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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

technologies 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

AIR1168/2 Heat and Mass Transfer and Air-Water
Mixtures

AIR1168/3 Aerothermodynamic Systems Engineering
and Design

AIR1168/4 Ice, Rain, Fog, and Frost Protection

Full document details: SAE AIR1168_6A

(1A,1B)

(1C,1D,1E)

(3A,3B,3C,3D)

(3F)
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AIR1168/5

AIR1168/6

AIR1168/7

AIR1168/8

AIR1168/9

AIR1168/10

AIR1168/11
AIR1168/12

AIR1168/13

AIR1168/14

Aerothermodynamic Test Instrumentation
and Measurement

Characteristics of Equipment Components,
Equipment Cooling System Design, and
Temperature Control System Design

Aerospace Pressurization System Design

Aircraft Fuel Weight Penalty
Due to Air Conditioning

Thermophysical Properties of the

Natural Environment, Gases, Liquids,
and Solids

Thermophysical Characteristics of
Working Fluids and Heat Transfer
Fluids

Spacecraft Boost and Entry Heat Transfer

Spacecraft Thermal Balance

Spacecraft Equipment Environmental
Control

Spacecraft Life Support Systems

(3G)

(3H,3J,3K)

(E)

(3D

(2A,2B,2C,2D)

(2E,2F)
(4A,4B)

(4C)

(4D)

(4E)

F.R. Weiner, formerly of Rockwell International and past chairman of the SAE AC-9B Subcom-
mittee, is commended for his dedication and effort in preparing the errata lists that were used in
creating the Third Edition.
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SECTION 3H - CHARACTERISTICS OF EQUIPMENT COMPONENTS

1. INTRODUCTION

1.1  Scope

This section relates the engineering fundamentals and thermophysical property material of the
previous sections to the airborne equipment for which thermodynamic considerations apply. For
each generic classification of equipment, information is presented for the types of equipment
included in these categories, and the thermodynamic design considerations with respect to perfor-
mance, sizing, and selection of this equipment.

1.2 Nomenclature

In this section, a nomenclature list is provided for each classification of equipment. Each list
contains symbols which are used in each paragraph. There are additional commonly accepted
standard symbols which are used in each paragraph of this section and are defined as follows:

= Area, in.2, ft?
= Specific heat capacity, constant pressure, Btw/Ib-°F
= Specific heat capacity, constant volume, Btw/1b-°F

= Gravitational acceleration, ft/sec?
= Mechanical equivalent of heat, 778 ft-1b/Btu
= Angular velocity, rpm, rad/sec

Npg, =Reynolds No., dimensionless

N, = Specific speed, dimensionless

A

%

c,

D = Diameter, in., ft
8

J

n

t = Temperature, °F

T = Temperature, °R

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

pg = Specific weight (density), Ib/ft3

n = Efficiency or effectiveness, dimensionless
2. PUMPS

2.1 Nomenclature

= Absolute velocity, ft/sec

= Meridional velocity, ft/sec

= Characterization dimension, impeller diameter, ft
Pressure head, ft

Pressure head above vapor pressure at pump inlet, ft

Qt T Oy, °
]
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Ap = Pressure loss, 1b/in.2

Php = Horsepower

Q = Volume flow rate, ft>/min.

0 . = Volume flow rate, gal/min

N, = Suction specific speed, dimensionless

u = Impeller velocity, ft/sec
Vs = Theoretical displacement per revolution, ft3/rev
w = Fluid relative velocity, ft/sec

B = Vane angle, deg

M, = Volumetric efficiency, dimensionless

A = Experimental cavitation coefficient, dimensionless
¢ = Flow coefficient, dimensionless

v = Head coefficient, dimensionless

Subscripts
1 =Inlet
2 =Outlet
id =Ideal
in =Input

ov = Overall

2.2 General Considerations

Pumps are considered here to be used with thin fluids that have no appreciable volume change
with reasonable changes in temperature and pressure, and as such are considered to act as incom-

pressible fluids.
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2.3  Types of Pumps
2.3.1 Dynamic Machines

Dynamic machines depend on the change of the angular momentum of the fluid. The various

types include:

1. Centrifugal - The volute type is shown in Fig. 3H-1 and the diffuser type in Fig.

3H-2.
2. Mixed.
3. Axial.

