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Compressors



Components

» Suction flange

* |Inlet guide vanes
* Impeller

* Diffuser

* Return vane
 Volute

» Discharge flange

_ volute

. Return Channel
~____ Diffusor

. Impeller

Inlet vanes

Suction Flange



)

Gearbox Top Case

Gearbox Bottom Cas

Centrifugal Compressor

Stage Axial Inlet

Stage Radial Exit

Dry Seal

Thrust Bearing

Journal Bearing —



Presenter Notes
Presentation Notes
We have journal bearing and seal at each end of the rotor.  
There two thrust bearings form a double acting pair.     


Aero and Thermodynamics



Head, Work and Energy

 The Compressor uses mechanical energy (‘Work’) to
iIncrease the energy of the Gas (‘Enthalpy
Difference’). This energy increase is often referred to
as actual head.

« The increase in energy of the gas shows as increase
In pressure and temperature.

« Power is Mass Flow times Work.
 There will be losses



Gas Laws

* The relationship of pressure, temperature and density
e Same principle for centrifugal and reciprocating compressors:

?

* When gas is compressed, both its density and its temperature increase
(unless heat is exchanged with the environment)

* Adiabatic : No heat exchange with the environment



Critical Point

METHANE
Pressure-Enthalpy Diagram

NG,CO2 AND H2 AND ALL THAT
Dense Phase

GAS BEHAVIOR

These are just gases

20 1800 80 60

40

Enthalpy

2 Phase (Gas/Liquid)

, IS very light

CO, is a bit special, but
this may not be

relevant

- Except supercritical
- Except H



Isentropic and Polytropic Efficiency

; = Efficiency
{
b

1 = Suction
2 = Discharge

PRESSURE

H H ENTHALPY 61 hzisen

n n . Enthalpy(2isen) - Enthalpy(1)
) g Efficlency = Enthalpy(2) - Enthalpy(1)




How Equations of State Are Used

Equation of State

Enthalpy,
Enthalpy
at Dew Point Dew Point

Density
(Liquid, Vapor)

Liquid-Vapor Ratio
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Equations of State

Equation of State
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Presenter Notes
Presentation Notes
The example in this slide is based on given test results. We took measured suction and discharge pressures and temperatures, and a known gas composition.
This test data was reduced using 4 different, widely used equations of state.
It can be seen that each equation yields different actual and isentropic heads, and different efficiencies.  
Since the compressibility factor is also different, the flow, and subsequently the gas power of the compressor will be different.  This also impacts the calculated shaft power of the gas turbine.
Therefore: The EOS needs to be agreed upon. Usually, the same EOS should be used for design and test of the compressor to avoid added uncertainties.



ACFM and SCFM

1Ib of Gas
at
14.7 psia and 60F

1Ib of Gas

at
500 psia
and 60F

Caterpillar: Confidential Green



Compressor Stage  Vaneless Parallel Wall Diffusor
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Constant Speed Map

Efficiency| /\
Head

Flow



Control Methods

POWER (%)
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Variable Speed Control

The faster it spins, the
more work (head) gets
imparted, but also the
more flow is processed,
and the more power is
consumed.

25,000

20,000

15,000

10,000

ISENTROPIC HEAD

5,000

15,500 rpm

151000 rpm

1,000

2,000 3,000

INLET VOLUME FLOW

4,000

5,000

Twice the speed yields twice the flow, four times the work, and eight times the power

6,000



Control and System Response Ground Rule

* The system determines the pressure (often
as a function of flow)

HEAD

* Based on available power, the compressor
reacts to suction and discharge pressure with
a certain flow

* Note : we depict the system pressures in the
form of an isentropic (not polytropic ) head

FLOW



Drivers



Drivers

Gas Turbines

» Single shaft
* Two shaft - =
* Electric Motors N g -~
 Constant Speed Variable speed gearbox with constant speed
electric motor

* Variable Speed
Drives (VFD)

* Variable Speed
Gearbox

Steam Turbines

2-shaft gas turbine

Speed-Power
Relationships

Electric Motor with variable frequency (VFD) Drive



@ Vessel Motions

Offshore Packaging Challenges P

3-Point Mount Base Plates

Single-Piece
Base Plate o
|
><><><>< TWO_PIece LISTAlNGLE
= Base Plate
o
Two-Piece Base Plate
| & ) ;gﬁ % Dﬁ
><It><>§><‘>t<‘><|: T )ic || i[ T o1 ] W|th SUb'Base
Hogging

Sagging

Twisting

Vessel Distortion


Presenter Notes
Presentation Notes
Single piece minimizes the number of on site connections, but depending on factory needs and/or transportability to site, this is not always a practical solution.
CLK

Two piece is an appropriate solution when transportability, manufacturing and non-operational requirements take precedence. This allows the machine to be easily moved and transported in smaller modules, and then assembled either dock side for single lift or assembled on the deck.
CLK

Two piece with a sub base is appropriate for large machines such as Mars and Titan Compressor packages with long drive trains. More easily managed in the factory and during transport to site in smaller modules, these long base-plates alone do not provide enough structural rigidity for the severe environmental conditions of an FPS.

