamic Test Instrumentation

and Measurement 3G)
AIR1168/6 Characteristics of Equipment Components,

Equipment Cooling System Design, and

Temperature Control System Design (3H,31,3K)
AIR1168/7 Acrospace Pressurization System Design (3E)
AIR1168/8 Aircraft Fuel Weight Penalty

Due to Air Conditioning 3D
AIR1[168/9 Thermophysical Properties of the

Natural Environment, Gases, Liquids,

and Solids (2A,2B,2C,2D)
AIR1[168/10 Thermophysical Characteristics of

Working Fluids and Heat Transfer

Fluids (2E,2F
AIR1[168/11 . Spacecraft Boost and Entry Heat Transfer (4A,4B)
AIR1[168/12 Spacecraft Thermal Balance @e
AIR1[168/13 Spacecraft Equipment Environmental

Control “n)
AIR1[168/14 Spacecraft Life Suppott Systems (4E)

F.R. Weiner, formerly of Rockwell Intemnational and past chaimman of the SAE AG-9B Subcom-
miltcg, is commended for his dedication and effort in preparing the errata lists that| were used in
creatipng the Third Edition.
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L INTRODUCTION

1.1 Scope
Like the technologies to which it contributes, the science of instrumentation seems to be expand-
ing to unlimited proportions. In considering instrumentation techniques, primary emphasis was
given in this section to the fundamentals of pressure, temperature, and flow measurement. Ac-
cent was placed on common measurement methods, such as manometers, thermocouples, and
head meters, rather than on difficult and specialized techniques. Icing, humidity, velocity, and
other special measurements were touched on briefly. Many of the references cited were survey

articles or texts containing excellent bibliographies to assist a more detailed study where required.

12  Nomenclature
This|list contains the general symbols used in equations, graphs, and tablesdn this AIR. Other
symbols having single or limited usage are defined in the text sections where they are used.
A |=Area, fi2,in2
¢ |= Specific heat at constant pressure, Btu/lb-°F
D,d |= Diameter, in,, ft
exp |= Exponent
G |= Weight velocity, Ib/ft2-sec
g |= Gravitational acceleration, ft/sec?
gp |= Specific weight (density), Ib/ft?
h |= Surface heat transfer coefficient, Btu/hr-fi2-°F
k |=Thermal conductivity, Btu/hr-fi-°F
M |=Freestream Mach No., dimensionless
Np, |= Reynolds No., dimensionless
P |= Pressure (units defined in text)
P, |=Total pressure (units defined in text)
R |= Universal Gas Constant, ft-1b/1b-°R
r  |=Ratio of static pressures, P,/ P,
t |=Temperature, °F
T |=Temperature, °R
V  |= Velocity, ft/sec, fi/min
W = Weight flow rate, 1b/sec, 1b/min, 1b/hr
Y |= General adiabatic expansion term for head meters, dimensionless
Y, |=‘Adiabatic expansion term for nozzles and venturis, dimensionless
Y, '=Adiabatic expansion term for onifices, dimensionless
o = Temperature coefficient of resistance, ohm/ohm-°F
f = Diameter ratio, dimensionless
Y = Ratio of specific heats, c,/c,, dimensionless
€, = Wire emissivity, dimensionless
p = Absolute viscosity, Ib/sec-ft, Ib/hr-ft
p = Mass density, Ib-sec?/ft*

pg = Specific weight (density), 1b/ft3
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o = Stefan-Boltzmann constant, 0.171 x 10-% Btu/hr-ft2-°R4
1 = Time constant (time required for 63 percent response to a step change), sec
® = Specific humidity, Ib-water/Ib-dry gas

1.3 Common Abbrevations

abs — Absolute
AGARD — Advisory Group for Aerospace Research and Development
ASME — American Society of Mechanical Engineers

ASME Trans. — ASME Transactions

ASTM———American-Society-for Festing-and-Materials
atm — Atmosphere(s)
deg — Degree
dia — Diameter(s)
ed. -— Edition
emf — Electromotive force
Eq./Egs. — Equation/Equations
exp — Exponent
oF — Degrees Fahrenheit
Fig./iigs. — Figure/Figures
fpm — Feet per minute (ft/min)
fps — Feet per second (ft/sec)
— Feet
ga., Ga. — Gage
br — Hour
in, — Inch
ISA — Instrument Society of America
1. — Journal
b — Pound
LW(Q — Liquid - water content
max —<maximum
Mech. Eng. .2 Mechanical Engineering (ASME)
min — minimum
MIT — Massachusetts Institute of Technology
NACA————National-Advisory-Committee for Aeronautics
NAE -— National Aeronautical Establishment (Canada)
NATO — North Atlantic Treaty Organization
NBS — National Bureau of Standards
no. — Number
% — Percent
Par./Pars. ~— Paragraph/Paragraphs

p./pp. — Page/Pages


https://saenorm.com/api/?name=1603f2d9ab9a0db2580ccac5c6a10d6b

SAE AIR1168/5A Page 3
ppm — Parts per million
psf — Pounds per square foot
psi — Pounds per square inch
psia —- Pounds per square inch absolute
psig — Pounds per square inch gage
°R — Degrees Rankine
Ref./Refs. -—— Reference/References
RH — Relative humidity
RM — Research Memorandum
ms ———Rootmean square
pm — Revolutions per minute
TN — Technical Note
TR — Technical Report
SAE — Society of Automotive Engineers, Inc.
sec — Seconds
v — Volts
vol. — Volume
WAD(C  — Wright Air Development Center

2.  PRESSURE MEASUREMENT

Three forms of pressure can be measured:

1.|Static pressure is the force per-unit area exerted by a fluid on a boundary that is
parallel to the fluid streamlines. At a given station in a duct where the streamlines
are straight and parallel, the static pressure is the same everywhere except for pres-
sure differences due to.elevation. For gases, the effect of elevation usually is pegli-
gible.

Static pressure-in a gas represents the summation of the molecular collision forces
on the boundary and is a function of molecular velocity (temperature dependent)
and molecular concentration (density dependent). It is thus a property, the

wledge of which contributes to the definition of the state of the gas.

. fluid
translational momentum into pressure. Ideally, this occurs on fluid impact with a
stationary boundary normal to the fluid streamlines.

3. Total pressure is the sum of the dynamic and static pressures.
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2.1 Static Pressure Measurement

2.1.1 Wall Static Tap
Measurement of static pressure in a fluid can be accomplished usually by a well-located, carefully
made, wall static tap. To assure that the streamlines are parallel to the duct wall at the point of
measurement requires about 5 dia of straight duct to the nearest upstream symmetrical distur-
bance; for example, a reducer. Downstream of a bend or other asymmetrical disturbance, 10 dia

are reomired
are requirec.

Unfortunately, in aircraft systems and components such ideal locations can not be realized. At
stations where the flow is disturbed it may be desirable to locate more than one wall tap. A
numbgr of taps can be mamio, Ogether In a 'piezometer 1ing,” which may 1 uce some
consigtency in the readings, but is not a true averaging device. A better technique is the in-
dividyal reading of each tap.

Even 5o, the significance of an average static pressure in a region of disturbed flow is question-
able. | If the measurement is made with the aim of understanding the flow at that station, ad-
ditionpl tools, such as visualization techniques, probes for determining the flow direction, and
traverging hot wire anemometers, should be used. -

On th¢ other hand, if the measurement is made to establish the performance of a component, then
adhcrence to an agreed code is wise. For example, in.measuring the static pressurg downstream
of an(axial flow fan, a significant difference can. exist if the rotational energy is recovered with
straightening vanes prior to the static pressure tap.- Traditionally, the fan manufa r is credited
with this incremeiit and, by code (in this case/the National Association of Fan Manufacturers) the
static tap measurement is made downstream of straighteners. The largest source of error in wall
static neasurements stems from tap fabrication irregularities (Fig. 3G-1).

The gffect of both hole size and tap configuration was explored by Rayle (Ref. 1). Fig. 3G-2
illustrates that the smallest hole considered should be one that will not foul easily by dirt or other
suspcended solids in the system. For most cases, a 0.020 — 0.040 in. diameter hole i satisfactory;
howcyer, for gas streams containing combustion products, a 0.040 in. dia should be the minimum.
Raylel suggests countersinking to 1/2D (negative error of 0.3%) to partially offset the positive
error of hole size{ /Fime response of the system depends upon the hole size.

=2 | .

(a) (b

P H
Z :
I T )

Figure 3G-1 - Common Static Tap Fabrication Errors with Estimates of Possible Error as a Per-
cent of the Dynamic Pressure. (a) Wavy wall or well penetration, 50%; (b)
Protruding burrs, 20%; (c) Flush burrs, 2%
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Figure 3G-2 - Effect of Hole Size and Configuration on Wall Static Tap Pressure Reading

2.1.2 The Static Probe
At timjes it is desired to explore the flow field with a static pressure probe of the typg illustrated in
Fig. 3G-6, with or without a total pressure hole. Caition is warranted because the static probe is

very j;ensitive to yaw. At Mach numbers above 0.7, the static probe experiences serious errors
caused by local shocks aft of the nose.

A sperial design (Ref. 2) using slender.body theory was shown to be independent gf Mach num-
ber up to Mach 2.0. The combination of static tube and total pressure pickup (the pitot-static
tubc) will be discussed in more détail in a later section. Use of the static tube in bpundary layer
measyrements should be avoided because of probe-wall interaction. A wall static tap will usually
suffice.