Full document details: SAE AIR1168_6A

VOLUTE
SCROLL

IMPELLER

Figure 3H-1 - Volute Pump

DIFFUSER

~~~~~~~

Figure 3H-2 - Diffuser Pump
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2.3.2 Positive Displacement Machines
The relative motion between the fluid and the rotor or piston is not essential in this type of pump.
Typical types with reciprocating motion are the piston, the plunger, and the diaphragm.

Typical types with rotary motion are the screw (Fig. 3H-3), the gear (Fig. 3H-4), the vane (Fig.

3H-5) and the lobe (Fig. 3H-6).
M E
NSNS Y
™

Figure 3H-3 - Single Screw Pump

N
"
0

Figure 3H-6 - Three Lobe Pump
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24

24.1
24.1.1

24.1.2

Fundamental Considerations
Characteristics of the types just described are discussed below.

Dynamic Machines

Flow Rate

In a dynamic pump, the pressure developed can be expressed by the time rate of change of
angular momentum of the mass of fluid passing through the impeller passages. A form of Euler’s
equation conveniently expresses the various processes in the ideal head developed by a dynamic
pump, as depicted by the velocity triangles of Fig. 3H-7.

€ w c2

Yy vz

INLET OUTLET

Figure 3H-7 - Impeller Velocity Triangles

H, = + + (3H-1)

The first term expresses the head rise due to centrifugal force; the second, head rise due to kinetic
energy; the third term, head rise due to relative velocity change in the impeller.

The flow of a dynamic pump is determined by the impeller geometry and speed. Examples of
varying impeller geometry are shown in Fig. 3H-8.

HEAD

). ©.18,E
'R OO

FLOW FLOW FLOW
(A) (B) (C)

Figure 3H-8 - Effect of Changes in Impeller Geometry: (a) impeller width; (b) blade angle; (c)
number of blades

Overall Efficiency

In a dynamic pump, the major loss is associated with fluid friction. The fluid velocities in a pump
are relatively high, and extreme care is required in the design of the pump inlet, impeller, diffuser,
and scroll to realize good efficiencies. Mechanical friction and fluid leakage losses in a dynamic
pump are small.
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2.4.1.3 Similarity Considerations

24.14

The laws of similarity for pumps are based on the assumption that: inertia forces are the only
forces acting on the fluid, geometric similarity relationships are preserved, the fluid is incompres-
sible, and the degree of change of physical properties is negligible. The computations involve the
following equations:

3
Q D\ n
Capacity e LI [—i} 2 (3H-2)
Qp D,) n,
Head # [D‘nljz (3H-3)
ea = e = [— -
H, Dyn,
5 3
P, H.Q D n
Power L A el L (—1] (—1] (3H-4)
B2 Hngz D,) \n,
nQ
Specific speed = N 8 (3H-5)

In the consideration of pump performance, sizing, and the correlation of significant pump design
constants, the specific speed criterion is to pump design as the Reynolds number criterion is to
pipe flow. As a basic pump comparison, the specific speed at peak efficiency is utilized.

These relationships are useful when establishing the size of a pump from a previous design, but
extreme care must be exercised when they are used with small pumps or with a very viscous
working fluid.

Cavitation

Cavitation is the local vaporization of a fluid when the static pressure falls below the vapor
pressure because of high local velocities (dynamic pressure). The inlet conditions to a pump are
usually associated with low absolute total pressures and are subject to cavitational erosion as well
as to a performance reduction if the system is improperly designed. Because of the dynamic flow
condition at the impeller inlet, each pump design will have different suction requirements, which
must be considered in light of the vapor pressure characteristics of the fluid being pumped.
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Cavitation will therefore exist when

2 2
< W

H vapor H total suction ag E (3H-6)
As a guide when first considering a pump installation, it is possible to
evaluate suction specific speed N
mQ,
N, = —= (3H-7)
( Hsv)3/4

By careful pump design, an upper limit of suction specific speed of 15,000 is possible, but for
most centrifugal designs a value of 7000-10,000 is common.

2.4.2 Positive Displacement Machine

2.4.2.1 Flow Rate
A positive displacement machine induces fluid motion by taking a finite portion of the fluid and
forcing it into the system against the system pressure. Consequently (neglecting leakage) the
flow rate of a positive displacement machine is the displacement volume times the revolutions or
strokes per unit time.

2.4.2.2 Volumetric Efficiency
The volumetric efficiency of a positive displacement pump is expressed as the ratio of the actual
flow to the theoretical displacement volume per unit time. The volumetric efficiency is a function
of leakage, delay in closing of valves, and the compressibility of the fluid, which can be of
consequence when dealing with liquids over a wide range in pressure.

