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Classifications and Terminology

Classification of turbomachinery

(a) A pump supplies energy to a fluid (b) A turbine extracts energy from a fluid

Turbomachinery is a class of machines in which a rotating shaft supplies energy to, or 
extracts energy from, a fluid. The Latin prefix turbo means “to spin.”

(a) Pumps
(b) Turbines



Classifications and Terminology

For the case of steady flow, conservation of mass requires that the mass flow rate out of a pump 
must equal the mass flow rate into the pump.

Pump. The purpose of a pump is to add energy to a fluid, resulting in an increase in fluid 
pressure, not necessarily an increase in fluid speed across the pump.

For incompressible flow with equal inlet and outlet cross-sectional areas (𝐷୭୳୲ = 𝐷୧୬), the average 
velocities are:

𝑚̇୭୳୲ = 𝑚̇୧୬

𝑉୭୳୲ = 𝑉୧୬ but 𝑃୭୳୲ > 𝑃୧୬



Classifications and Terminology

Fan. Ceiling fans, house fans, and propellers.

When used with gases, pumps are called fans, blowers, or compressors, depending on the 
relative values of pressure rise and volume flow rate.

Examples

Blower. Centrifugal blowers and squirrel cage blowers are used in automobile ventilation 
systems, furnaces, and leaf blowers.

Compressor. Air compressors that run pneumatic tools and inflate tires at automobile service 
stations, and refrigerant compressors used in heat pumps, refrigerators, and air 
conditioners.

Squirrel cage blowers
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Pumps

General Classification of Pumps

Positive-displacement Pumps. Fluid enters a closed chamber, and energy is transferred by 
motion of the chamber boundary—expanding to draw fluid in and contracting to discharge 
it. Example: heart, piston pump, peristaltic pump, gear pump, etc.

Dynamic pumps use rotating blades, also called impeller blades, to supply energy to the 
fluid.
Example:
- Enclosed/ducted pumps (with casings around the blades, e.g., a car’s engine water pump) 
- Open rotors (without casings, e.g., a ceiling fan, an airplane propeller, or a helicopter rotor).

Heart Peristaltic pump Piston pump



Pumps: Performance Parameters

Mass flow rate, 𝒎̇ 𝑚̇ = 𝜌𝐴𝑉

Volume flow rate (or capacity), 𝑸 𝑄 =
𝑚̇

𝜌

Net head, 𝑯

𝐻 = 𝐸𝐺𝐿୭୳୲ − 𝐸𝐺𝐿୧୬or

(For incompressible flow)

For incompressible flow
Special case with 𝐷୭୳୲ = 𝐷୧୬ and 𝑧୭୳୲ = 𝑧୧୬

𝐻 =
𝑃୭୳୲ − 𝑃୧୬

𝜌𝑔

𝐻 =
𝑃

𝜌𝑔
+

𝑉ଶ

2𝑔
+ 𝑧

୭୳୲

−
𝑃

𝜌𝑔
+

𝑉ଶ

2𝑔
+ 𝑧

୧୬



Pumps: Performance Parameters

Water horsepower, 𝑾̇୵ୟ୲ୣ୰ ୦୭୰ୱୣ୮୭୵ୣ୰

𝑾̇୵ୟ୲ୣ୰ ୦୭୰ୱୣ୮୭୵ୣ୰ = 𝑚̇𝑔𝐻 = 𝜌𝑔𝑄𝐻

Brake horsepower, 𝒃𝒉𝒑 𝑏ℎ𝑝 = 𝑊̇௦௛௔௙௧ = 𝜔𝑇ୱ୦ୟ୤୲

Pump efficiency, 𝜼୮୳୫୮

𝜂୮୳୫୮ =
𝑊̇୵ୟ୲ୣ୰ ୦୭୰ୱୣ୮୭୵ୣ୰

𝑊̇ୱ୦ୟ୤୲

=
𝑊̇୵ୟ୲ୣ୰ ୦୭୰ୱୣ୮୭୵ୣ୰

bhp
=

ρ𝑔𝑄𝐻

𝜔𝑇ୱ୦ୟ୤୲

𝑯: neat head
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Pump Performance Curves

The operating point of a piping system

Typical pump performance curves for 
a centrifugal pump with backward-inclined 

blades

𝑯𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐝 = 𝑯𝐚𝐯𝐚𝐢𝐥𝐚𝐛𝐥𝐞

BEP: Best Efficiency Point



Pump Performance Curves

Energy equation for the Required net head, 𝑯𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐝

𝛼ଶ, 𝛼ଵ: kinetic energy correction fraction

ℎ௅,୲୭୲ୟ୪: irreversible head losses

𝐻୰ୣ୯୳୧୰ୣୢ = ℎ୮୳୫୮,୳

=
𝑃ଶ − 𝑃ଵ

𝜌𝑔
+

𝛼ଶ𝑉ଶ
ଶ − 𝛼ଵ𝑉ଵ

ଶ

2𝑔
+ 𝑧ଶ − 𝑧ଵ + ℎ௅,୲୭୲ୟ୪

ℎ୮୳୫୮,୳: useful pump head

ℎ௅,୲୭୲ୟ୪ = 𝑓
𝐿

𝐷
+ ෍ 𝐾௅

𝑉ଶ

2𝑔

𝑓: friction factor



Pump Performance Curves:
Moody chart



Pump Performance Curves

Example 1
A local ventilation system (hood and exhaust duct) is used to remove air and contaminants 
produced by a dry-cleaning operation (see Figure E-1). The duct is round and is 
constructed of galvanized steel with longitudinal seams and with joints every 30 in (0.76 
m). The inner diameter (ID) of the duct is D = 9.06 in (0.230 m), and its total length is L = 
44.0 ft (13.4 m). There are five CD3-9 elbows along the duct. The equivalent roughness 
height of this duct is 0.15 mm, and each elbow has a minor (local) loss coefficient of KL = 
C0 = 0.21. Note the notation C0 for minor loss coefficient, commonly used in the 
ventilation industry (ASHRAE, 2001). To ensure adequate ventilation, the minimum 
required volume flow rate through the duct is Q = 600 cfm (cubic feet per minute), or 
0.283 m3/s at 25°C. Literature from the hood manufacturer lists the hood entry loss 
coefficient as 1.3 based on duct velocity. When the damper is fully open, its loss 
coefficient is 1.8. A centrifugal fan with 9.0-in inlet and outlet diameters is available. If the 
flow is turbulent, assume that 𝛼 = 1.05. Its performance data are shown in Table E–1, as 
listed by the manufacturer. Predict the operating point of this local ventilation system, and 
draw a plot of required and available fan pressure rise as functions of volume flow rate. Is 
the chosen fan adequate?  
Answer: 0.709 in of water



Pump Performance Curves

Example 1 …continuation
Table E-1

Figure E-1



Pump Performance Curves



Pump Performance Curves

Typical pump performance curves for a family of centrifugal pumps of the same casing 
diameter but different impeller diameters.

BEP: Best efficiency point



Pump Performance Curves
Example of a manufacturer’s performance plot for a family of centrifugal pumps. Each pump has the same casing, 
but a different impeller diameter.



Pump Performance Curves

Required NPSH (ft)Flow (gpm)

2.8579

2.94159

3.11238

3.38317

3.82396

4.34476

5.04555

5.92634

6.97713

8.20793

Required NPSH for Model 4013
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Pump Cavitation

When 𝑃 < 𝑃௩, vapor-filled bubbles called cavitation bubbles appear. 

𝑃௩: vapor pressure of the liquid (also called 
the saturation pressure 𝑃ୱୟ୲)

Net positive suction head: defined as the 
difference between the pump’s inlet 
stagnation pressure head and the vapor 
pressure head.

𝑁𝑃𝑆𝐻 =
𝑃

𝜌𝑔
+

𝑉ଶ

2𝑔
୮୳୫୮ ୧୬୪ୣ୲

−
𝑃௩

𝜌𝑔



Pump Cavitation

The volume flow rate (Q) at which the actual NPSH and the required NPSH intersect 
represents the maximum flow rate that can be delivered by the pump without the 
occurrence of cavitation.



Pump Cavitation

Example 2

The 11.25-in impeller option of the Taco Model 4013 
FI Series centrifugal pump of Figure E-2 is used to 
pump water at 25°C from a reservoir whose surface is 
4.0 ft above the centerline of the pump inlet (Figure 
E-3). The piping system from the reservoir to the 
pump consists of 10.5 ft of cast iron pipe with an ID 
of 4.0 in and an average inner roughness height of 
0.02 in. There are several minor losses: a sharp-edged 
inlet (KL = 0.5), three flanged smooth 90° regular 
elbows (KL = 0.3 each), and a fully open flanged 
globe valve (KL = 6.0). Estimate the maximum 
volume flow rate (in units of gpm) that can be 
pumped without cavitation. If the water were warmer, 
would this maximum flow rate increase or decrease? 
Why? Discuss how you might increase the maximum 
flow rate while still avoiding cavitation. 
Answer: NPSH = 23.5 ft

Figure E-3



Pump Cavitation
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Pumps in Series and Parallel

Arranging two very dissimilar pumps 
in (a) series or (b) parallel can sometimes 
lead to problems.



