EFRC Training Workshop

Design and Operation of
Reciprocating Compressors

Introduction to Thermodynamics & Sizing
Andreas Allenspach
Burckhardt Compression AG

Training Workshop October 24/25 2013

Topics

Basic Thermodynamics
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Compression Thermodynamics

— PV diagram

Real Gas

— Log P — Enthalpy diagram

Compressor Selection

— Compressor sizing / Multi stage compression
— Plant design
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Basic Thermodynamics

||||||||||)

[ i Training Workshop October 24/25 2013
E‘ i EFRC

1st Law of Thermodynamics

» Energy conservation

e dU = 6Q + W
—dU: change ofinternal energy
- 6Q: incremental heat added to the system
- 6W:incremental work done on the system
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Entropy Definition

* The entropy of a thermodynamically
reversible process is
. dS = 6Qrev
T
- dS: change of entropy

- 8Q,,,: incr.rev. heat transfer into the system

- T:Temperature of the system

14 Training Workshop October 24/25 2013
E‘ i EFRC

2nd Law of Thermodynamics

* The entropy of isolated systems never
decreases

e dS=>0
- dS: change of entropy
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ldeal Gas Law

ep:-V=n-R-T
- p:pressure [Pa]
- V:Volume [m3]
- n:number of moles

- R:universal gas constant [8.314 / —]
mol-°K

- T:Temperature [°K]
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Molecular Weight

» Molecular weight of

different gases Gas Molecular Weight
/mol
— To calculate number of [g/mol]
moles Air 28.97
Ammonia NH; 17.02
» 1Kkg air consists of Hydrogen  H, 2.02
34.5 moles Methane CH, 16.04
Ethene CyH, 28.05
Nitrogen N, 28.01
Oxygen 0O, 32.00
Carbondioxide CO, 44.01
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Isochoric Condition Change

Volume constant

— Gas condition
change during stand Heat transfe T,
still

Reduction / Increase
temperature T,-T, « |deal gas Law

o PV _ PV ep-V=n-R-T
Tl TZ
plTZ
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Example Isochoric

* LNG Receiving
Terminal
— Reliquefaction of
evaporated natural
gas
— Interstage condition
* Pressure: 3 bar a
» Temperature: -70°C
* Ambient: 20°C
_piTy _ 3293

27T, 203

=4.33 bar a
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Isobaric Cooling

Constant pressure
Constant mass

* Reduction Cooling
temperature T;-T,
S N
p. T, p,T, * Ideal gas law
P, T, .p%=nRT

[ ] = —_———
P> T,

e p:density of gas
e m:mass of gas
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Example Isobaric

* Oxygen plant

* Interstage conditions
— Pressure: 3.8 bar a
— Temperature
 Discharge: 170°C
« After cooler: 40°C -
— Discharge density: 3.3 kg/m3
p,T, _ 3.3x443

_ — 467k
o =t =R =674
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Enthalpy Definition

* The enthalpy is a measure of the total
energy of a thermodynamic system
e H=U+p-V
- H:enthalpy of the system
- U:internal energy
- p:pressure of the system
- V:volume of the system

i
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Isenthalp Expansion

* Isenthalp
expansion at an _
orifice or valve Orifice
— Enthalpy remains

constant

» For anideal gas
the temperature
remains constant

Enthalpy (ideal gas)
H=UT)+pV
Ideal gas

pV=n-R-T
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Isotherm Compression

 |sotherm
compression

— Heat transfer of all
work put in gas to

surrounding Heat Transfer
* For an ideal gas e 1st main clause
the work is e dU = 8Q + W
eW=n-R-T-In2 « 2nd main clause

1

dS =0
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Isentropic Condition Change

« Compressionin a
isolated System

* Work performed

will increase

internal energy

_ Increase e 1st main clause
Temperature e dU = §Q + W

e p-V* = constant e reversible

K
V1
p V2
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Isentropic Exponent for Gases
o |Sentr0piC exponent
depends on
temperature and Gas At 0°C
pressure Helium He 1,66
. Hydrogen H, 141
* Forideal gases Ethene CoHs 1.24
values are constant Nitrogen N, 14
Oxygen 0, 1,40
Carbondioxide CO, 1,30
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Example Isentropic