As a general rule, where-it is reasonable to believe that either the wall static tap or the static tube

will meet the requirements of the measurements, the wall static will give more |accurate and
consi

213 Turb lence
Inre containing a
static | evels of 10%

(not uncommon in turbomachmery) w1ll mtroduce a posmve error of 1% of the dynamic head
(Ref. 3), while 20% levels increase the error to 4%. The turbulence level (that is, the ratio of the
rool mean square value of the turbulent velocity to the average stream velocity) is determined
usually with a highly responsive, hot-wire anemometer.
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2.2 Total Pressure

2.2.1 Total Pressure Probe
The simplest type of total pressure probe is a bent tube (Fig. 3G-3), with the nose aligned to the

flow velocity. .

AT LEAST

fo— 4D

VELOCITY l
-

}
I .
D -
KA
Figure 3G-3 - A Simple Total Pressure Probe
3G-4). Increases in Mach number affect the various probedshapes differently, but usually the

range{ of yaw insensitivity is decreased. For example, using shielded probes with yaw insen-
sitivity to 63 deg at Mach 0.26 results in serious errors at.yaw angles above 40 deg 4t Mach 1.6.

The details of the nose configuration determine the sensitivity of the probe to angtle‘of yaw (Fig.

O

o

=
*/lho
|3

S

(50

d/D <0187
?*:E;-_--g gd./D=0.l25
d

o
o
T

Q

3

H/q., RATIO TOTAL OF HEAD ERROR
TO.FREESTREAM DYNAMIC HEAD

1 L L . ’l |
O 10 20 30 40 50 60
ANGLE OF YAW, DEG

Figure 3G-4 - ‘Typical Yaw Sensitivity of Total Pressure Probes with Different [Nose Shapes,
Mach Number = 0.26. (Source: Refs. 4-7)

2.2.1.1 Total"Pressure- Measurementim Supersonic Flow

If the total pressure probe is used in a region where the Mach number is above 1.0, a normal
shock will exist at the nose of the probe. To obtain the freestream total pressure, P,;, from the
observed total pressure, P,, the Rayleigh equation must be applied:

1/(y-1 1
ﬁz[ﬂMz_z—_l] . [w_—ﬂﬁ]”‘“
P, (v+1 Y+ 1 v+ 1)M?2

where M is the freestream Mach number.

(3G-1)
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2.2.1.2 Effects of Viscosity and Low Gas Densities
When making total pressure measurements at low Reynolds numbers (based on the probe orifice
radius), viscosity effects cause a deviation from the isentropic impact process. Such low
Reynolds numbers (Np, < 30) are encountered at very low gas densities or with small boundary
layer probes at low velocities. The deviation is described approximately by the expression (Ref.

3):
'P;" P 22 (3G6-2)
5 pV2 Re
where| = indicated total pressure, lb/ft*

Py
P = static pressure, Ib/fi2

Measyrement problems in the slip flow, transition flow, and free molecule flow| regimes are
discussed in Ref. 8.

2.2.1.3 Turbylence
In wrbulent flow, the observed total pressure of an impact tube will be higher than the actual by
an incremental dynamic pressure based on the root mean squiare (rms) of the axial gomponent of
turbulent velocity. The influence is the same as that described for the static hole (Par. 2.1.3).

2.2.1.4 Entrajned Moisture
Measyrements in airstreams containing entrained moisture create two problems:

If The observed total pressure will be bétween the total pressure for the satux:ted air
and the total pressure for a gas with a density equivalent to the saturated air plus
entrained moisture.

2| The water catch by the probe may be sufficient to introduce hydrostatic head errors
in the connecting lines.

If megsurements under these circumstances cannot be avoided, an analysis of possitjle errors and
the frequent clearing'of lines is indicated. A special scavenging probe is proposed |in Ref. 9 for
measuring total préssure in moisture-laden gas.

2.2.2 Measurements.in the Boundary Layer
Boundary layer surveys with a total pressure probe require considerable care becauge the bound-
ary layeris unavoidably affected by introduction of the probe. Boundary layer probqs are usually
made Of hypodermic tubing [Fig. 3G-5(a)]. Another probe is the Stanton probe [Fig. 3G-5(b)],
which by analysis and calibration can be related to the boundary layer profile (Ref. 3).
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2.3
23.1
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ADJUSTABLE
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\J - Eo.onn. %%
4
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(a) (b)

Figure 3G-5 - Boundary Layer Probes. (a) The flattened hypodermic; (b) The Stanton probe

Dyngmic Pressure

The
Wher
obtai
the
influe

]

4

The H
probe

effects. The improved form is somewhat.less sensitive to yaw (-1% error in dynan

deg a

2. A positive pressure propagation upstream from the stem.

itot Static Probe
e uniform flow conditions prevail, a wall static tap and an impact-tube”are

w field is suspected, it is desirable to use a pitot static probe. Pitot stat
nced by two conditions:

. A tendency toward negative readings caused by local\accelerations around tl
nose.

The "improved form" [Fig. 3G-6(b)}callows enough length to eliminate n

bainst +1% at 6 deg for the Prandtl form).

s ﬂ

F

e
e

d \4 TO 8 HOLES ll& TO 8 HOLES
0.040 IN. DIA 0.040 IN. DIA

(a) (b)

Figure 3G-6 - Pitot Static Probes (a) Prandtl; (b) Improved Form

sufficient to

a dynamic pressure profile. However, in cases where a static pressure variation through

ic probes are

he pitot

randtl probe [Fig. 3G-6(a)] is designed tobalance these errors, resulting in a r¢latively short

ose and stem
lic head at 13

Rakes

Static, pitot static, or total pressure probes may be arranged as rakes to obtain a survey where
traversing is inconvenient (Fig. 3G-7).

Again, the problem is one of assessing the disturbance to the normal flow which the rake will
introduce. In high velocity flow the possibility of shock reflections and local choking must be
evaluated, either by analysis or by visual observations (for example, Schlieren) of the flow field.
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STREAMLINE SUPPORT

—
D'”‘—{ 10D
ilml? 010
l —=i 5d —
—=ad—
{a) (b} )

Figure 3G-7 - Geometry of Pressure Rakes. (a) Total pressure; (b) Static or pitot static

In gederal, the probes should not be manifolded, since (as in the case of the piezoineter ring) a

true a

PreSj::‘e Indicating Instruments

rerage will not result.

Mangmeters
The mjanometer (Fig. 3G-8) is the simplest, most reliable, and, in the range where it |s applicable,
the mgst common pressure indicating instrument.
PR 2
TRAP SCALE MAGNIFICATION
AX _ 1 2
E s AP Sine —J
Tn: D _D _{ P %
‘31 172 | L
E] i PRk AX
_i ”~
la) {b) {0
Figure 3G-8 - Three Basic Manometer Designs. (a) U-tube; (b) Well-type; (c) Inclined

Traps

of overpressuring.) Even the best traps may not completely prevent carryover, so

cauti
and

sequent disintegration.

should be provided to prevent carryover of manometric fluid into a test system in the event

that extreme

is warranted when attaching a mercury manometer to expensive test items such as valves
machinery. Aluminum and brass are especially susceptible to amalgamation and sub-

Some

of the common manometer fluids are listed in Table 3G-1.

Because the indicated head reflects a pressure that is a function of the observed column height
and the fluid density, manometer readings should be corrected to a reference temperature. A
common reference used in fluid meter work is 68°F, which is fairly close to average room tem-
perature, and will minimize the correction. Corrections of water and mercury columns to 68°F
can be made using Figs. 3G-9 and 3G-10.
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Table 3G-1 - Properties of Manometer Fluids!

Volumetric
Specific Coeff. of
Gravity Thermal
Fluid @ 60°r  Color Expansion, 1/°F Remarks
Water, H,O 0.99913  Colorless See Fig. 3G9 Corrodes iron and steel
Mercyry, Hg 13.57 Silver See Fig. 3G-10 Poisonous, [toxic;
amalgamadtes with
aluminum|, copper,
brass
Methyl Alcohol, 0.7928  Colorless  1.199 x 103 Poisonous, [toxic;
CH,OH corrodes iron and
steel
Ethyl|Alcohol, 0.7893 Colorless 1.12 %103 Poisonous, [toxic;
C,HkOH corrodes iron and
steel
Acetyflene 2.96 Yellow 1.087 x 103 Poisonous; [corrodes
Tetrabromide {colored iron and steel,
(Megriam No. 3) red for weakens some
commercial plastics and rubbers
use)
Merripm Red Oil 0.827 Red 3.73 x 10 Poisonous;
(mineral oil) NONCOITosjve
Merripm Unity 1.047 Red 3.875 x 104 Poisonous;
Oil (mineral NONCOITOSve
oil { Hollowax)
1 Based on‘material from Ref. 3
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+0.4

+0.3

+0.2

CORRECTION, IN. Hg

When making manometric measurements on liquid systems, special attention must b

OBSERVED READING, IN. H,0

ON
T 80
Z 01
Z 85
- ~N T
& ~ ~ 9
T -0.2 ~N ~_1
o ~ ~
&} ~ a5
~
03 \\ 1 100
~
N 105
0.4 L | | | ]
10 20 30 40 50 50

Figure 3G-9 - Corrections for Water Columns; Reference Temperature 68

-50F

+5

1 ! ! | ]

105

10 20 30 40 50
OBSERVED READING, IN. Hg

60

Figure 3G-10 - Corrections for Mercury Columns; Reference Temperature §

°F

8°F

e paid to the

manometer elevation, to correct for the leg of system fluid and to free the lines from vapor. Two
common usages of manometers using liquid systems are illustrated in Fig. 3G-11. The correct
expression for calculating pressure differences are as follows:

For Fig. 3G-11(a):

Py ~Py=(gp,— 8Pk

(3G-3)
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and for Fig. 3G-11(b),
Py—P,=gp,hy— 80l

(gp)m= DENSITY OF |

| MANOMETER
FLUID

hy
J_ R
/ .le
(gpls= DENS!TY OF

LIOUID

3G4)

(a) (b)

Figure 3G-11 - Manometers Used on Liquid Systems

The 1¢w density of air results in this type of correction being negligible.when air i
fluid. | However, with heavier gases, it would be well to note the magnitude of 1l
(Fig. 3G-11(a)), and apply the correction if it is appreciable.