As a result, a sub-base structure under the entire machine, designed to maintain the power train alignment is required.
CLK


Gas Turbines and Electr

c Motors

All Gas Turbine Solution
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Important Fuel Properties

* Heating Value/Wobbe Index

* Dew Point

e Ratio of Flammability Limits

* Flame Temperature

* Blowout

* Flashback

* Laminar and Turbulent Flame Speed
* Autoignition Delay Time

* Contaminants



First Line of Defense: Inlet and .
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Presenter Notes
Presentation Notes
Inlet  System
Industrial gas turbines usually employ an air inlet system that includes some sort of filtration system, a silencer and ductwork (Figure 2). The inlet  system of the gas turbine needs to be mentioned for two reasons:
 
-          It is one of the key devices that protects the engine from the deteriorating effects of airborne contaminants
-          The pressure loss created by the inlet system increases over time, therefore reducing gas turbine power and efficiency (Figure 11). It should be noted that the exhaust system can similarly increase the pressure loss over time, especially if waste heat recovery is employed.
 
Previous conventional thinking was that a well designed air filtration system for a given application would perform well in almost any environment with equal results.  This thinking has been proved to be faulty and economically costly.  Many companies offer a wide range of filter houses, filtration systems, and air filter elements for gas turbine engines to help them perform successfully in specific operating environments.  Modular construction means custom and standard designs are available in self-cleaning, reverse-pulse, barrier, up-flow, cross-flow, and downflow models.  These units are generally engineered for fast and easy on-site erection, initially and for retrofit, and can be configured to meet many application requirements, including multi-stage filters with extremely low- pressure drop.  As mentioned earlier, there is a tradeoff between cost, size, pressure drop and filtration efficiency that has to be balanced.
 
In terms of gas turbine filter cartridges for pulse filter houses, the trend has been moving steadily toward improved "self-cleaning" pulse filter systems that can easily be pneumatically cleaned by compressed air.  Manufacturers have been focusing on new media blends (impregnated to be moisture resistant) and spunbond synthetics.    These synthetics, which were designed to replace older less efficient cellulose fiber type media and often provide better release of dust particles. 
 
Different sources of contaminants produce particles of vastly different sizes: Diesel soot smoke, and smog are typically smaller than 1m (and can be as small as 0.01m), while coal dust can range from 1m  to 10m. Dust in industrialized areas has diameters between 2 and over 10m (Bammert et al, 1965)
 
Pulse filter housing construction has also advanced.  Most filters are available with corrosion-resistant materials, including zinc coatings and stainless steel metals.  Pulse filter manufacturers also have added strength supports to their filters and upgraded adhesives that seal better and prevent bypass into the air stream.  
 
Offshore applications (or applications close to shore) are particularly challenging due to airborne salt. Airborne salt concentrations vary widely, as shown in  Figure 12. Airborne salts can simultaneously exist  as aerosols, sprays or crystals. Of importance is, that aerosols typically  range in size from 2 microns to 20 microns, while spray generates much larger droplet sizes in the range of 150 to 300 microns. Sea salt crystals are typically below 2 microns in size, and absorb moisture under the relative humidity conditions found in typical offshore applications Meher-Homji et al, 2004). Additionally, there are other contaminants present on offshore platforms, such as  carbon or sulphur from flares, drilling cements,  and other dusts.  Poorly positioned flare stacks, or sudden changes in wind direction can cause problems. Filter Systems that combine vanes (for moisture removal) with coalescing filters (to coalesce small droplets and to remove dust particles) can be very effective in this environment
 
 
 
The economic impacts of faulty filtration is often under appreciated.  Poor filtration can lead to degraded power output, accelerated damage to components leading to premature servicing and expensive parts refurbishment or replacement, and unscheduled downtime.  Properly conditioned inlet air is critical for keeping gas turbines and other rotating machinery operating at peak performance.  Since gas turbines are installed in all types of environments, the air filtration system for a particular application must be designed for specific environmental conditions.  High quality air is required to prevent fouling, erosion, corrosion, and particle fusing, regardless of site conditions.  The air filtration system must provide low flow resistance (low pressure drop), long service life, and ease of maintenance. It is important to compare filtration systems not only on the basis of filtration efficiency, but also on the basis of the pressure drop necessary to achieve a certain filtration efficiency at a given airflow. Also, the efficiency of the filter in a new and clean condition (where the pressure drop might be low, but the filtration efficiency may not yet at its peak) and in a dirty condition (where the pressure drop will increase, but possibly also the filtration efficiency, especially for very small particles) need to be evaluated. 