Pumps in Series and Parallel

Pump performance curve (dark blue) for three dissimilar pumps in series. 

Combined net head for 𝑛 pumps 
in series:

𝐻ୡ୭୫ୠ୧୬ୣୢ = ෍ 𝐻௜

௡

௜ୀଵ



Pumps in Series and Parallel

Pump performance curve (dark blue) for three pumps in parallel. 

𝑄ୡ୭୫ୠ୧୬ୣୢ = ෍ 𝑄௜

௡

௜ୀଵ

Combined capacity for n pumps 
in parallel:
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Positive-Displacement Pumps

(a) Flexible-tube peristaltic pump

(b) Three-lobe rotary pump

(c) Gear pump

(d) Double screw pump

Examples of positive-displacement 
pumps:



Positive-Displacement Pumps

Four phases (one-eighth of a turn apart) in the operation of a two-lobe rotary pump, 
a type of positive-displacement pump. 

Q = revolutions per time  × volume displaced per revolution

Q = 𝑛̇
∀ୡ୪୭ୱୣୢ

𝑛 𝒏̇: rotational speed.

∀ୡ୪୭ୱୣୢ: displaced fluid volume in the closed chamber.

𝒏: number of revolutions associated with the displaced volume.



Positive-Displacement Pumps

Example 3
A two-lobe rotary positive-displacement pump moves 0.45 cm3 of SAE 30 motor oil in 
each lobe volume ∀୪୭ୠୣ, as sketched in Figure E-4. Calculate the volume flow rate of 
oil for the case where 𝑛̇ = 900 rpm.

Figure E-4
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Dynamic Pumps

Dynamic pumps use rotating blades, also called impeller blades, to supply energy to 
the fluid.

The impeller (rotating portion) of the three main categories of dynamic pumps:

(a) Centrifugal flow (b) Mixed flow (c) Axial flow



Dynamic Pumps: Centrifugal Flow 
Pumps

Side view and frontal view of a typical centrifugal pump. 



Dynamic Pumps: Centrifugal Flow 
Pumps

(c) Forward-inclined blades

(a) Backward-inclined blades
(b) Radial blades

(d) Comparison of net head and brake horsepower 
performance curves



Dynamic Pumps: Centrifugal Flow 
Pumps

Volume flow rate:

Close-up frontal view

𝑄 = 2𝜋𝑟ଵ𝑏ଵ𝑉ଵ,௡ = 2𝜋𝑟ଶ𝑏ଶ𝑉ଶ,௡

Close-up side view

𝝎𝒓𝟏,  𝝎𝒓𝟐 : tangential speeds

𝑽𝟏, 𝑽𝟐 : absolute velocities

𝑽ଵ,୰ୣ୪ୟ୲୧୴ୣ, 𝑽ଶ,୰ୣ୪ୟ୲୧୴ୣ : relative velocities



Dynamic Pumps: Centrifugal Flow 
Pumps

Euler turbomachine equation:

Control volume (shaded) used for angular 
momentum analysis of a centrifugal pump

𝑇ୱ୦ୟ୤୲ = 𝜌𝑄 𝑟ଶ𝑉ଶ,௧ − 𝑟ଵ𝑉ଵ,௧

Neat Head:

𝐻 =
1

𝑔
𝜔𝑟ଶ𝑉ଶ,௧ − 𝜔𝑟ଵ𝑉ଵ,௧

𝑏ℎ𝑝 = 𝜔𝑇ୱ୦ୟ୤୲ = 𝜌gQH

𝑊̇୵ୟ୲ୣ୰ ୦୭୰ୱୣ୮୭୵ୣ୰ = 𝜌gQH

𝑉ଵ,௡, 𝑉ଶ,௡ : Normal components of the absolute velocities

𝑉ଵ,௧, 𝑉ଶ,௧ : tangential components of the absolute velocities

For 𝜂௣௨௠௣ = 1



Dynamic Pumps: Centrifugal Flow 
Pumps

Example 4
A centrifugal blower rotates at 𝑛̇ = 1750 rpm (183.3 rad/s). Air enters the impeller normal 
to the blades (𝛼ଵ = 0°) and exits at an angle of 40° from radial (𝛼ଶ = 40°) as sketched in 
Figure E-5. The inlet radius is 𝑟ଵ = 4.0 cm, and the inlet blade width 𝑏ଵ = 5.2 cm. The 
outlet radius is 𝑟ଶ = 8.0 cm, and the outlet blade width 𝑏ଶ = 2.3 cm. The volume flow rate 
is 0.13 m3/s. For the idealized case, i.e., 100 percent efficiency, calculate the net head 
produced by this blower in equivalent millimeters of water column height. Also calculate the 
required brake horsepower in watts.

Figure E-5



Dynamic Pumps: Centrifugal Flow 
Pumps

Bernoulli equation in a rotating reference frame

𝑃

𝜌𝑔
+

𝑉୰ୣ୪ୟ୲୧୴ୣ
ଶ

2𝑔
−

𝜔ଶ𝑟ଶ

2𝑔
+ 𝑧 = constant

  𝑄 = 2𝜋𝑏ଵ𝜔𝑟ଵ
ଶ tan 𝛽ଵ

Volume flow rate

For  𝑉ଵ,௧ = 0 and  𝑉ଵ,௡ = 𝑉ଵ



Dynamic Pumps: Centrifugal Flow 
Pumps

Example 5

Figure E-5

A centrifugal pump is being designed to pump liquid refrigerant R-134a at room temperature and 
atmospheric pressure. The impeller inlet and outlet radii are 𝑟ଵ = 100 and 𝑟ଶ = 180 mm, 
respectively (Figure E-5). The impeller inlet and outlet widths are 𝑏ଵ = 50 and 𝑏ଶ = 30 mm (into 
the page of Figure E-5). The pump is to deliver 0.25 m3/s of the liquid at a net head of 14.5 m 
when the impeller rotates at 1720 rpm. Design the blade shape for the case in which these 
operating conditions are the design conditions of the pump (𝑉ଵ,௧ = 0, as sketched in the figure); 
specifically, calculate angles 𝛽ଵ and 𝛽ଶ. Also predict the horsepower required by the pump.



Dynamic Pumps: Centrifugal Flow 
Pumps



Dynamic Pumps: Axial Flow Pumps

Downwash and pressure rise across the rotor 
plane of a helicopter, which is a type of axial-
flow pump.

The blades of an axial-flow pump behave 
like the wing of an airplane. 

A well-designed rotor 
blade or propeller blade 

has twist

𝑢ఏ = 𝜔𝑟

𝜃୰୭୭୲ > 𝜃୲୧୮

Tangential speed of the blade:

𝜃: pitch angle



Dynamic Pumps: Axial Flow Pumps

𝑉୰ୣ୪ୟ୲୧୴ୣ ≅ 𝑉୧୬ + −𝑉ୠ୪ୟୢୣ

Graphical computation of a vector 𝑉୰ୣ୪ୟ୲୧୴ୣ

Root of the rotor blade

The rotating blades of a rotor or propeller 
induce swirl in the surrounding fluid.

𝑉୧୬ = inflow (or Induced) velocity

𝑉ୠ୪ୟୢୣ = blade element tangential speed

𝑉୰ୣ୪ୟ୲୧୴ୣ = velocity of the air relative to the air

𝜃୲୧୮ = local pitch angle at the tip

𝜃୰୭୭୲ = local pitch angle at the root

α = Angle of attack

Tip of the rotor blade



Dynamic Pumps: Axial Flow Pumps

Example 6
Suppose you are designing the propeller of a radio-controlled model airplane. The overall 
diameter of the propeller is 34.0 cm, and the hub assembly diameter is 5.5 cm (Figure E-6a). The 
propeller rotates at 1700 rpm, and the airfoil chosen for the propeller cross-section achieves its 
maximum efficiency at an angle of attack of 14°. When the airplane flies at 30 mi/h (13.4 m/s), 
calculate the blade pitch angle from the root to the tip of the blade such that 𝛼 = 14° everywhere 
along the propeller blade.