The major causes of errors when using manometers are:

1. Leaks in connecting tubing or lines: Pressure-decay tests of the manome
connecting lines are satisfactory and easy to.dévise.

5 the working
e term gp h

ter and

9]

provided to assure that in liquid systems there is no vapor in the connecti
and in gas systems there is no diquid. Exceptional care must be taken
change of state (evaporation of-condensation) occurs in the connecting lines.

2

3. Meniscus capillary errors: The most frequent source of avoidable e
manometry is reading the meniscus level. Either the top or the bottom of the
cus may be read if the practice is consistent in reading and zeroing.

.Liquid or vapor in the connecting lifies: Suitable traps and bleeds s"I:{uld be

g lines,
here a

rror in
menis-

Unfortunately, the meniscus is not always the same shape, introducing reading err
minimized only by-extremely clean fluid and large bores. Mercury should be cle

to eliminate mercury oxide. In an 8 mm bore, meniscus capillary errors result in
intervil of about 0.1 in. if water is the manometer fluid (Ref. 3).

rs that can be
ed frequently
uncertainty

pressure to an

accuracy of 0. 001 in. of water or bettcr A good dlscussmn of the features of many outstanding
micromanometer designs, and some of the precautions necessary for extremely accurate measure-

ments can be found in Ref, 3.

Pressure Gages

Commercial pressure gages are of the bourdon, bellows, or diaphragm type (Fig. 3G-12). In
general, all can be purchased as (1) pressure, (2) vacuum, (3) compound, or (4) differential gages.
Although these units are usually direct reading, all of the types can be supplied for remote read-
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ing. The bourdon gage, probably the most widely used, is the least expensive and the least
sensitive. The bellows and diaphragm gages are usually more expensive and more sensitive; the
diaphragm gage tends to be more temperature sensitive.

N g T 2T
=

kﬁ\/
L) La)

Figure

Pressur

sure
expecte

An excs

Pressu
Current
nology

1.

4.

PR
a7 U7 7

3G-12 - Pressure Gage Elements with Typical Ranges. (a) Bourdon: mifrg
psig; max range, 0 — 100,000 psig; (b) Bellows: min range, 0.5 in

400 psig

e gages should be calibrated frequently with dead-weight testers. This is a m

accurai and repeatable. Very few gages read the average of a pulsing pressure. S

ucers should be used to explore unsteady pressureS! ‘Where sudden pressun
d, gages should be protected by snubbers (special restrictions).

llent discussion of gages and transducers is présented in Ref. 10.

re Transducers
research on shock waves and combustion phenomena has provided impetus
pf transient pressure measurement.Principles being used are:

Use of bonded and unbonded strain gages for elements loaded by pi
iaphragms, or bellows.

carbon pile.

deflection of ‘a pressure sensitive element.

Sensing of a capacitance change resulting from pressure induced deflection.

inge, 0 — 12
. HyO; max

range, 0 — 800 psig; (c) Diaphragm: min range, 0 — 0.2 in: H,0; max range, 0 -

thod that is

itable pres-

e shocks are

to the tech-

stons,

. Using the change of-glectrical resistance in a pressure sensitive element, such as a

. Measurement of change in inductance or reluctance in a magnetic circuit, caused by

S.

Measurement of the electric potential output of an elastically deformed, piezo-

clectrically active crystal.

Routine laboratory transducers, usually of the diaphragm strain gage type, are accurate to about
1% for pressure transients taking place over milliseconds. The more advanced techniques detect
pressure changes taking place in a microsecond or less (Ref. 11).

The transducer output is usually put into a suitable oscillograph or stored on magnetic tape for
later processing. In any dynamic pressure measuring system, the line sizes and transducer
volumes must be carefully sized to assure adequate response (Ref. 12).
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2.5.4 High Vacuum Gages
Vacuum measurement in the range of 1 to 1 x 10°16 mm Hg requires gages that do not sense
pressure directly, but rather are sensitive to phenomena related to pressure. Most vacuum gages
read parameters that vary proportionally with pressure and require frequent calibration to assure
accuracy.

The most commonly used standard for calibration is the McLeod gage (Fig. 3G-13(a)). Mercury
is raised into a trapped volume with a sample of the gas t0 be measured in it. This volume
terminates in a closed, uniform capillary that is adjacent to an identical capillary open to the
vacuum bemg measured The uapped volume is measured. Then, after raising the mercury, the

= he mer able e-opera te the absolute

e of the vacuum from Boyle 5 law.

There are two relatively inexpensive utility vacuum gages based on sensing.the thermal conduc-
tivity| of the gas sample. The thermocouple gage [Fig. 3G-13(b)] measures the temperature of a
heatad wire in the gas sample, while the Pirani gage [Fig. 3G-13(c)] compares the resistance of a
heateid wire in a near absolute vacuum with an identical wire in the<gas sample.

TO SAMPLEAT P AH
PRESSURE P— — = 5~ OR P= CONST HoV

AREA A H TO SAMPLE

TO SAMPLE
w (_THERMOCOUPLE j
['q
2 HOT— PLATE
>a ' FILAMENT
w O CONTROLLED QEME \ .
= @i .
Se SUPPLY T )
2 ikl VOLTMETER
] ‘*‘ = TH
_J_ HEATED
WIR '—CONTROLLED
TO MERCURY POTENTIOMETER POWER
RESERVOIR SUPPLY
{a) (b {c)

Figure 3G-13 - Several Common Types of Vacuum Gages. (a) McLeod gage: lower limit of

application = 10‘4mm (b) Thermocouple gage: lower limit of Jpplication ap-
proximately 103 mm (c) Hot filament ionization gage: lower limit| of application
approximately 10-"mm

Meagurements .of vacuum are frequently required in chambers where tests are performed or on
very |highaltitude flight vehicles. The first measurement should be performed with a vacuum
gage msta]led elther m the chamber or connected to the chamber by a tube length that is as short

: the-connecting tube-should n e-les 2 in. for pres-

sures less than 10‘3mm of mercury.

The second measurement, when used on rockets, satellites, and other space vehicles, usually
requires that the gage be protected from the atmosphere before it reaches the altitude where
pressure readings can be taken. This may be accomplished by the breaking of a glass envelope or
the opening of a valve. Table 3G-2 tabulates some of the common types of vacuum gages and
their characteristics.
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Table 3G-2 -

Characteristics of Common Vacuum Gages

Name Principle Application
or Range, of and
Type Torr! Operation Advantage
Bourdon atm — 10! Deflection of pressurized Simple, reliable
Haba
Diaphfragm atm — 104 Deflection of diaphragm Simiple] reliable,
causes capacitance rugged
change
Alphatron atm — 10 Radioactive source Linear putput
produces an ion current
Thermocouple 10- 103 Change of heat transfer Inexpensive, small,
sensed by therinocouple easy tp clean
Pirani 500 - 104 Change in resistance Rugged
of hot'wire
Triods 103108 Ion current caused by High range,
grid electron current pumping effect
Bayar{l Alpert 103- 1011 Same as preceding triode High range,
(Invgrted Triode) but X-ray cumrent pumping effect
reduced by change
Cold Cathode 1031p-13 Ton current caused by High range, rugged
Maghetron discharge of high
voltage
Mass 104- 1016 Reads partial pressures Quantitative
Specirometer of individual gases analydis
McLepd Gage 10— 106 Compresses gas and Used ag standard to

reads-starting pressure——————calibrate other
by Boyle’s law gages

1 The unit "Torr" is defined, approximately, as 1 Torr = 1 mm of Hg abs.
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2.5.5 Partial Pressure Measurement
Partial pressure measurement is of particular interest to the aerospace environmental engineer for
determining the partial pressures of gaseous components found in ecological systems. The partial
pressure of a component gas in a mixture of gases is defined as the pressure exerted by the
component gas as if it alone were present in the same volume and at the same temperature as the
mixture.

Major sources of gaseous components result from the supply gas, external leaks into the system,
metabolic processes, outgassing of on-board materials, and physical and chemical changes in
materials. Table 3G-3 tabulates some of the partial pressure measurement devices and their

2.5.5.1 Select
For ae

1

2
3
4
5
6
7
8

For aefospace systems, the factors are:

characrﬁcﬁ‘f'c

1,
2
3] Sustained reépeatable performance under all environmental and load condition|
4,

on of Partial Pressure Instrumentation
fospace and ground systems the following factors must be considered:

Range, accuracy, and response time required for each component. gas.
Total system pressure.