* Oxygen plant

* Interstage conditions

— Pressure:
» Suction: 1.1 bar a
 Discharge: 3.8 bar a
— Suction
temperature 40°C

Kt 141
=T (B) " =313 () ™ =446°K = 173°C
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Compression Thermodynamics
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Ideal Compression Cycle

b

e

1. Startof
compression

2. P =Py

3. Topdead
center
- 4. P, =P,
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Ideal Compression Cycle

= ot
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_A___s 2

Py

pressure

—>
<
<

connecting rod L

Ideal Compression Cycle

Ideal compression cycle equivalent
adiabatic cycle (no heat supplied or
rejected!)

Compression process

1-2 adiabatic compression
2-3 isobaric output

3-4  adiabatic expansion
4-1 isobaric intake

Area W work done in compression per stroke
IT, AT intrinsic and extrinsic dead center
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Actual Compression Cycle

1.2
2-3
3-4

Wool

Wag
Wina

Cooling water
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Compression process

equivalent adiabatic cycle
actual compression cycle

polytropic compression
delivery with valve losses
polytropic expansion
suction with valve losses

pressure variation in delivery branch
O = Output

pressure variation in suction branche
1= Inlet

polytropic work done

work done with suction valves losses
work done with delivery valve losses
induced work done W g+ W + W)

October 24/25 2013

Temperature variation above the
piston stroke

Pressure variation above the
piston stroke

clearance volume
re-expansion

effective suction stroke
conditions in suction branch
conditions in delivery branch
leakage

AT I
Training Workshop
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Volumetric Efficency

» Volumetric efficiency

Vi—V,
[ ] =
Nvol Vi-Vs
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pressure

ps g
clea- :
rance :
volume i Soi  stokeH=2R
A Vs )
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Real Gas
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Log P - Enthalpy Diagram

« The Enthalpy is a S8

measure of the total ' :
(&)
energy of a 5 i -_

. === e
thermodynamic OE ey
system a0

e H=U+p-V = o
e
- H:enthalpy of the system £ i
- U:internal energy £ -
— p:pressure of the system [ : : 'di’-l
- V:volume of the system  —— == “Enthalpy
Training Workshop October 24/25 2013

Log P - Enthalpy Diagram

e Common
representation of gas
properties in liquid-
/mixed-/gas- phase

1. Liquid phase

2. Gas phase

3. Wet vapor phase
4. Over critical phase
C. Critical point

Pressure

|
o Entalpy
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Log P - Enthalpy Diagram

* Isobaric vaporization
with constant
temperature

» Phase split:

— X = vapor content
— 1 - X =liquid content
— X=0 bubble point

— X=1 condensation
point (saturated gas)
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Pressure