The leakage rate for any pump is a function of discharge pressure and speed, which is shown in
Fig. 3H-9 as the difference between actual and theoretical flows.

HIGH SPEED
THEORETICAL
" FLow
2l Low speeo
w
I
FLOW

Figure 3H-9 - Effect of Speed on Pump Flow
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2.4.2.3 Hydraulic Efficiency

Friction flow losses through a positive displacement machine are very small and usually are
included in the mechanical efficiency.

2.4.2.4 Overall Efficiency

The overall efficiency of a pump includes the

mechanical losses from friction, the fluid losses from friction, and the
loss associated with work done on any fluid that leaks back to the
inlet. The overall efficiency is given by

Hydraulic power out
= 3H-8
Moy Shaft power in ( )

2.4.2.5 Flow Rate

The flow rate is defined as

Q0 = Vgnm, (3H-9)

2.4.2.6 Hydraulic Power and Input Power

The hydraulic power can be defined as

ApQ,
Po = 1714 (3H-10)
and input power as
ApQ,
Php,in = 1714n0v (3H'11)
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2.5  Performance of Pumps
2.5.1 Dynamic Machines

2.5.1.1 Specific Speed and Efficiency
The specific speed parameter is a convenient presentation of the various pump configurations
when plotted against "best efficiency." The specific speed parameter is derived without con-
sideration for Reynolds number or changes in fluid property. Fig. 3H-10 presents a typical
specific speed plot where the Reynolds numbers are in the order of 1 x 10 5 to 1 x 10 ¢ (where the
characteristic dimension is the impeller tip diameter and the characteristic velocity is the impeller
tip velocity).

100
2
(>§ n
E 80 CENTRIFUGAL MIXED AXIAL—
o PUMPS FLOW FLOW
E = PUMPS PUMPS -
L

60 L L1 T |

400 1,000 2,000 5,000 10,000 20,000

SPECIFIC SPEED, Ng = mQg/H 34

Figure 3H-10 - Pump Specific Speed

2.5.1.2 Reynolds Number and Efficiency

As the Reynolds number decreases proportionally with the increased viscosity of a fluid or ina
machine of small diameter, there will be, in general, a reduction in pump efficiency. Fig. 3H-11
presents a plot of Reynolds number as a function of efficiency correction 1/ n,, where 1, is
efficiency at a Reynolds number of 1 x 10°.
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REYNOLDS NUMBER, Nge

Figure 3H-11 - Effects of Reynolds Number on Pump Efficiency

2.5.1.3 Impeller Characteristics as a Function of Specific Speed

It is possible to relate the dimensionless flow coefficient ¢ and the head coefficient v to specific
speed. These two parameters, as well as the inlet to outlet diameter ratio, D,/D,, are presented in
Fig. 3H-12 for a vane discharge angle B, of 22.5 deg. The flow coefficient is defined as

o = m2 (3H-12)

and the head coefficient as

v = 2H (3H-13)
(u3/2g)
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In general, the design values of B, will fall between 17.5 and 27.5 deg. For preliminary one-
dimensional considerations, the values given in Fig. 3H-12 will give reasonable pump size and
performance. Refinements required for a final pump design should be based on a more com-
prehensive analysis of the fluid flow, such as that presented in Refs. 1 and 2.

Tl [ | Illllll |

¢ x 10

0.2 IIII Ll ] IIIIIII |
1,000 2 3 5 10000 2

SPECIFIC SPEED, Ng = nNQg/H¥*

Figure 3H-12 - Typical Values of Flow and Pressure Coefficients for Dynamic Pumps, Where
B,=22.5deg
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2.5.2 Positive Displacement Machines

2.5.2.1 Pump Efficiencies

Fig. 3H-13 presents a range of typical volumetric and overall efficiencies for piston, gear, and
vane pumps. This figure indicates the efficiencies that can be expected from available equipment.

In general, the upper values of both volumetric and overall efficiency are more easily obtained
with a piston pump. Gear pumps can have high volumetric efficiencies, but will have overall
efficiencies near the lower line. Vane pumps are more limited in discharge pressure and are
mainly considered for pressures below 1000 psia, since leakage can become significant.

S
N
O
Z
=
Q
L
L
L
-
-
<
o
LLl
>
o
| OVERALL
1 -
ol 1 1+ 0
0 800 1,600 2,400 3,200

PUMP OUTLET PRESSURE, PSIA

Figure 3H-13 - Positive Displacement Pump Efficiencies for Piston, Gear, and Vane Pumps
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2.5.2.2 Displacement Volume and Speed

The displacement volume is an indication of pump size. The smaller displacement volume pump
can operate at higher speeds. Typical values of pump speed and displacement volume per revolu-
tion are shown in Fig. 3H-14 for piston, gear, and vane pumps.

20,000 T

il |III||

GEAR

| ITIIIIII L

/ PISTON

IIIlIII Ll

L

1
= 0,000 |
Q_ —
m L
Q4,000 |
L -
o
D 2000 |
1 000 | | | | 11 II
002 005 0.1

0.2
DISPLACEMENT VOLUME PER REVOLUTION, IN3 /REV

0.5 1 2

5

Figure 3H-14 - Typical Continuous Speeds for Piston, Gear, and Vane Pumps

2.5.2.3 Displacement Volume and Pump Weight

A range of pump weights as a function of displacement volume is presented in Fig. 3H-15. The