Oxygen compatibility.

Desirability of continuous monitoring.

Interference effects of other components upon the measurement of interest.
Sampling pumps, if required, that may affect the sampling stream’s compositi
Thermal vacuum exposure.

Availability and cost.

Minimum volume,Wweight, and power.
High reliability.,

Shelf life.

Oon.

VT
by

S.

In-flight calibration (not desirable).

6. Automatic operation.

2.5.5.2 Description of the Partial Pressure Devices
The devices listed in Table 3G-3 are discussed in the following paragraphs.

1. Infrared: The infrared type operates on the principle that a gas molecule will
absorb radiant energy only at wavelengths characteristic of its molecular structure.
The energy absorbed is a function of wavelength and the partial pressure of the gas.
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Table 3G-3 - Instrument Selection Guide for Partial Pressure Measurements of Gases and

Vapors
H,O Low M
Component O, CO, (vapor) N, CcO H, CH, NH4 H,S(8) Halogens Hydrocarbons
Range of Interest,
mm Hg, 100-300 1-30 0-50 0-650 0-005 0-10 0-4 0-0.05 0-0.05 0-2 0-0.1
ppm; (10) 0-65 0-65 0-65
Instruments
Infrared
Dispersive * Q Q o Q * (7);Q BQ * (7); Q (7); Q
Accuracy” += 2%
Nondispersive * C NR * NR * NR NR * NR NR
Accuracy” +2%
Gas Chromatograph
Detectors
Thermal Cond. B,F: (1) B,F:(2) NR B,F; (1) B,F;(2) B,F;(1) NR NR NR NR NR
Accuracy® =2% +2% +2% +2% +2%
Flome lonizatio * * * * *(3) * B;{4); * * NR B; (4);
Accuracy™ +2% +2%
Electron Captur: NR NR NR NR NR NR NR NR NR B,F.Q; (4); NR
Accuracy” +=2%
Argon lonizatiof,
Ultrapure Helfum
Carrier Gas B,F; (4) B,F;(4) NR B,F;(4) B,F;(4) B,F;(4) (NR NR; (4) (5) NR NR NR
. Accuracy” +2% +2% +2% 2% +2%
Mass Spectrometer B,F.Q B.F.Q Q;(7) BFQ Q7)) Q7> Q7)) Q;(7) Q7 Q@) Q; (7)
Accuracy +3% +3% =3%
Eiectrochemicai
Oxygen Sensor A * * * X * * * * * *
Accuracy™ +=3%
C02 Sensor * A * * * * * * * * *
Accuracy* +5%
Paramagnetic B; (9) * * 3 * * * * * * *
Accuracy* +=1%
Dew Point * * C * * * * * * * *
Accuracy =H1°F
Key: Notes:
*No response (1) For detection of concentrations greater than 20 ppm (rough guide).
¥ +£% Full scale. (2) For detection of concentrations greater than 50 ppm (rough guide).
NR Not recommenfled. (3) By converting carbon monoxide to methane; detection of less thon 5 ppm is ppssible.
Suggested Applicatidn(s): (4) For detection of concentrations less than 1 ppm.
A Aerospace sysems only. {5) Carrier gas, argon.
B Ground systerhs only. {8) Highly sensitive 1o halogenated compounds; less than 1 ppm.
C  Aerospace anfi ground systems. (7) Procedure of Par. 2.5.5.3 may be required.
Q Qualitative aralysis) (8) For H,S a chemical analysis is preferable.
F  Has aerospace poreatiat. (97 Can defect less Than 100 ppm. _

(10} To convert ppm to partial pressure, multiply ppm by 760 x 10 e
(ossumes 1 atm total pressure)
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The measurement is obtained by the use of a dispersive or a nondispersive
spectrometer. A dispersive spectrometer plots infrared absorbence versus
wavelength and is used primarily as a tool for the qualitative and quantitative
analysis of trace and major atmospheric components.

A nondispersive spectrometer monitors one gas in a mixture of gases at a selected
wavelength range and gives a continuous readout corresponding to the partial pres-
sure of the gas.

Advantages (nondispersive):

a. Extremely specific for certain gases.
b. High sensitivity.

¢. Continuous output.

d. Good accuracy.

e. Fast response time.
Disadvantages (nondispersive):

. a. Response is affected by variations in total pressure.
b. Normally requires temperature compensation.
c¢. No positive means of identification.

d. Cannot detect oxygen and nitrogen.

. Gas Chromatography: ~A gas chromatography instrument operates by use of a
packed column or a capillary column coated with a high boiling point ligpid. A
carrier gas passes continually through the column. The gas mixture to be apalyzed
is injected into the carrier gas stream at the head of the column. The relalive af-
finities of the,packing or coating material to the gas mixture components cguse the
components 10 separate.

As each component leaves the column, it passes into a detecting device, prgducing

an electnc s1gna1 that appeaxs ona smp chart recorder as a peak The retentipn time

! each com-
ponent. The area under the recorded peak is a funcuon of its parual pressure in the
mixture.

Advantages:

a. Good accuracy.

b. Analyzes many components in one instrument.
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c. High sensitivity.

d. Monitors a known gas mixture continually without the requirement of an
operator.

Disadvantages:

a. Readout is not continuous for each component.
b. Requires a recording device.

¢. Requires external carrier gas.

d. No positive means of identification. For a particular column the ritention
time of unknown components may be identical to the component of interest.

)

3. Mass Spectrometer: The mass spectrometer ionizes molecules of-the gas|sample
and then separates the ions according to their mass. The spectrometer consists of
three basic parts: an ion source, an analyzer or separation region, and a callector-
detector system. The amplitude of the output signal for each detected mass is
proportional to the partial pressure of gaseous components having that mass.

One type of mass analyzer is the pulsed time-of-flight spectrometer, in which ions
are accelerated (pulsed) into a field-free drift tube. Since all ions enter the drift tube
at the same energy, the velocity of the jon$“is a function of their mass. [Ions of
lighter mass will reach the collector ahead of heavier species. An appropriate detec-
tor sysiem can successively collect each mass and scan the mass spectrum.

Advantages:
a. Good accuracy (ifless than five or six constituents).
b. Highly specific for most gases.
c. High sensitivity.

d. Provides continuous analysis of several components when tuned to specified
mass numbers.

€. Used for the qualitative and quantitative analysis of trace and majpr com-
ponents in atmospheres.

Disadvantages:

a. Vacuum system required; ion source and analyzer system must operate at
pressures at or below 10mm Hg.

b. Fairly complex instrumentation.
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h. Can be difficult t0 i 1
. Electrochemical Oxygen Sensor: The electrochemical oxygen sensoropefates on
the principle that oxygen is electrically reduced at the cathode by amapplied poten-
tial.
proportional to the partial pressure of oxygen in the sample.

N

Advantages:

Disadvantages:

c. Cannot measure trace quantities of carbon monoxide in the presence of
nitrogen or carbon dioxide.

d. Requires heated filament for operation; filament subject to oxygen con-
tamination.

e. Sensitive 1o pressure variations of the sample.
f. Cannot distinguish between gases of equal mass.

g. Sample gases may be cracked to molecular fragments.

The reaction causes a current to flow between the electrodes-that is (directly

a. Small size and weight.

b. Low power consumption.

¢. Good accuracy and linearity.
d. Rugged.

¢. Continuous output.

a. Frequent maintenance required (once per week, normally).
b. Temperature dependent.
¢. Requires calibration.

d. Cannot be exposed to vacuum and should be operated in an environment of
50% RH or higher.

3. Electrochemical CO, Sensor: This sensor measures the partial pressure of carbon

C-O ODSCrRg M- Cnangc1np Or-a—Stnarr—qGuanatcyo©o CCHOIV i'lerlthj,s

electrolyte is subjected to a gas containing CO,.

Advantages:

a. Small size and weight.
b. Rugged.
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c. Continuous reading.

d. Pressure and flow insensitive.
Disadvantages:

a. Rather long response time.
b. Temperature dependent.

c¢. Requires calibration.

pment of

50% RH or higher.

. Paramagnetic Oxygen Sensor: The paramagnetic oxygen sensor.operates|on the
principle that the magnetic susceptibility of oxygen is extremely large compared to
that of other gases normally found in atmospheres. This property provides arl excel-
ient method for the accurate measurement of oxygen in complex gas mixtures.

Advantages:

a. Good accuracy.

b. Highly specific to oxygen.

c. Simple instrumentation.,

d. No electronics (for laboratory version).

€. Requires little calibration.(for constant temperature).
Disadvantages:

a. Extremely fragile.
b. Vibration and shock sensitive.

¢. Temperature dependent (cannot be easily temperature compensated).

2.5.5.3 Practical Method for Qualitive and Quantitative Analysis
Dispersive infrared analyzers and mass spectrometers are ideal qualitative tools for the analysis of
a purg oOrynearly pure gas component. Note: If the spectra of a multicomponeny mixture are
superimposed, the multiplicity of overlapping pattems may defy qualitative analysis.

Gas chromatographs are efficient for separating quantitatively multicomponent mixtures, but are
not ideally suited for component identification.

