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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 AC-9B Subcommittee originally created the SAE Aerospace Applied Thermodynamics
Manual and, for the Third Edition, used a new format consisting of AIR1168/1 through
AIR1168/10. AIR1168/11 through AIR1168/14 were created by the SAE SC-9 Committee.

The AIRs comprising the Third Edition are shown below. Applicable sections of the Second
Edition are shown parenthetically in the third column.

AIR1168/1 Thermodynamics of Incompressible and

Compressible Fluid Flow (1A,1B)
AIR1168/2 Heat and Mass Transfer and Air-Water

Mixtures (1C,1D,1E)
AIR1168/3 Aerothermodynamic Systems Engineering

and Design (3A,3B,3C,3D)
AIR1168/4 Ice, Rain, Fog, and Frost Protection (3F)
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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
AIR1168/9 Thermophysical Properties of the

Natural Environment, Gases, Liquids,

and Solids (2A,2B,2C,2D)
AIR1168/10 Thermophysical Characteristics of

Working Fluids and Heat Transfer

Fluids (2E,2F
AIR1168/11 . Spacecraft Boost and Entry Heat Transfer (4A,4B)
AIR1168/12 Spacecraft Thermal Balance @0
AlIR1168/13 Spacecraft Equipment Environmental

Control 4D)
AIR1168/14 Spacecraft Life Support Systems (4E)

F.R. Weiner, formerly of Rockwell International and past chaimman of the SAE AC-9B Subcom-
miltce, is commended for his dedication and effort in preparing the errata lists that were used in
creating 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 tables in this AIR. Other
symbols having single or limited usage are defined in the text sections where they are used.

A  =Area, fi2,in?

¢ = 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)

= Universal Gas Constant, ft-1b/1b-°R

= Ratio of static pressures, P, /P,

= Temperature, °F

= Temperature, °R

= Velocity, ft/sec, fi/min

= Weight flow rate, 1b/sec, 1b/min, 1b/hr

= General adiabatic expansion term for head meters, dimensionless
= Adiabatic expansion term for nozzles and venturis, dimensionless
= Adiabatic expansion term for orifices, dimensionless
= Temperature coefficient of resistance, ohm/ohm-°F
= Diameter ratio, dimensionless

= Ratio of specific heats, ¢, /c,, dimensionless

= Wire emissivity, dimensionless

= Absolute viscosity, Ib/sec-ft, Ib/hr-ft

= Mass density, Ib-sec2/ft4

pg = Specific weight (density), 1b/ft3

CTFLRXPRINNNEINS ¥
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o = Stefan-Boltzmann constant, 0.171 x 108 Br/hr-ft2-°R*
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 Testing 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./Figs. — Figure/Figures
fpm — Feet per minute (ft/min)
fps — Feet per second (ft/sec)
ft — Feet
ga., Ga. — Gage
br — Hour
in, — Inch
ISA — Instrument Society of America
1. — Journal
b — Pound
LWC — Liquid - water content
max — maximum
Mech. Eng.  — 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
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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 — Root mean square
pm — Revolutions per minute
TN — Technical Note
TR — Technical Report
SAE — Society of Automotive Engineers, Inc.
sec — Seconds
\'/ — Volts
vol. — Volume
WADC  — 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 negli-
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
knowledge of which contributes to the definition of the state of the gas.

2. Dynamic pressure is the pressure rise resulting from a perfect conversion of 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
number of taps can be manifolded together in a "piezometer ring,” which may introduce some
consistency in the readings, but is not a true averaging device. A better technique is the in-
dividual reading of each tap.

Even so, 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-
ditional tools, such as visualization techniques, probes for determining the flow direction, and
traversing hot wire anemometers, should be used. -

On the 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 pressure 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 manufacturer is credited
with this incremerit 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 measurements stems from tap fabrication irregularities (Fig. 3G-1).

The effect 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
suspended solids in the system. For most cases, a 0.020 — 0.040 in. diameter hole is satisfactory;
howcver, for gas streams containing combustion products, a 0.040 in. dia should be the minimum.
Rayle suggests countersinking to 1/2D (negative error of 0.3%) to partially offset the positive
error of hole size. Time response of the system depends upon the hole size.

H B )
st 2 PN ISt P P

(a) (b) {c)

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 times it is desired to explore the flow field with a static pressure probe of the type illustrated in
Fig. 3G-6, with or without a total pressure hole. Caution is warranted because the static probe is

very sensitive to yaw. At Mach numbers above 0.7, the static probe experiences serious errors
caused lw lacal shocks aft of the nose.

A special design (Ref. 2) using slender body theory was shown to be independent of 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 detail in a later section. Use of the static tube in boundary layer
measurements 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
consistent results.

213 Turbulence
In rcgions of high turbulence, turbulent velocity components normal to a surface containing a
static hole cause readings that are higher than the freestream static. Turbulence levels of 10%
(not uncommon in turbomachinery) will introduce a positive 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
221

Total Pressure

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
4D

VELOCITY
——ti

Figure 3G-3 - A Simple Total Pressure Probe

The details of the nose configuration determine the sensitivity of the probe to angle of yaw (Fig.
3G-4). Increases in Mach number affect the various probe shapes 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 at Mach 1.6.