pump weights are exclusive of the power source and are representative of available equipment.
For a specific application, it is possible to have higher or lower values than those shown in the

figure.

Full document details: SAE AIR1168_6A

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/sae-air1168-6a
http://www.avadocuments.com/doc/sae-air1168-6a

SAE AIR1168/6A Page 14

The upper line of values will be more typical of a piston pump while the lower line is more
typical of a light-weight vane pump. At the lower displacement volumes, the gear pump will
compare with the vane pump, but at displacements in the order of 0.2 in.3/rev, it can be as heavy
as a lightweight piston pump.

w
o

IIIIIII LI Illlllll L

N
o

-
o

(]

N

PUMP WEIGHT, LB

—

0.5

lIIIIIl Ll IIIIlllI L1

0.3
0.025 0.05 0.1 0.2 0.5 1 2 3

DISPLACEMENT VOLUME
PER REVOLUTION, IN3/REV

Figure 3H-15 - Approximate Weights for Piston, Gear, and Vane Pumps (Less Motor)

2.6  Sizing Techniques

The performance information presented in paragraph 2.5 is intended to serve as a guide in
developing approximate equipment sizes when conducting a preliminary design of a system in-
corporating a pump. This information should be considered for first approximations only, since a
final design will require considerations and refinements far beyond the scope of this presentation.
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2.6.1 Sizing of a Dynamic Machine

Listed below is a procedure that can be used in arriving at an approximate size and performance
of a dynamic pump when the flow and head are given. The procedure involves seven steps, as
follows.

(1) Select a pump speed consistent with the available drive speed (the reader is
cautioned against selecting excessive wheel speeds because of cavitation; see
paragraph 2.4.1.4) and determine a specific speed. From Fig. 3H-12, ¢, v, and
D, /D, can be selected.

(2) Impeller tip speed:
u, = 2-1 (3H-14)
v
(3) Impeller tip diameter:
60u,
D, = — (3H-15)
nn
(4) Inlet eye diameter:
D LD‘J D (3H-16)
1 D2 2
(5) Outlet area (disregarding vane thickness):
A, = 0 (3H-17)

600 u,

(6) The casing dimensions can be approximated by assuming that the casing shape isa
logarithmic spiral.

(7) From Fig. 3H-10 the *’best possible’” pump efficiency for the specific speed under
consideration is selected. A Reynolds number correction can be applied from Fig.
3H-11.

2.6.2 Sizing a Positive Displacement Machine

The following procedure is suggested for sizing a positive displacement pump when the flow and
head are known:

(1) From Fig. 3H-14 a speed and displacement can be uniquely selected to satisfy the
flow.

(2) Fig. 3H-13 can be used for both volumetric and overall efficiency.

(3) Approximate weight can be determined from Fig. 3H-15.
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2.7  Selection of Pump Type

The selection of a pump type depends upon whether its advantages outweigh its disadvantages in
the particular application.

2.7.1 Dynamic Machines

The advantages of these machines are large capacity, low cost, small size, and long life. Their
disadvantages are that they have low head per stage and turbulence.

2.7.2 Positive Displacement Machines

Each of the three types are discussed below.

2.7.2.1 Reciprocating Piston

The advantages of this type are that it can develop high pressure and high efficiency, and it can
handle high viscosity fluids.Its disadvantages are its large size, heavy weight, pulsating flow, and
high cost.

2.7.2.2 Reciprocating Diaphragm

The particular advantage of this type is that it has no seals. However, limited pressures and
pulsating flows are disadvantages.

2.7.2.3 Reotary

The advantages are low cost, small size, self priming, and a capability for handling high viscosity
fluids. Disadvantages are its close clearances and lower efficiencies.

2.8 References

Elaboration of the material on pumps presented above can be found in Refs. 1-7, Par. 9.
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3. FANS

3.1 Nomenclature

¢ = Absolute velocity, ft/sec

¢, = Meridional velocity, ft/sec

¢, =Tangential component of absolute velocity, ft/sec
D  =Fan diameter, ft

db = Decibels

H, =Euler’s head, ft
H,, =Total head, ft

K = Resistance constant, dimensionless
l = Chord length, ft

AP = Pressurerise, in. H,O

Php = Horsepower

q = Dynamic pressure, in. H,O
Q = Volume flow rate, ft>/min
r = Radius of impeller, ft

Ar, = Scroll discharge height at point c, ft

t = Blade pitch, ft

u = Wheel velocity, ft/sec

W  =Flow, Ib/min

w = Relative velocity, ft/sec

B =Blade angle, deg

n = efficiency, dimensionless

o = Density ratio, dimensionless

v = Diameter ratio, dimensionless

¢ = Flow coefficient, dimensionless

v = Head coefficient, dimensionless
Subscripts

0 = Entrance

1 = Inlet

2 =Outlet

3 = Exit

ov = Overall

st = Static

tip =Tip

tot = Total
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3.2  General Considerations