Qualitative and quantitative analysis of a gas mixture is achieved as shown in Fig. 3G-14.
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GAS MIXTURE
CONTAINING

COMPONENTS
A, B, C, ETC.

GAS
CHROMATOGRAPH QUANTITATIVE
EFFLUENT
Cc B A
AN

R I\

VANRYAW.NVAS
i o

|INFRARED| I spECTSS;ETERI

READILY READILY
IDENTIFIED IDENTIFIED
ABSORPTION FRACTIONATION
PATTERN, PATTERN,
QUALITATIVE QUALITATIVE

Figure 3G-14 - Methods of Gas Analysis

3. TEMPERATURE MEASUREMENT

3.1 Thernmocouples
Two wires of dissimilar metals joined in a loop will generate an electromotive forge (emf) if the
junctions are at different temperatures. This phenomenon, known as the Seebeck effect, produces
an emf that is dependent upon the metals used and the difference in temperaturg between the
junctions. The application of this principle in the form of a thermocouple results|in one of the
most pccurate and convenient ways.of measuring temperature.

ture; that is, in Fig. 3G-15, point A must be at exactly the same temperature as point B, and point

An iftermediate metal may. be used without error only if the junctions are at the “EEr:e tempera-
C mupst be the same as point D. However, A and C need not be at the same temperai

CHROMEL A B CHROMEL

< __ALUMEL ¢ / D ALUMEL
Tor ++ T
JUNCTION > b
/ POTENTIOMETER \CEBATH

INTERMEDIATE COPPER LEADS,
TERMINAL BLOCK, OR SWITCH

Figure 3G-15 - A Simple Thermocouple Circuit With An Intermediate Metal

It is obvious that if a new junction, such as the chromel-copper junction at A, is introduced, it
must be compensated by an equal and opposite junction at B that is at the same temperature.
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Because of the difficulty in maintaining uniformity of temperature in the area of terminals and
switches, good design practice suggests eliminating all unnecessary intermediate junctions. This -
problem can also be solved, at considerable cost, by making all switches and terminal blocks out
of appropriate thermocouple materials to eliminate intermediate metal junctions. It should be
recognized that lot-to-lot differences in apparently similar materials may occur. When highly
accurate measurements are required, it may be necessary to treat all material connections as if
they were intermediate metal junctions.

A temperature gradient in a homogeneous metal wire will not generate an emf. Thermocouple
wires are someumes tested for homogenexty usmg tlus prmmple because spunous emf’s indicate a
lack of desireduniform S n-and—dry to avoid
electrg 1yt1c potentlals between dxss1m11ar metals that wﬂl 1ntroduce serious errors:

3.1.1 Thermocouple Materials
The characteristics of common thermocouple materials are presented in Table 3G-4, and the
millivplt outputs of these thermocouples are shown in Fig. 3G-16.

¢
(o]
T

MILLIVOLTS

- 3% RHODIUM

UM NS P\-M’_‘NUM S PLATINUM -

PLAIIS = PLATINUW %5 RHOD\UN\
7 T i L I}
<4 ©& B 10 12 14 6 18 20 22
TEMPERATURE, 1072 °F

Figure 3G-16 - Temperature-millivolt Curves for Common Thermocouples With [32°F Refer-
ence Junction

In summary, copper-constantan is the most satisfactory thermocouple material in| the -300 to
600°F| range. Because of the purity with which these materials can be produped, copper-
constantan wire can-be used with a lower limit of error than other materials. -constantan
offers, at somewhat less precision, a greater range of 0 — 1400°F, but is susceptiblg to rust and
corrosfon. Chromel-alumel thermocouples find wide application in the range 500 - 2100°F, but
are of limited accuracy and unsuitable for reducing atmospheres.

Platinum thermocouples, while expensive and therefore not used for routine applications, have a
high degree of repeatibility. Once calibrated, they can be used as a reference standard in the
range 1000 — 2700°F. There are no important differences between the platinum-platinum/10%
rhodium and the platinum-platinum/13% rhodium, although the latter has a slightly higher output
and is usually supplied with a lower limit of error.
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Table 3G-4 - Characteristics of Common Thermocouple Materials (with ISA designation)

Copper-Con- Iron-Con- Chromel-Alumel Platinum, Platinum, 13%
Character stantan, (T) stantan (J, Y) (K) 10% PHRh (S) Pt-Rh (R)
Approximate
Composition
Positive metal 100% Cu 100% Fe 90% Ni, 10% Cr 90% Pt, 10% Rh 87% Pt, 13% Rh
Negative metal 55% Cu, 55% Cu, 94.5% Ni, 100% Pt 100% Pt
44% Ni, " 44% Ni, 2.5% Mn, 2% Al,
1% Fe-Mn 1% Fe-Mn 1% Si
Recommended Tem-
perature Range
(large wires|, °F
Continuous —-300to 0-1400 0-2100 0-2800 0-2800
+600
intermittent —300 to 0-1800 0-2400 0-2900 0-2900
+600
Preferred Atmosghere Oxidizing or Reducing or Oxidizing Requires.ceramic Requires ceramic
reducing neutral protection protection
tube tube
Limits of Error, |
temp °F
—150t0 75 =2%
~-75%0 +1.5% +4% +4% +5% +2.5%
0-200 *+1.5% +4% +4% +=5% +2.5%
200-530 =0.75% +0.75% +0.75% +5% +2.5%
530-700 +0.75% +0.75% +0.75% +=5% +2.5%
700-1000 ... +0.75% +075% +5% +2.5%
1000-1500 .- +0.75% £0.75% +0.5% +0.25%
1500-2300 e ... +0.75% +0.5% +0.25%
2300-2700 ... . ‘.- +0.5% +0.25%

Recommended Wprking Limits
Max ’l’emp',2 °F _
Loop Rpsistance, ohm/ft

Wire No.
8 600 1200 2000
0.0186 0.0215 0.0367
16 600 900 1800
0.1187 0.138 0.234
20 500 800 1800 2700 2700
0.300 0.349 0.593 0.182 0.188
24 400 700 1600 2700 2700
0.785 0.881 0.149 0.459 0.474
28 400 650 1400 . 2600 2600
1914 2.225 3.781 1.160 1.196
30 400 600 1200 2400 2400
3.032 3.525 5.970 1.836 1.805
40 400 500
30.93 36.06

1 Limits of error given for standard grade thermocouple wire as normally supplied (errors of connection and instrumentation not included). Speciot
grade wire moy be obtained with approximately one-half error indicated for the standard grade.

2 The recommended working temperature limits for bare wire (except platinum, which requires ceramic tube protection), given in temperature °F.
3 Loop resistance at ohms per foot, taken at 70 °F for various B & S wire sizes.
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Thermocouple reference tables are available from wire manufacturers or from the Government
Printing Office (Ref. 13).

The search for improved thermocouple materials and combinations of materials continues. For
many years, chromel-constantan has been suggested as a universal couple for the entire range of
-300 to 1800°F, offering greater range, higher potential output, and good corrosion resistance. As
yet, however, lack of the desired repeatability and stability has deterred wide acceptance of the
combination.

The very tugh temperatum range, up 0 5000°F presents a form1dab1e challenge (Ref. 14). In this
: : 4 e leg of the com-

iron, |and various mdlum—rhodmm combinations. However, all known extreme-temperature
couples have serious drawbacks such as drift, oxidation, and fragility. A(superior thermocouple
for uge above the melting point of platinum, from 2700 to 5000°F, is not curreitly available.
Methpds of extending the useful range of measurement for thermocouples by the cooled gas
pyrometer, the pneumatic probe, and other innovations are discussed in Ref. 14.

Therpocouple insulations, as illustrated in Table 3G-5, must be compatible with the application
requifements. In general, the higher the temperature requirément, the more susceptiple the insula-
tion if to the hazards of routine handling and use. Ifia short circuit develops through the insula-
tion, the thermocouple will read the temperature of the junction made at the point of{shorting.

Table 3G-5 - Properties of Thermocouple Insulations

Resistance Capabilities Max Temp
Material Continuous
Moisture Oil Abrasion Use, °F

Polyvinyl Excellent Excellent Good 220
Nylon Excellent Excellent Good 225
Teflon Excellent Excellent Fair 550
Fiberglas

Bfaid Fair! Fairl Fairl 700
Asbestos Poor Poor Good 1100
Refrasil

Braid Poor Poor Poor 2000
Ceramic

(Si0y) Excellent Excellent Britle 3000

11f coated with silicone varnish (max temp 350 °F).
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3.1.2 Thermocouple Construction and Installation
Thermocouple junctions may be formed by welding, brazing, silver soldering, or soft soldering.
Routine laboratory couples usually have silver-soldered, twisted-wire junctions. (See Fig.
3G-17). Where gas temperatures are being measured, butt-welded junctions are superior, since
the recovery and radiation characteristics are better defined. Various detailed problems of ther-
mocouple fabrication and installation are discussed in Ref. 16.

D D 10D
15D ~
III)’II/I/II I‘- ;;;;/’;;2;;;;;;1 r i
2L 5 Z)
Al = CUT BACK TO L e
ONE TWIST 100

TWISTED-WIRE BUTT-WELDED JUNCTION

Figure 3G-17 - Thermocouple Junctions

Installation of accurate surface thermocouples requires that the leads)have apprgximately the
same femperature as the junction for at least 50 wire diameters [Fig. 3G-18(a), {b), (c), (d)].
When the leads are not cemented [Fig. 3G-18(d)], unless near isothermal conditions prevail, the
results| will be sufficiently erroneous to be meaningless.