|
=5
=

22
i

~~~~~ ~Enthalpy
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Log P - Enthalpy Diagram

il

Training Workshop

7

%

e Compression of
gas in a closed
system

— Isentropic
compression
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Log P - Enthalpy Diagram

» Gas expansion through
a orifice / valve
(isenthalpic expansion)

» Cooling of gas in cooler
(Isobaric cooling)

e
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Log P - Enthalpy Diagram

e Isentropic
Equal entropy
Compression
e Isobaric
Equal pressure
Cooling
. Isotherm
Equal temperature
e Isochoric
Equal specific volume
cooling down during stand still
e Isenthalp
Equal Enthalpy, Expansion
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Log P — Enthalpy Diagram /
|Ideal gas

* Ideal gas behavior =

* In the ideal gas region
constant enthalpy
leads to constant
temperature

Pressure

e The area of the ideal
. 1/ [deal gas
gas behavior depends & region
on the gas itself
— Critical point ensis -
mm'EnthaIpy
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Critical Point of various Gases

Gas Critical Critical Pressure
Temperature [°C] [bar a]
Ammonia NHs 132.4 112.8
Hydrogen H, -240.0 13.0
Methane CH, -82.7 46.0
Ethene C,oH, 9.5 50.8
Nitrogen N, -147.0 34.0
Oxygen O, -118.6 50.4
Carbondioxide CO, 31.1 73.8
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» Gas is less compressible

Log P — Enthalpy Diagram /

Supercritical Gas

* Isenthalp expansion

— Heating up or cooling down

of gas

— Reduced density increase

with pressure

— Increased isentropic

exponent
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Real Gas Law

Van der Waals formulated a first real gas

model (1873)

Table 3.1 Swmmary of Modlfication of Attractive term of van der Waals Equation

Equation

Year

Attractive term

TLRT n2 RedlichKwong
p(V) = v_np a7z

Later approaches by

1040

1972

1076

a
a(h)
Vb
a(ly
V{7 +2)+b(V -8)

Redlich-Kwong and many others
All models with limited range of application

Training Workshop

pressure, temperature, gas polarity

October 24/25 2013
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Compressor Selection

Ei EFRC
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Basic Input Data’s

Suction pressure
Suction temperature
Discharge pressure
Gas composition
Required mass flow

i Training Workshop October 24/25 2013
Ei EFRC

19



Classification by Operating
Principle

Compressor

l

Displacement machine l

————

Reciprocating piston- Constant motion Rotating wheel Jet com-
and diaphragm piston compressor compressor pressor
compressor
Rotating piston  Rolling piston Centrifugal Axial
compressor compressor compressor compressor

Roots Vane Screw Liquid ring
blower COMPressor  COMpressor  compressor
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Performance Range of
Industrial Gas Compressors

10'000

1'000

e
o
o

-
o

f

Delivery pressure (bar) ————p»

10 100 1'000 10'000 100'000 1'000'000
Volume flow (Nm3%h) ———»
[ Roots blowers [ screw compressors [EE Reciprocating compressors
[ Liquid ring compressors BB Diaphragm compressors (lubricated or non-lubricated)
[ Vane compressors [ Axial compressors = Very high pressure compressors
[ centrifugal compressors
Training Workshop October 24/25 2013
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Multi-Stage Compression

Flow diagram

' ‘
Ps P
— CWoutlet -
CWinlel-’ |‘ cylinder = |‘ X |‘

cooling
15T stage 2M0 stage 3RO stage

-
[\V]
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Multi-Stage Compression why ?

=

AR

* Temperature
limitations

» Volumetric efficency /
Power consumption

 Loads on compressor

: /[/]"‘v' : -ar’;rb

TR THALE by
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Example Multi Stage:
Temperature

Compression of ethene from 1 to 8 bara, suction
temperature 20°C (each stage), k:1.24

Clearance volume of each stage: 10% of swept
volume

Interstage pressure 2.83 bara
K—1
T,=T;- (&) ¥ =438°K = 165°C
1

1.24-1

T,=273-(32) "** =358% = 85°C
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Example Multi Stage:
Volumetric Efficency

One stage

Ve
=1-——
Nvol Vs

1
()~ - 1] = 0.565
P1

Two stages

1
Nyor = 1 — 0.1 [(@)“4 - 1] = 0.869

1
Moy = 1 — 0.1 [(ﬁ)m - 1] = 0.869
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* Power Consomption:
area inside
compression cycle in
the pressure volume
diagram

 Single stage has 9%
more power
consumption for this
example
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Example Multi Stage:
Power Consumption

o o N o ©

Pressure [bar a]

o = M W B

Volume

——one stage — 1st of two stages ——2nd of two stages

October 24/25 2013
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Plant Design
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Example: Booster Primary
Compressor in an IdPE Plant

e Compression of
ethylene from 1 to
270 bar in 5 stages
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Selection of overall Bypass

» Compression in log P
— enthalpy diagram

* Where to put the
bypass?
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Selection of overall Bypass

1. Bypass Overall xio
(Standard) .

i'lFl i'H I i'ﬂ i'H

2. Separate Bypasses
before Cooler

£'|F| L iﬂ i
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Summary

Ideal Gas Behaviour
Compression Cycle, PV diagram
Real Gas Behaviour
Compressor Selection and Sizing
Plant Design
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Questions ?

Andreas Allenspach
Burckhardt Compression AG
+41 (0)52 262 57 68
andreas.allenspach@burckhardtcompression.com
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