Fans are considered here to include any device that mechanically imparts energy to a compres-
sible fluid and for which the compression ratio is less than 1.05:1. By considering limited fan
compression ratios, it is possible to neglect density changes through the machine, and the flow
can be treated as incompressible. As such, fans are dynamic machines that depend on the change
of the angular momentum of the fluid.

3.3  Types of Fans
3.3.1 Centrifugal Fans
Three types are shown in Fig. 3H-16:

(1) Forward Curved - This type of centrifugal fan has a major portion of the impeller
input energy in the form of kinetic energy, and requires more care in the design of
the fan scroll.

(2) Backward Curved - In this fan, a large percentage of the input energy leaving the
impeller is in the form of static pressure.

(3) Radial - This is the simplest type of centrifugal fan. A lesser portion of the input
energy to the impeller is in the form of static pressure.

RE
PRESSURE PRESSURE _
~

Q
u2 up uz
c2 "2 €2 2 €2 w2
(a) (b) (c)

Figure 3H-16 - Centrifugal Fans: (a) forward curved; (b) backward curved;
(c) radial
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3.3.2 Axial Fans

Three types are shown in Fig. 3H-17:

(1) Propeller Fans - This fan is used mainly for moving large quantities of air at very
low static pressures. It is often constructed from sheet metal.

(2) Tube Axial - The tube axial fan has an external housing and, commonly, a refined
fan blading, but it does not have inlet or outlet guide vanes.

(3) Vane Axial - This fan represents the more refined axial machine and incorporates
inlet or outlet guide vanes.

e

(a) (b) (c)

Figure 3H-17 - Axial Fans: (a) propeller; (b) tube axial; (c) vane axial

34 Fundamental Considerations

34.1 Centrifugal Fans

In general, centrifugal fans are simple machines composed of an inlet, impeller, and scroll, and is
constructed of light sheet metal.
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3.4.1.1 Centrifugal Fan Inlet
Most centrifugal fans have a rounded or bellmouth inlet to reduce the entrance losses to the
impeller, as shown in Fig. 3H-18.

~ 4
FLOW -~ / ‘ lf@
o

Figure 3H-18 - Centrifugal Fan Inlet

Where increased pressure is required, inlet guide vanes may be incorporated to provide prerota-
tion against the direction of the impeller. Alternatively, by providing prerotation in the direction
of impeller rotation, reduced pressure and capacity may be obtained.

3.4.1.2 Centrifugal Impellers
The ideal head that can be developed by the impeller is expressed by Euler’s equation:
UyCpy — Uy C

H - 22 14 (3H-18)

8

The velocity terms correspond to the velocity triangles shown in Fig. 3H-19.

INLET OUTLET

Figure 3H-19 - Euler’s Velocity Triangles

With real machines, the fluid flow angles, B, will differ from the physical vane angles, B, and
performance calculated from the physical vane angles will always result in a pressure rise con-
siderably higher than that obtainable from the actual machine. This effect is associated with the
aerodynamics of the impeller vane and is sometimes called the ’’vane efficiency.”’ An additional
reduction in the head rise occurs because of impeller fluid friction losses.
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3.4.1.3 Fan Scrolls

The scroll of a centrifugal fan converts high velocity pressures at the impeller discharge to static
pressure. The performance of the scroll is more important in the case of a forwardly curved
impeller because a greater portion of the input energy is in the form of kinetic energy leaving the
impeller.

Optimum scroll conversion efficiency is obtained with a scroll designed for free vortex:

C,oTy = C, T = const. (3H-19)

However, the physical size resulting from this approach is extremely large.

Most fan scrolls are designed by empirical methods and have a spiral shape and a discharge area
consistent with the flow rate. One such method considers the scroll as a folded diffuser, as shown
in Fig. 3H-20, where:

R - + Ar, (3H-20)

r impeller

DIFFUSER
ANGLE

Figure 3H-20 - Scroll Design Procedure

3.4.2 Axial Fans

Axial fans cover the range from the relatively simple propeller fans made with formed sheet
metal blading to the carefully designed vane axial machine that incorporates airfoil blade shapes
and guide vanes.

In the case of sheet metal propeller fans, efficiency is sacrificed for low first costs. With refined
blading, tube axial fans exhibit higher efficiencies. With the incorporation of inlet or outlet guide
vanes or both, higher overall efficiencies are obtainable, since the kinetic energy associated with
the discharge swirl is reduced.
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34.2.1

Inlet Guide Vanes
When guide vanes are used ahead of the fan wheel, they usually are designed to impart swirl
opposite to the direction of rotation. The amount of swirl is determined at the design point so that

the flow leaving the fan is only axial; that is, there is no tangential component. This is illustrated