In some cases, t0 avoid any protrusion from a metallic surface, it may be desirable to|mill a slot in
the sutface to house the leads. The slot then should be filled with a thermally condu¢tive cement,
such a3 Technical B copper cement, available in dental supply houses.

(a) SATISFACTORY (¢) NOT RECOMMENDED
EXCEPT FOR GLASS
LEADS CEMENTED % JUNCTION SOLDERED TO
FOR 500D 1/4 x 1/4 x 0.0l IN. COPPER PAD -

PAD CEMENTED TO SURFACE

W/
JUNCTION SWAGED INTO

HOLE IN RIVET SHANK

(b)=SATAISFACTORY (d) INTOLERABLE

LEAD NOT
LEAD CEMENTED 2 CEMENTED

WIRE ENDS
PEENED INTO
SEPARATE
HOLES

Fi -18 -

=g

3.1.3 Thermocouple Errors in Gas Stream Measurement
Principal sources of error in gas stream measurement are: heat conduction away from the junc-
tion, radiation heat loss, time lag, and gas velocity.
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3.1.3.1 Radiation and Conduction Errors
A thermocouple indicates the temperature of its junction. Whether the junction indicates the gas
temperature is dependent on the rather complicated heat transfer process that occurs at the junc-
tion. As can be seen in Fig. 3G-19, the junction commonly is involved in the three basic modes
of heat exchange: conduction, convection, and radiation. For steady state, all these terms must
add up to zero. To approximate a solution for this situation (Ref. 17), the following equation
applies, where the emissivity of the gas is negligible:

Tp)' Vm T, —T, (3G-5
Ty=T,+T,g,| 1- T o v [ '8l -5)

LA £ L0,

\nJ D) 7

where| (A)= Indicated temperature
(B) = Radiation error
(C) = Conduction error

in which y,, = sec k YhL %k,,D

T, = o T2/ h, radiation error

—
CONDUCTION
ALONG
LEADS

71'\= DUCT TEMP

D
Tg= SUPPORT TEMP

FORCED CONVECTION
RADIANT HEATING OR

EXCHANGE k“‘ﬁk COOLING
SURROUNDINGS TW' WIRE TEMP
= EFFECTIVE GAS TEMP

Figure 3G-19 - Junction Heat Exchange

If L/D|is greater than 30, the\conduction error is insignificant. Totally enclosed wells should be
analyzed with the fin equation; the nomogram for the computation of T, is prejilted in Fig.
3G-201 Because the emissivity of the wire is seldom known with accuracy (typically about 0.8
- for chfomel-alumel);-the preceding method should be considered as indicative of the maximum
error likely in the reading, rather than as a necessary correction. Shielded and aspjrated probes
should be used-where the radiation error may be significant (Refs. 18 and 19). However, shield-

ing tend‘to increase the time constant and may introduce conduction errors.
3.1.3.2 Ther
Response times for bare wire thermocouples can be estimated using the following equation from
Ref. 20:
3.5 x 103 pgc, D12 -1
1:[ ;’g" ]G p[ 38 (3G-6)
T

Eq. 3G-6 is valid only for cross flow. Typical response times for various gages of chromel-
alumel at 1000°R are shown in Fig. 3G-21.
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WIRE

MACH
TER D
NO., M Tys °R 5 DIAN‘INE- ER D,
T A -1
| T 3000 l- —-E.OS
F2900 + .08
T F£2800 +-
F 2700 - + .07
T 32600 STATIC +
L 5—2500 PRESSURE, p .06
t =+ 2400 (ATM) i
T 42300 B ¥ 03
I 2200 I oa
+ 2[00 +
+ F2poo b
T T-ig00 2 +.03
» 1 T 1§00 3
+ 11700 ' 3 b4
1T + .02
[ —:IGOO 80 4 ]
T —_-:IEOO STEP ! —»D_ St __],E_
T T —— 6 1
T 1400 - S 1
3 11900 — 8 4
I 1.0 1Ol
1 T'q00 P F 009
T 7 - 008
T T'ee + oo7
axT 2.0 I
T 4-19oo T -9%®
T3 3o 008
5% 1 4.0 +.004
i 5.0 T
6 6.0 +.003
11 /V 7.0
T+ y2ad 8.0 +
I +7g0 % 1B
T+ <R / 10.0
11 /rg’)/ +-.002
83+ 41 |.
1 +eqo /\}\/ 15.0 1
93 7
N 20.0
1.0 = 11
_/5co 4 L 001
1 A
4 1
+ B
L 400
GIVEN: T, =500 °R  PROCEDURE: CONNECT M TO D AND FIND INTERSECTION A.
p=1ATM CONNECT A TO T,, AND FIND INTERSECTION B.
M=0.3 CONNECT B TO p AND FIND ANSWER T, .
D = 0.015 IN. ANSWER: T, = 0.46 °R

Figure 3G-20 - Nomograph for Determining Radiation Error
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An improvement in response can be realized by tubular junctions (Ref. 21). For shielded junc-
tions, response times must be determined experimentally (Refs. 18 and 19).

| [ 1
8.0
o
84.0 16ga. T - 1000 °R
» 9= 540 LB/FT3
S N
w 2.0f<v9a cp= Q.16 BTU/LB -~ °F
E 249a K \\ \\
< t.0
-
9 0.05! IN
§°’6 30ga ~_ |
204 0032 IN]
s = 1
= -
F o2 0020 N,
\&ono N,
OV 24516 206 3060 100

WEIGHT - VELOCITY, LB/SEC- FT2

Figure 3G-21 - Dependence of Time Constant On Wire Diameter.and Weight Velocity

3.1.3.3 Velocity Error
Imperfect energy recovery during impact deceleration will qesult in a thermocouple|indicating a
temperature that is lower than the true total temperature.This deviation from the ifleal is com-
monly described by a number of redundant terms, such as

T
Recoveryratio: R= 'i~£ (BG-7
“
Tg ~T,
Recovery factor: r= T (3G-8)
t st
T,-T

Recovery correction factor: A = £=1-R (3G-9)

i
where Tg = Temperature of gas surrounding junction, °R

T, = Static temperature, °R

T;= Total temperature, °R

In applying the deviations of temperature from the ideal, the recovery correction factors (A) are
perhaps the easiest to use. They are a function of pressure, temperature, probe size, and Mach
number. Values of recovery correction factors at a reference condition, Ay, for a variety of probes
are shown in Fig. 3G-22. As can be noted, all probes except for probes 3 and 6 show a decrease
in the recovery correction factor as the pressure decreases; that is:
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For probes 1,2,4,5,7,8,9:
A 071010 a02am
A,

For probes 3 and 6:
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ASPIRATED.SHIELDED SHIELOED CROSSFLOW WEDGE SHIELDED SHIELDED ASPIRATED
WEDGE WEDGE

Figurg 3G-22 = Variation of Reference Recovery-correction Factor A With Mach Number, at
Reference Conditions (Total pressure, 1 am; room temperaturg. Crosshatch
represents spread in data for several probes.)

For butt-welded, bare-wire probes, this behavior has been correlated empirically using the follow-
ing equation from Ref. 18

A__ P 1/5 TO 1/4 d1/5 36,10
% %) %) &% Ge10

where subscript 0 indicates the reference condition.
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3.1.4 Thermocouple Potentiometers
Most of the indicating instruments and potentiometers used with thermocouples are null- -
balancing bridge instruments, thus making the lead resistance unimportant. However, excessively
high loop resistance (see Table 3G-4) will make the instrument sluggish. Manufacturers recom-
mendations provided with the instrument should be adhered to. Table 3G-6 presents the perfor-
mance to be expected of typical commercial instruments of various classes.

Tabl

A mara

3G-6 - Characteristics of Typic
ristics of Typic

Calibrated Accuracy
as % Scale Span or Sensitivity
Ins nt Type pv! (whichever is larger) (larger of values)
Strip Chart Recorder 1/5% or 20 pv 1/32% or 4 uv
Indicatgr: Circular
or Vertical Scales 1/4% or 30 pv 1/32% or 4 pv
Precisign Indicator
(Brown, Rubicon) 1/50% or 3 pv 1uv
Portable Potentiometer 10 pv to 50 pv
(E. G.]L &N 8662) (depending on range)
Laboratory High
Precisjon Potentiometer 0.015% or 0.54v (0—16mv) 0.1 pv (0-16mv)
(E.G.|L&NK-3) 0.015% or 2uv (0— 160 mv) 1 pv (0 — 160 my)

INote: 10 pv is approximately 0.3°F with iron-constantan couple.