Figure E-6
(a)

(b)



Dynamic Pumps: Axial Flow Pumps

Tube-axial fan

(a) Impart swirl to the exiting fluid

(b) A counter-rotating axial-flow 
fan

(c) A vane-axial fan



Dynamic Pumps: Axial Flow Pumps

Analysis of a vane-axial flow fan at radius 𝑟 using the two-dimensional blade row 
approximation 

(a) Overall view
(b) Absolute reference frame

(c) Reference frame relative to the 
rotating rotor blades (impeller)

(d) A multistage axial-flow pump



Dynamic Pumps: Axial Flow Pumps

Example 7

Figure E-7

A vane-axial flow fan is being designed to power a wind tunnel. There must not be any swirl in 
the flow downstream of the fan. It is decided that the stator blades should be upstream of the rotor 
blades (Figure E-7) to protect the impeller blades from damage by objects that might accidentally 
get blown into the fan. To reduce expenses, both the stator and rotor blades are to be constructed 
of sheet metal. The leading edge of each stator blade is aligned axially (𝛽ୱ୪ = 0.0°) and its trailing 
edge is at angle 𝛽ୱ୲ = 60.0° from the axis as shown in the sketch. (The subscript notation “sl” 
indicates stator leading edge and “st” indicates stator trailing edge.) There are 16 stator blades. At 
design conditions, the axial-flow speed through the blades is 47.1 m/s, and the impeller rotates at 
1750 rpm. At radius 𝑟 = 0.40 m, calculate the leading and trailing edge angles of the rotor blade, 
and sketch the shape of the blade. How many rotor blades should there be?
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Pump Scaling Laws

Dimensionless pump parameter:

Dimensional analysis of a pump.

𝐶ு = Head coefficient =  
𝑔𝐻

𝜔ଶ𝐷ଶ

𝐶ொ = Capacity coefficient =  
𝑄

𝜔𝐷ଷ

𝐶௉ = Power coefficient =  
bhp

𝜌𝜔ଷ𝐷ହ

𝐶ு = 𝑓 𝑄, 𝐷, 𝜀, 𝜔, 𝜌, 𝜇

𝑘 = 𝑛 − 𝑗 = 7 − 3 = 4 Πᇱ𝑠 expected

Π: Dimensional parameter (or group)

𝐶ே௉ௌு = Suction head coefficient =  
g NPSH୰ୣ୯୳୧୰ୣୢ

𝜔ଶ𝐷ଶ

𝜂୮୳୫୮ =  
𝐶ொ𝐶ு

𝐶ு
Pump Efficiency:



Pump Scaling Laws

Dimensional analysis is useful for scaling two geometrically similar pumps. If all the 
dimensionless pump parameters of pump A are equivalent to those of pump B, the two 
pumps are dynamically similar.

Similarity rules:

 
𝑄஻

𝑄஺
=

𝜔஻

𝜔஺

𝐷஻

𝐷஺

ଷ

 
𝐻஻

𝐻஺
=

𝜔஻

𝜔஺

ଶ
𝐷஻

𝐷஺

ଶ

 
bhp஻

bhp஺
=

𝜌஻

𝜌஺

𝜔஻

𝜔஺

ଷ
𝐷஻

𝐷஺

ହ



Pump Scaling Laws

Pump Specific Speed

Moody efficiency correction equation for 
pumps

𝜂୮୳୫୮,୮ ≅ 1 − 1 − 𝜂୮୳୫୮,୫

𝐷୫

𝐷୮

ଵ ହ⁄

𝑁ୗ୮ =
𝐶ொ

ଵ ଶ⁄

𝐶ு
ଷ ସ⁄

=
𝜔𝑄ଵ ଶ⁄

𝑔𝐻 ଷ ସ⁄

Customary U.S. units:

𝑁ୗ୮,௎ௌ =
𝑛̇, rpm 𝑄, gpm ଵ ଶ⁄

𝐻, ft ଷ ସ⁄

Customary European units:

𝑁ୗ୮,௎ௌ =
𝑛̇, Hz 𝑄, mଷ 𝑠⁄ ଵ ଶ⁄

𝑔𝐻, mଶ sଶ⁄ ଷ ସ⁄



Dynamic Pumps: Pump Scaling 
Laws

Example 8
A pump is being designed to deliver 320 gpm of gasoline at room temperature. The required net 
head is 23.5 ft (of gasoline). It has already been determined that the pump shaft is to rotate at 1170 
rpm. Calculate the pump specific speed in both nondimensional form and customary U.S. form. 
Based on your result, decide which kind of dynamic pump would be most suitable for this 
application.
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