in Fig. 3H-21.

Figure 3H-21 - Velocity Triangles with Inlet Guide Vanes

A fan designed with preswirl and axial discharge will, in general, have higher overall efficiencies,
since there is no loss of kinetic energy associated with swirl at the discharge.

The effects of prerotation of the fluid entering the fan wheel are shown in Fig. 3H-22.
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Figure 3H-22 - Effect of Prerotation
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3.4.2.2 Axial Fan Wheels

The ideal head developed by an axial flow wheel can be expressed by Euler’s equation for free
vortex flow:

u(c,, — c,)
_ u2g ul (3H-21)

4

A typical velocity diagram is presented in Fig. 3H-23.

“[B7

_ ¥
e
‘U

Figure 3H-23 - Euler’s Velocity Triangles

The purpose of the blading is to impart a directional change to air such that the outlet angle B, is

greater than B,. The greater the average turn angle (B, - By), the greater the required blade
loading and static pressure rise.

A detailed aerodynamic design of fan blading is beyond the scope of this presentation, but the
influences of some of its design variables are shown in Fig. 3H-24 as functions of dimensionless
pressure coefficient Y and flow coefficient ¢. Fig. 3H-24(a) shows that by increasing the number
of blades, the pressure coefficient increases without a change in flow coefficient. Fig. 3H-24(b)
shows the effect of a variation in the hub - to - tip ratio. In Fig. 3H-24(c) it can be seen that as the
pitch angle is increased, the flow coefficient increases without a change in pressure coefficient.
Fig. 3H-24(d) shows the effect of blade chord length - to - blade spacing.
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Figure 3H-24 - Influence of Design Variables: effects of (a) increasing blades, (b) increase in
hub diameter, (c) blade pitch, and (d) chord length - to - blade spacing

3.4.2.3 Outlet Guide Vanes
The use of outlet guide vanes performs a function similar to inlet guide vanes except that in this
case the swirl or tangential velocity component leaving the wheel is removed by the guide vanes.
This is shown in Fig. 3H-25.

In addition, a divergent diffuser is sometimes used with very high performance fans to reduce the
axial velocity component.
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Figure 3H-25 - Velocity Triangles with Outlet Guide Vanes
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3.4.3 Fan Efficiency
The overall fan efficiency is defined as

Fluid horsepower
o Shaft horsepower (3H-22)

The losses in a fan are mainly associated with fluid stream friction, disc friction, and mechanical
losses. In general, the mechanical losses are very low.

The most common method of defining fan overall efficiency is by means of static pressure rise,
where the fluid horsepower is determined by the difference between the static discharge pressure
and the inlet total pressure. When defined this way, the overall efficiency is called static ef-
ficiency. Total efficiency is sometimes used where the pressure rise is defined as the difference
between outlet total and inlet total pressure.

The pressure rise presented for most fans is the static pressure rise (outlet static minus inlet total)
and has been determined under favorable conditions. The inlet flow condition permits a uniform
velocity distribution, and the discharge static pressure is measured far enough downstream so that
some kinetic energy recovery is realized from the higher velocities leaving the fan wheel annulus.

344 FanLaws
The fan laws in their simplest form can be expressed in three relationships, which completely
describe all the variables of similarity. The assumptions underlying the fan laws are that inertia
forces are the only forces acting on the fluid, that the fluid is incompressible, and that viscous
effects can be neglected. Within these limits for any machine, the following parameters can be
assumed constant:

Flow:
-% = const. (3H-23)
n
Pressure:
AP,
— - const. (3H-24)
on
where: AP, = Static pressure rise across fan, in.H,0
Power:
P
;’:) - = const (3H-25)
on
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The flow and pressure parameters can be presented in another form, which is used in fan design,
and are called the flow and pressure coefficients.

Flow coefficient:

c 0
¢ u nD3(1 -v?) (
where Vv = Dia hub/dia tip
Pressure coefficient:
H AP_ +
v _ or st 4 (3H-27)

noting that u = nD

3.4.5 Specific Speed

u? 2g "~ onD?

and H

tot

tip = AP,,/p g for incompressible flow.

Specific speed is a useful parameter in the selection of the most efficient fan for a particular
application. The restriction imposed on the use of the fan laws also applies to specific speed. For
use in comparing fans, specific speed is often defined as

where AP

Full document details: SAE AIR1168_6A

n/Q (3H-28)
(AP,/0)¥4
Static pressure rise across fan, in. H,0