3.2 Resistance Thermometers
Underlying one important branch of thermometry is the fact that the electrical resistance of a wire
is a function of its temperature. For most cases, the resistance at a given temperature, R,, is

approximated by
R,=Ry(V+ al) (3G-11)
where | R/ =

Ry = Resistance at reference temperature, ohm
o = Temperature coefficient of resistance, ohm/ohm-°F
Since the resistance-temperature curve is not always linear, a calibration should be made through

the range of application. Platinum, copper, and nickel (Table 3G-7) are among the wires used.
Typical resistance elements are shown in Fig. 3G-23.
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Table 3G-7 - Characteristics of Resistance Wires!

o, Temp Coeff
Useful Temp (Ref 32°F) for 32 to
Wire Range, °F 212°F, ohm/ohm-°F Accuracy Cost
Platinum -430 to 1650 0.00218 Excellent High
Nickel —2401t0 570 0.0036 Good Moderate
Coppdr =330 10 230 0.00236 Good Low

1Baseql on material in Ref. 10

PROTECTINGVTUBE

g _” WIRE HELICALLY
WOUND ON CERAMIC
WAFER-TYPE SURFACE DIELECTRIC

RESISTANCE ELEMENT RESISTANCE BULB

Figure 3G-23 - Resistance Thermometer Elements

3.3 Thermistors
Certaip semiconducting materials,/such as the oxides of manganese, nickel, zinc, and cobalt, have
high negative coefficients of resistivity. These oxides may be used in the form of discs, beads, or
rods, o manufacture thermistors (Fig. 3G-24) for measuring or controlling temperatyre.

0.001 IN.
NOBLE
METAL
LEADS o oss IN.
008 m 0.4 IN. 2 IN oo 0/
+3 ‘,O .5 IN.
{a) {b) {c) @)

Figure 3G-24 - Typical Thermistor Elements. (a) Glass Coated Bead; (b) Disc; (c) Bead On
Glass Probe; (d) Rod
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The resistance change of thermistors is described approximately by
11
R=Ry0’ (%) (3G-12)
where R =Resistance at temperature T, °R

R, =Resistance at temperature Ty, °R

o = Temperature coefficient of resistance, ohm/ohm-°F
B = Constant for limited temperature ranges = — T2

Various proprietary combinations of semiconducting materials, with specific resistance in the
range 100 — 10,000 ohm-cm are used in the manufacture of thermistors. Permutations of
materi i i i i Ry - Table 3G-8
presents data that are specific to the elements depicted in Fig. 3G-24 only, but suggest the general
ance to be expected.

Table 3G-8 - Characteristics of Several Representative Thermistor Elements?

o, Temp Coeff ~ Resistance, R, Max Continuous  Time Constant

Description = at 77°F at 77°F Ambient Temp in Still|Air
Fig. 3G-24 ohm/ohm-°F ohm °F sec

Bead (3) -0.019 2000 + 25% 300 1

Disk () -0.021 100 = 10% 260 160

Probe (c) -0.021 2000 +20% 570 25

Rod (d) -0.024 100,000 + 10% 250 20

1Based on material from Ref.10.

While thermistors have(a, greater sensitivity than resistance thermometers because pf the large
value qf o, they exhibit some lack of stability and reproducibility, especially at higher tempera-
tures. [The drift is.usually caused by diffusion of lead material into the semicondugtor or by a
change|in chemical composition. Glass coatings can be used to reduce chemical degradation or
decomposition,

Because_of the high sensitivity hermistors are ell suited to narrow band tempera e control
applications, such as cabin and duct temperature sensors or heated window control sensors. The
high resistance, Ry, of thermistors also lessens the problems of resistance effects in the leads to
the sensors.


https://saenorm.com/api/?name=1603f2d9ab9a0db2580ccac5c6a10d6b

SAE AIR1168/5A Page 34

34 Radiation and Optical Pyrometers
Advances in general technological levels are related historically to achievement of higher and
higher temperatures. Research on phenomena taking place near the melting point of refractory
solids places emphasis on instruments that do not require contact with the material under study.
The optical and radiation pyrometers (Fig. 3G-25) are of this type.

. INFRARED
—HOT FILAMENT RADIATION THERMOPILE
EYEPIECEY IN AN EVACUA-||__

P e

" LnM—— ” %
MILLIAMETER‘@—/ HOT OBJECT

(a) {b)

Figure 3G-25 - Optical and Radiation Pyrometers. (a) Simple Optical Pyrometer of Disappear-
ing Filament Type; (b) Radiation Pyrometer

In the |[disappearing filament type of optical pyrometers, the-temperature of a tungstén filament is
adjusted by varying the current flow through it until it disappears against the background of the
target| Normal limits of application lie between 1400 and 5200°F, but can be|extended to
10,000°F with special absorbing screens (Ref. 10)..(Accuracies of +£2°F at 2000°H are claimed
for quality instruments.

The radiation pyrometer depends upon focising of the radiated energy upon the detecting ele-
ment, [such as a photocell, bolometer, .thermocouple, or thermopile. This instrument is more
flexible than an optical pyrometer, and-can be used in the range from room temperatpre up to any

35 Heat
The heat meter is a device embodying the thermopile principle and consisting of]| junctions in
series jon each side)of a thermal resistance layer, such as a thin sheet of bakelite. The millivolt
output] of the heat meter is proportional to the temperature difference across the thermal resistance

d, therefore, to the heat flow. Commercial heat meters are usually madenj.f plastic and
tputs'in the range 2 — 700 pV/(Btu/hr-ft2). Other methods of construction are] discussed in

Ref. 22. Reliable high temperature meters have not yet been developed.

Great care and experimental ability are required in applying heat meters. Constant monitoring of
the calibration and the analysis of the disturbing effect of the meter on the heat flow are among
the precautions required to avoid the pitfalls of this type of measurement. Repeatability to
+1/2% has been achieved under ideal laboratory conditions, but +10% is more typical for
routine applications.
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4.1
4.1.1

Heat transfer rates often can be inferred from the transient temperature behavior of surfaces.
Aerodynamic heating and shock tube studies often utilize this technique and, of the many discus- -
sions of the method, Refs. 23 and 24 are representative.

FLUID FLOW MEASUREMENT

Although fluid merters based on many physicai principies have been developed, the fiuid ac-
celerators or head meters have gained the widest usage because of inherent simplicity and ac-
curacy anary emphasxs in this section w111 be glven to the three basic head meters: nozzle,

special echmques may offer dlstmct advantages in certain apphcanons These mete and special

Where the operation of a fluid meter depends on pressure and temperature measurements, the
necessary corrections to such observations should be made as indicated i previous segtions.

Ref. 25|is a particularly authoritative compilation of fluid meter data. As nearly as possible, the
nomengdlature of this section is consistent with that work.

Charagteristics of Head Meters

Each of the principal head meters has particular attributes that influence their suitgbility for a

Select:lr: of the Proper Head Meter
partic application.

Advantages:

1. Drifice: Most versatile, Ieast expensive, and probably the most accurate gf the
head meters for general laboratory application; unsuitable for dirty fluid or slyrries;
Fairly high unrecoverable pressure loss.

2. Nozzle: More accurate than an orifice for supercritical pressure ratios; hgndles
lirty fluids and slurries better than an orifice; more expensive than an orifice to
machine; unrecoverable pressure loss about the same as an orifice.

3. Venturi Tube: Characteristics similar to a nozzle except for the very low Iz;;ssure

Ioss, making it particularly suitable for applications where savings in pumping

4. Pitot-Static Tube: Offers negligible line restriction; possible to traverse where
skewed velocity profile might invalidate another type of head meter, but traversing
is cumbersome and time consuming; cannot be used where velocity pressure is low.

5. System Line Loss: A test technique for flow measurement without introducing
meter disturbance; limited accuracy; requires calibration which may be very sen-
sitive to variable upstream system geometry, for example, valve position.
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Disadvantages:

1. Limited flow range for a given metering arrangement. For example, an orifice plate
producing a 30 in. H,O differential on 2 U-tube manometer at full flow can be

utilized only to 20 to 30% of full flow with reasonable accuracy.

2. The usual application requires a flow computation, making the setting of a desired

than wunth o Az AT~ ar Thtaling vor

3 £65 Al
ﬂ\.’" mUI.U dll.ll\rull LLAARL WYV ALLE a uhwt ululwulls mvwl.

a time interval is difficult.

1 OVauing va.t_y'lus 0oOws over

3. Behavmr of head meters with pulsating flow is uncertain and the subject of continu-

4.1.2 Basic|Equation

where

and P

\ s 2 PV il T -4

CIr(nCIZ0)°

C (1-B% (1-AY-D/7) r2/y:|
W= Y B —
V1- ﬁ4[*{—-1 (1-B*2M) (1-1) 2. V28 (p8) (P1—P))
@) ®) © o
the labeled expressions

(A) = Flow coefficient K
corrected for velocity-of approach, dimensionless
(B) = Adiabatic expansion term Y, dimensionless
(C) = Nozzle area, fi?
(D) = Flow velocity-term, (Ib/sec)/ft2

and P, are measured at stations 1 and 2 shown in Fig. 3G-26.

> THROAT

@ CP AREA (A,)
—t

———— d

T

s usually are
ections as re-

. Intelligent use of these simplified forms requires an examination of this eqpation, which
derived from the general energy equation, the adiabatic relationship, and t
ipn. For fluid meter applications, the equation is usually arranged as

he continuity

(3G-13)

Figure 3G-26 - Measurement Stations

It will be noted that the flow velocity term is incompressible in form and contains the upstream
density, which is more readily measurable. Actually, the weight flow is proportional to the
product of the throat velocity and the throat density. Thus the Y, term may be thought of as a
correction factor applied to the incompressible flow velocity term to account for these effects. It
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also follows that for incompressible fluids, ¥ ,=1. The discharge coefficient C results from the
fact that in a real fluid the boundary layer buildup along the nozzle walls prevents full utilization
of the entire throat area at the predicted velocity.