O

o

=
*/lho
|3

S

(50

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

o
o
T

(o]

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 Measurement in 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:

Full document details: SAE AIR1168_5A
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where M is the freestream Mach number.
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2212

2213

2214

222

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):
Py~-P st
1
~pV2
3 P

=1 40—
NRe

(3G-2)

where P,; = indicated total pressure, 1b/ft

P = static pressure, Ib/fi2

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

Turbulence

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 square (rms) of the axial component of
turbulent velocity. The influence is the same as that described for the static hole (Par. 2.1.3).

Entrained Moisture
Measurements in airstreams containing entrained moisture create two problems:

1. The observed total pressure will be between the total pressure for the saturated 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 measurements under these circumstances cannot be avoided, an analysis of possible errors and
the frequent clearing of lines is indicated. A special scavenging probe is proposed in Ref. 9 for
measuring total pressure in moisture-laden gas.

Measurements in the Boundary Layer

Boundary layer surveys with a total pressure probe require considerable care because the bound-
ary layer is unavoidably affected by introduction of the probe. Boundary layer probes 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).

Full document details: SAE AIR1168_5A
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ADJUSTABLE
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(@ (b) ,
Figure 3G-5 - Boundary Layer Probes. (a) The flattened hypodermic; (b) The Stanton probe

2.3  Dynamic Pressure

23.1 The Pitot Static Probe
Where uniform flow conditions prevail, a wall static tap and an impact tube are sufficient to
obtain a dynamic pressure profile. However, in cases where a static pressure variation through
the flow field is suspected, it is desirable to use a pitot static probe. Pitot static probes are
influenced by two conditions:

1. A tendency toward negative readings caused by local accelerations around the pitot
nose.

2. A positive pressure propagation upstream from the stem.

The Prandtl probe [Fig. 3G-6(a)] is designed to balance these errors, resulting in a relatively short
probe. The "improved form" [Fig. 3G-6(b)] allows enough length to eliminate nose and stem
effects. The improved form is somewhat less sensitive to yaw (-1% error in dynamic head at 13
deg against +1% at 6 deg for the Prandtl form).
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Figure 3G-6 - Pitot Static Probes (a) Prandtl; (b) Improved Form

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

In general, the probes should not be manifolded, since (as in the case of the piezometer ring) a
true average will not result.

2.5  Pressure Indicating Instruments

2.5.1 Manometers
The manometer (Fig. 3G-8) is the simplest, most reliable, and, in the range where it is applicable,
the most common pressure indicating instrument.
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Figure 3G-8 - Three Basic Manometer Designs. (a) U-tube; (b) Well-type; (c) Inclined

Traps should be provided to prevent carryover of manometric fluid into a test system in the event
of overpressuring. Even the best traps may not completely prevent carryover, so that extreme
caution is warranted when attaching a mercury manometer to expensive test items such as valves
and turbomachinery. Aluminum and brass are especially susceptible to amalgamation and sub-
sequent disintegration.

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 099913  Colorless See Fig. 3G9 Corrodes iron and steel
Mercury, Hg 13.57 Silver See Fig. 3G-10 Poisonous, toxic;
amalgamates 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 x 103 Poisonous, toxic;
C,H;OH corrodes iron and
steel
Acetylene 2.96 Yellow 1.087 x 103 Poisonous; corrodes
Tetrabromide {colored iron and steel,
(Merriam No. 3) red for weakens some
commercial plastics and rubbers
use)
Merriam Red Oil 0.827 Red 3.73 x 10 Poisonous;
(mineral oil) NONCOITosive
Merriam Unity 1.047 Red 3.875 x 104 Poisonous;
Oil (mineral noncorrosive
oil + Hollowax)
1 Based on material from Ref. 3
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Figure 3G-9 - Corrections for Water Columns; Reference Temperature 68°F
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Figure 3G-10 - Corrections for Mercury Columns; Reference Temperature 68°F

When making manometric measurements on liquid systems, special attention must be 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,—8Ph
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and for Fig. 3G-11(b),

Py—P,=gp,hy— 80l (3G4)
PR P
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Figure 3G-11 - Manometers Used on Liquid Systems

The low density of air results in this type of correction being negligible when air is the working
fluid. However, with heavier gases, it would be well to note the magnitude of the term gp A
(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 manometer and
connecting lines are satisfactory and easy to devise.

2. Liquid or vapor in the conmecting lines: Suitable traps and bleeds should be
provided to assure that in liquid systems there is no vapor in the connecting lines,
and in gas systems there is no liquid. Exceptional care must be taken where a
change of state (evaporation or condensation) occurs in the connecting lines.

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

Unfortunately, the meniscus is not always the same shape, introducing reading errors that can be
minimized only by extremely clean fluid and large bores. Mercury should be cleaned frequently
to eliminate mercury oxide. In an 8 mm bore, meniscus capillary errors result in an uncertainty
interval of about 0.1 in. if water is the manometer fluid (Ref. 3).

Micromanometers are used in the range O — 6 in. of water to measure differential pressure to an
accuracy of 0.001 in. of water or better. A good discussion 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.

25.2 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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