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Specific speed is usually determined at the "best efficiency point" and is not necessarily an in-
dication of the selection operating point for the fan.

3.5 Fan Performance

3.5.1 Specific Speed and Efficiency
Fig. 3H-26 presents specific speed as a function of static efficiency and shows the range of
specific speeds for various types of fans. The efficiency values shown are an indication of the
upper limits that can be obtained with the respective types of fans.

90 1 T ] T T TT] 1 — T 1 11T 1 T
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Figure 3H-26 - Fan Specific Speed

In practice, the efficiencies of most small commercial fans will not be as good as those shown in
Fig. 3H-26, ranging 5-10% less, since design refinements are compromised in favor of lower first
costs.

Most small centrifugal fans have either radial or forward curved blading, since for a given ap-
plication where speed is fixed, these fans will be smaller than the inherently more efficient back-
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ward curved fan. The use of a backward curved fan becomes significant only when operating
efficiency is important and size is of lesser consequence.

The propeller fans, like the forward curved or radial fans, are inexpensive and inefficient. The
design refinements necessary to achieve 70-80% efficiency in a tube or vane axial fan make it an
expensive piece of equipment, limited to applications where input power and size are most impor-
tant. As a consequence, these fans are used in a majority of the airborne applications where a
significant air flow or pressure rise is required.

3.5.2 Centrifugal Fan Performance
Fig. 3H-27 shows typical centrifugal fan performance as a function specific flow, Q/nD3, and
specific pressure, AP,/ on?D?, for the three types of centrifugal fans. Because of the numerous
design variables, the values shown in this figure are shown as typical of this type of equipment.

The specific flow in a centrifugal fan can be readily changed by increasing or decreasing the
impeller and scroll width. As the impeller width approaches the impeller diameter, the flow in
the impeller inlet begins to limit performance. In most centrifugal fans, the ratio of the wheel
diameter to the wheel width can vary between 1 and 5. It should be noted that because of the
simplified inlet, the impeller of most centrifugal fans is not completely full and the determination
of the width is somewhat empirical.
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Figure 3H-27 - Typical Centrifugal Fan Performance
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3.5.3 Axial Fan Performance
The performance of some typical axial fans is shown in Fig. 3H-28. Because of the several
design variables (that is, number of blades, hub-to-tip ratio, blade length-to-blade spacing, blade
pitch, and blade curvature), it is difficult to specify all the variables in a simple manner. Fig.
3H-28 is offered as a guide for approximating the speed and size of axial fan equipment.
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SPECIFIC FLOW, (QnD3) x 104

Figure 3H-28 - Typical Axial Flow Fan Performance

Propeller fans with sheet metal or airfoil blading will, in general, perform between the limits
shown in Fig. 3H-28. Higher specific flows will occur with increased blade pitch. The more
refined airfoil type of blading serves primarily to reduce blade losses, with a resultant increase in
fan efficiency.

A tube axial fan can be designed with a specific static pressure rise approaching 0.2 X 1078,
There are specialized vane axial fans that have exceeded this value. Examples of the effect of
hub-to-tip ratio and blade pitch are shown in Fig. 3H-28 for well-designed vane and tube axial
fans.

3.5.4 Fan Horsepower
The fluid horsepower can be approximated by the relationship

APQ

Phpuicy = G350 (3H-29)
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The error in this approximation is 2.9% at a pressure ratio of 1.05.
APSI Q APtot Q

- 3H-3
6350m,  6350m,, (3H-30)

Shaft horsepower =

Selection and Sizing of a Fan
Knowing the required corrected static pressure rise (A P/0) and flow (Q), the following steps are

(1) Select a shaft speed consistent with that available from the planned fan drive unit.

(2) Determine the fan specific speed:

Vo
N = mwYy oo 3H-31
s (AP,/0) 3/4 ( )

(3) Examine Fig. 3H-26 to determine the best type of fan for the application.

(4) From an evaluation of the application, based upon the importance of size and opera-
tional efficiency, select a specific static pressure rise from Fig. 3H-27 for
centrifugal fans or from Fig. 3H-28 for axial fans. Next, solve for wheel diameter.

(5) Check specific flow to confirm the selection.

3.6

suggested:
3.7  Fan Application
3.71

Fan Operating with Fixed Restriction
The operation of a fan in a system with a fixed restriction is shown by Fig. 3H-29. The perfor-
mance of the system restriction is usually based on the relationship of 0AP versus weight flow;