For an orifice, the point of minimum flow area occurs downstream at the vena contracta. Because
the vena contracta diameter and area ratio are indeterminate, the actual orifice dimensions are
used and the flow coefficient K and expansion term (designated Y, for orifices) are empirical.

4.1.2.1 Specific Forms of the Basic Equation
Assignment of units, as indicated in Table 3G-9, to the basic flow equation

W=KYA, V2gep),(P1- Py (3G-14)

results |n the equations of Table 3G-9, where (gp) is always in Ib/ft3.
Table 3G-9 - Forms of Basic Equation

Units

Equation w P Aord
W + 8.022KYA, V(gp)i(P1 — P2) 1b/sec psf £t2
W + 96.26KYA, \V/(gp)1(P: — Pa) Ib/sec psi f1?
W + 40.11KYA, V(gp): (P, — Pg) Ib/min psi in.2
W £ 28.06KYA, V/ (gp)1(P1 —P,) Ib/min in. Hg! in.2
W + 7.617KYA, V(gp)1(P1 — Pj) Ib/min in. H,O! in.2
W + 5.982KYd? \/(gp)l(P1 = Py3) lb/min in. H,O! in.
1At 48 °F

4.1.3 Corregtions Common to All.Head Meters
While fhe individual types-of meters have characteristics that will be treated in d¢tail in later
subsections, there are ¢ertain corrections basic to all head meters.

4.1.3.1 The Expansion
The arga A, used in Eq. 3G-13 must be the true area at operating conditions. Since the diameter
of the ¢lement is usually measured at room temperature, a correction factor should fe applied to
determine-the area at elevated temperatures. From Fig. 3G-27:

(A9, = F,(Ar)70F

4.1.3.2 Density Corrections for Compressibility and Humidity
The perfect gas law, commonly used to compute density, adequately describes real gas behav1or
only in a limited region. For example, with air at pressures from 0 to 200 psia and temperatures
above 60°F, the perfect gas law is within 0.5%. Deviations from perfect gas behavior can be
accounted for by using the compressibility factor Z, such that


https://saenorm.com/api/?name=1603f2d9ab9a0db2580ccac5c6a10d6b

SAE AIR1168/5A Page 38

1.04

I 1 | I i I ] 1

SAE

CARBON
MONEL  sTegt

302 or 347 STAINLESS -

P
3
I

o
N
I

-
Q
e

I

410 OR 430 STAINLESS

AREA FACTOR, F

E

] ] ] I ] I ] 1

o
0
©

-200 0 200 400 800 800 1000 1200 1400 1800
EtEMENT TEMPERATURE, T °F

Pg=—v (3G-15)

For air, the trend in variation of Z is shown in Fig. 3G-28./ Compressibility factors for the
commpn gases can be found in Refs. 26 and 27. In some applications, a choice of meter locations
will pmnit elimination of this correlation.

1.2 T T T

oy
-

1,000°F

COMPRESSIBILITY FACTOR, Z
5

S
©

0.8 ' ' L
0 1000 2000 3000 4000 5000

PRESSURE, PSIA

Figure 3G-28 - Compressibility Factor for Dry Air. (Based on data from Ref. 27)

Where the gas being metered contains water vapor, a correction is necessary to the density,
computed on a dry gas basis. The corrected wet gas density may be obtained as follows:
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l1+0
= _ 3G-16
and for air,
- 1 4L -
.= D Il -1
where M-=Molecular-weight-of- dry-gas
Humidilty effects on other terms in the flow equation are generally negligible (Ref.3).
41.4 Proper|Meter Installation
The hepd meters are seriously influenced by disturbing upstream and downstream| conditions.
While ¢ata exist (Ref. 28) for the requisite straight lengths preceding and following the meter for
various|kinds of disturbances, the conservative rules in Table 3G-10; with reference t9 Fig. 3G-29
(lengths a and b), should be adequate.
UPSTREAM FITTING METER DOWNSTREAM
/ DISTURBANCE M Dls('grURBANCE
a fei~ b —»
Figure 3G-29 - Dlustration‘for Lengths a and b in Table 3G-10
Table 3G-10 - Disturbances Affecting Meter Installation
Minimum Straight
Lengths, dia
Disturbance Type a b
All types (except two or more upstream bends in
different planes):
p=0.10-0.5 10 3
B=0.60-0.70 18 4
For upstream bends in different planes:
B=0.10-04 18 3

For all B (diameter ratios) above .70, and for B ratios above 0.4 when preceded by bends in
different planes, it becomes desirable to use a flow straightener. In fact, any general purpose
laboratory metering section should be so equipped. Two accepted designs for flow straighteners

are shown in Fig. 3G-30.
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4.2
4.2.1

4.2.2

(o) TUBE d< 174D

bom D ot D —=f

50%
OPEN
PLATE.

(b) ROD SPACERS

Figure 3G-30 - Accepted Designs for Flow Straighteners

Althopgh it introduces a higher pressure loss (about 10 times the duct velocity pressure), the
perforated plate straightener has been shown to be superior to either-the packed tube or the egg

crate type of flow straightener (Ref. 29). The straightener should be installed 10 di
the mgter and should be preceded by an additional 2 dia of straight pipe.

The Flow Nozzle
Nozzle Geometry and Discharge Coefficients

arn vigad s m~a_exrall tnaema Tha TCA e ar

y upstream of

ee most common nozzle designs are illustrated in Fig. 3G-31. The ASME nozzles usually
d with pipe-wall taps. The ISA nozzlg with comer taps is used extensively in|Europe. The

nozzles with pipe-wall taps are preferable, since an upstream comer tap tends to pick up

the discharge

coefficient for this type of ozzle has been made using boundary layer theory (Ref. 30).

Wi v, 4, VIgep), P~ Fp
v1-g4

flow, a small

(3G-18)

proceed as follows:

1. First make a reasonable guess at the nozzle flow and compute the Reynolds number

from

_&PVD 4 (w
D

For air, use Fig. 3G-33 as an aid. Obtain C from Fig. 3G-32.

(3G-19)
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Figure 3G-31 - Geometry.of Three Common Metering Nozzles
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Figure 3G-32 - Discharge Coefficients of ASME Long Radius Nozzles With Pipe Wall Tap
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Figure 3G-33 - Reynolds Number As A Function of Flow Per Inch of Duct Diamgter For Air

N

. Compute the density fronr the upstream static pressure and temperature. Fgr some
liquids, it may be desirable to make an experimental density determination with a
hydrometer or other:suitable instrument. Make humidity and compressibility cor-
rections.

3 If flow is compressible, using the B ratio and the nozzle pressures, determine Y,
from Fig-3G-34 (fory=1.4) as

Lfirr () mearoen S,
“Lp) (-1 1-¢pp )

(3G-20)

T
\

1- B (/P2 ]

Curves for other specific heat ratios are available in Ref. 1. Also see Fig. 3G-35,
where for flange taps, plotted fory= 1.4,

P —P,

Y,=1-(041+0.353% (3G-21)

1Y


https://saenorm.com/api/?name=1603f2d9ab9a0db2580ccac5c6a10d6b

SAE AIR1168/5A Page 43

4. Substituting in Eq. 3G-18, compute the flow. Recalculate the Reynolds number and
obtain an improved value for the discharge coefficient. Improve the flow by the
ratio of the new discharge coefficient to the original. Even when striving for high
accuracy, it is usually not necessary to repeat this process more than once.

Since C does not vary more than a few percent in the working range, in some cases
it may be permissible to use a single value for C and neglect the Reynolds number
effects. However, it is wise to examine carefully the impact of all terms in Eq.

18 i i . e L o e as-
sumed constant.

10 T T T T T T T

>® 08

0-0.20
0.50
0.60

070
0.75

07 I

0.80

06 | | [ B i !
0 0. 0.2 03 0.4

G-R)P,

Figure 3G-34.< Expansion Factor for Nozzles and Venturi Tubes

As the Mach number-in the nozzle throat approaches 1, Eq. 3G-13 tends to conceal the important
variables, since it\is purposely formulated as an incompressible flow equation with corrections for
compressible flow. The equation may be rearranged as

423 The C}:ked Nozzle

v BT

Py V- gt

As the velocity at the throat approaches the acoustic velocity, the ratio of the throat static pressure
to upstream static pressure becomes constant at a value of 0.528 for air, or greater, depending on
the diameter ratio 8. Beyond this point the throat pressure and the downstream pressure begin to
diverge, but the flow is still governed by the fixed upstream-to-throat pressure ratio. Fig. 3G-36
depicts this behavior for nozzles and venturies. Fig. 3G-37 plots the data for orifices.

(3G-22)
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Figure 3G-35 - Expansion Factor for Sharp Edged Orifices
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Venturi Tubes

Venturi Tube Design and Discharge CoefTicients
The classical venturi design is widely used, although there are a number of variants (Fig. 3G-38).
Perhaps the most interesting of these is the Dall tube, a highly individualistic form of the venturi
with truncated approach and discharge sections (Ref. 31). The Dall tube has, for reasons yet
unexplained, the lowest unrecoverable pressure loss of any of the acceleration type head meters.
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