Hot Corrosion

A form of accelerated oxidation

1100 to 1750F temperature
range: two types

* Type |, High Temperature (1350
— 1750F)

e Type ll, Low Temperature (1020
— 1350F ) 1300F -

Na,SO, commonly responsible | 1700F

L L | Type |l oxidat
Sodium intake is critical b xication

Potassium, vanadium, and lead
also contribute to hot corrosion L1

Sodium ||»

Corrosion Rate
3
A |
.I'i"-.
"'l'-'l.

Tempearature

«n Sulfur

Molten Salt




Behavior of Airborne Salt with Changes
in Relative Humidity

SALT DROPLET SIZE RELATION
WITH HUMIDITY

~ 5 to 10 microns

DROPLET
DIAMETER
RELATIONSHIP

I | | | | | ~ 0.5 to 2 microns
0 10 20 30 40 50 60 70 80 90 100

Low Transitional High

A
A 4

Solids Both Liquids
Filter has to deal with salt dissolved in water and salt particulates
both in the airstream and in its surface!
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Surge, Stall and Control


Presenter Notes
Presentation Notes
1.5 hrs =90 minutes =90 slides


Complete Compressor Map
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COMPRESSOR
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Dynamic Behavior -Emergency Shutdown

Compressor Map with Transient Events from 19800 RPM

Actual Flow [m*/min]

Isentropic Head [ft-1bf/lbm]
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Process Control

e Setpoint Disturbance
* Fuel Control

 GPincreases speed, flow and
temperature

* PT receives more power

 Compr/PT Speed increases

* This does not require any
manual intervention!

© 2010 Solar Turbines Incorporated
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System Characteristics and Compressor Map

HEAD

A- Strong head-flow relationship
B- weak head-flow relationship
C- integrative relationship

The system determines the pressures, and

the compressor reacts with a certain flow-
subject to the power available

FLOW


Presenter Notes
Presentation Notes
20 min


Cause and Effect

* The process determines the compressors suction and discharge
pressure

* The compressor is driven by a certain amount of power

* The compressor reacts to these constraints with a certain amount of
flow



Gas Turbine Driven
Centrifugal Compressor

* Variable speed, .
controlled by e e
power input
* Variable speed -
EMD: Controlled by '
Speed lnpUt j & A eClui“briumOperatir1g|ooint
j r Power \ ,:' compressor
] /
. power turbine

Speed



Rotordynamics



A few brief comments on Rotordynamics

* Long and thin rotors

’ Why 1*?1 § E -'EE ; %
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Basics

* If a structure gets exited by an alternating force that alternates at a
certain frequency, it will vibrate at that frequency

* Some frequencies cause a higher response amplitude than others
* These frequencies are called natural frequencies

* Example: If a rotor is exited with all frequencies(by a rap test), it will respond at all frequencies, but it’s
natural frequencies will exhibit the highest amplitude

© Solar Turbines Incorporated
2016



Undamped critical speed map

Critical speed {cpm)
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Lateral vibrations
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Applications
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Oil Field- What to do with the gas

Re
servoir

Re-Injection

Gas
>

Gas Lift

Separator Gas Export
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Flash Gas Compressor] Fuel
>epara i) Dehydration
tor v
Separator - Crude oil export

/ Storage




Typical Decline in Oil Production and Power
Demand in an Offshore Application (Miranda et

al)

; Fower Demand

" Ol Production
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Pipelines: Thermohydraulic Results for Generic
Compressor Station

mmmm Pressure mmmm Flow Pressure/Flow Profile

) ND = 48" x 1000 km MMSCMD




(Gas Storage

Depleted Fields

Salt Formations

Depleted Aquifers } |

RESERVOIR PRESSURE (BHPSLA)

.....

Head

Reservoir Filled

2 Compressors in series

Constant Power

2 Compessors
in_parallel

Beginning

Flow
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