that is,

Page 30
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OAP = KW@ (3H-32)
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b ¢
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q Q,“ 0@ (]
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Q
Figure 3H-29 - Fan System Characteristics
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For the case where a = 2, it is possible to rearrange the pressure drop function so that it can be
presented as

éof - K,0° ' (3H-33)

and when plotted against the fan performance, the intersection of the two curves will define the
operating point. As long as the exponential value of Q remains equal to 2, the fan will operate at
this point, delivering a constant airflow(cfm) and A P/ o regardless of the value of 0 .

The preceding relationship is satisfactory when the system is operating in the turbulent region,
but when in the laminar region and when the exponent of Q is less than 2, it is necessary to
determine the operating point for each value of density. It should be noted that as density
decreases, the system o A P shifts toward the laminar region.
3.7.2 Sound Laws

Fan sound laws are helpful in evaluating the sound level of geometrically similar fans. Like fan
laws, they apply to one particular operating point on the fan’s dimensionless performance, and
each operating point will have its own reference db level. The sound laws are based on the
assumption that the relationship

D, 2 U, 3
db,-db, = 10 log |, b_l “—1 (3H-34)

is true. Experimental evidence has supported this assumption.

The sound laws present the relationship of Eq. 3H-34 in a more convenient form, and the most
useful relationships are

D 2 n 3
2 2
dbz—db1 = 10log, l_)—J (n_) (3H-35)
1 1
2 5/2
D, AP,
dbz—'dbl = IOloglo D-—' KP— (3H-36)
1 1
0,) (AP,
db,—db, = 10 log | -Q— AP (3H-37)
1 1

3.8 References
Elaboration of the material presented above for fans can be found in Refs. 8-12.
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4. COMPRESSORS

4.1 Nomenclature

c = Absolute velocity, ft/sec
D = Wheel tip diameter, ft

H = Pressure head, ft

Ah,; = Isentropic enthalpy change, Btwlb
K’ = Pressure coefficient, dimensionless
= Momentum, ft-1b/sec

= Pressure, 1b/in.2

= Horsepower

= Total pressure, Ib/in.2

= Volume flow rate, ft3/min
= Radius, ft

= Total temperature, °R

= Wheel speed, ft/sec

= Velocity, ft/sec

= Volume, ft3

= Weight flow rate, 1b/sec
= Weight of fluid, 1b

= [(ptz/pn)(v- DAY

= Efficiency, dimensionless
= K'/m,,;, dimensionless

= P,;/14.7, dimensionless

=T, /519, dimensionless

o

PO XINEI T NITONIT R

Subscripts

ad = Adiabatic

c = Clearance

d = Displacement

e = Euler

iso = Isothermal

is = Isentropic

m = Mechanical

ov = Overall

st = Static

u = Tangential

v = Volume

1 = Compressor inlet
2 = Compressor discharge
0 = Initial
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4.2 General Considerations

As defined in this manual, a compressor is a fluid-moving device used to pump a compressible
gas to a pressure ratio of 1.05 or greater. As such, the gas undergoes a significant volume change
with the changes in pressure and temperature of the compression process.

4.3  Types of Compressors

Compressors are classified by two fundamental types: positive displacement and dynamic.

4.3.1 Positive Displacement Compressors

Positive displacement compressors operate on the principle of isolating or capturing a small quan-
tity of the gas to be compressed and then, by means of reciprocating or rotary action, reducing the
volume of gas, thus raising its pressure and temperature.

4.3.1.1 Reciprocating Compressors

Two types, piston and diaphragm, are shown in Fig. 3H-30.

L
AT =T H -

&

]

(a) (b)

Figure 3H-30 - Reciprocating Compressors: (a) piston
compressor; (b) diaphragm compressor
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4.3.1.2 Rotary Compressors

Fig. 3H-31 illustrates three different designs: sliding vane, lobe (Roots), and axial flow helical
lobe (Lysholm).

(a) (b)

| INLET
' AREA

\
DISCHARGE AREA
(c)

Figure 3H-31 - Rotary Compressors: (a) sliding vane; (b) lobe (Roots); (c) axial flow helical
lobe

4.3.2 Dynamic Compressors

These compressors, shown in Fig. 3H-32, act continuously on the gas by inducing a change of
angular momentum to the fluid as it flows through the compressor blading. Dynamic compres-
sors are generally classified by the flow path through the compressor. The types are centrifugal,
mixed, and axial.
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(a) (b) (c)

Figure 3H-32 - Dynamic Compressors: (a) centrifugal; (b) mixed; (c) axial

4.4 Fundamental Considerations

4.4.1 Positive Displacement Machines
The following discussion of these machines refers to the nomenclature of Fig. 3H-33.

\ pVv7=C \
\(ISENTROPIC)

\ pvV =C
\ (ISOTHERMAL)

PRESSURE

VOLUME

Figure 3H-33 - Ideal Pressure-volume Diagram for a Reciprocating Compressor
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