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Types of compressors

A basic overview

= Firstly the kinetic energy
Is increased and

Compressar Types eventually converted into
pressure.
Positive Displacement Dvnamic
Reciprocating Fotary Centrifugal Axial
Single-Acting Double-Acting
Lohe SCrEwy Wane
Diaphragm
Ligquid Ring Scroll

= The pressure is
increased by
reduction of working
volume
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Thermodynamic systems

Separated by system boundaries (material or virtual) from surroundings
(=everything except the system)

* Closed system....no transfer of matter across system boundaries
* Open system....transfer of matter across system boundaries

* |solated system....no interaction with surroundings at all

open system,
deformable system

boundaries
Open system, system

boundaries fixed in space




|deal Gases

|deal gases ...
* are defined by ideal gas law (p*V=R*T=const.)
* may be used to define the absolute thermodynamic temperature

* all real gases behave approximately as ideal gases for not too high
pressures and temperatures = ideal gas law is asymptotic limiting law
for real gases

P ....absolute pressure [Pa]

V ....Volume
® =8314 J /(kmol* K)....universal gas constant
R =® /M ....special gas constant

M ....molar mass [kg/kmol]

T....absolute Temperatur [K]




Pressure
e Definitions:

absolute pressure bara .
absolute pressure psia pressure above atmospheric pressure
A A
gauge pressure barg %
gauge pressure psig §
: o
 Units: ol o
1Pa =1Pascal =1 N/m?2 § §
1 bar = 100.000 Pa Atmospheric pressure =
(]
1psi = 6894 Pa E =
2 g
« Standard conditions: —_—t S E & a
(6] O
atmospheric pressure = 5 g £ 2
Po = 1,0133 bara 2 1 4 = 3
© O

perfect vacuum

In thermodynamic calculations only the absolute
pressure may be used!




Temperature

* Definitions:

absolute temperature T K arbitrary temperature
Celsius temperature 9 ..  °C or A A
Fahrenheit scale 9. °F s
. g ==
* Units: *3 Jd 5
1K = Kelvin K 3| 7 2
. = - ° £ ) =
¥ e T-273.15 ¢ Standard temp.:0°C & | & &
= (8 oF - 320F) / 1’8 ﬁl_g e
LL - QO
S = 1,89 .+32 °F & I
o =
r B
* Standard conditions: ; g
T=273.15K = 0°C = 32°F I

absolute zero: 0 K

In thermodynamic calculations only the absolute
temperature may be used!




Gas mixtures

Under consideration: Mixture of n gases i=1,2,...n

Definitions:

* Partial volume V.....volume that gas i would occupy at temperature of mixture

* Partial pressure p..... pressure gas i would have if it alone occupied the volume V at
the temperature of the mixture

Mixture of ideal gases:

* Pressure of mixture = sum of partial pressures ........ ,Dalton’s law"*

* Volume of mixture = sum of partial volumes




ldeal gas mixture

Ideal gas law for components P *V =N, "R *T

n n
summed over all components Z PV = Zni *RET
i=1 i=1

with Dalton’s law and m = Z”i *M. it follows that p*v=—*T

i=1 n n
with the molar mass of the mixture M = Z—'* |\/|i
i1 [
Measures for concentration:

mole fraction Y; =N, /n

n
volumetric fraction ¢; =V, / ZVi
i=1

o,=Y; for ideal gas mixtures



ldeal gas mixture

Example: Molar mass of dry air

Dry air consists of approx. 78% N,, 21%0, und 1%Ar (volume
fraction). What is the molar mass of the air?

M =0.78*2*14kg/kmol+0.21*2*16kg/kmol
+0.01*40kg/kmol = 29.0kg/ kmol




Energy balance....special cases of interest

Closed system at rest: dU = deW + deQ < U,-U, =W, +Q,

Example: Quasistatic, adiabatic (no heat transfer) expansion of gas

Work done on system....d,W= - Fy;,14ary 02

Quasistatic change of state: || 1 state 2
. mechanic_ equilibriqm piston....Fyoounday=Fc state 1
* pressure inside cylinder homogeneous.... Fyyngan,=P*A
— quasistatic work d W = - p*A*dz= - p*dV dp ; Fooundary
T ——— i
' |
1st [aw : z| | |
Note: T
U =—|p=*
U, -U, .[ p*dv * the work depends on the special path 1—2
Ps ' * according to the 1st law, the work equals the change
/>\ p*dV in the internal energy where the latter just depends
s on the states 1 and 2
D, 5 W, | * solution: further restriction of no heat transfer
// /7/ ' leaves only one quasistatic path =

V, V, isentropic change of state




Summary of gas Iaws

pV=m-R-T

For any isentropic or adiabatic (no heat
transfer in the process) change of
conditions the relation of pressure and
volume is following the equation:

p-v" = const

Transformed to calculate the discharge
temperature:

K—1

T;J:Ii' }}-_"-’
P

Training Workshop

... absolute pressure [Pa]
V ... volume [m?]
m ... mass [kg]

V ... spec. Volume [m3/kg]
(v=1/p .. density)

R ... spec. gas constant [kJ / kgK]
T ... absolute Temperature [K]
K ... isentropic exponent [/]

Cp ...spec. heat at const.
pressure [kJ/kgK]

Cv ... spec. heat at const.
volume [kJ/kgK]

k =Cp/Cv
1, 2 ... index for thermodynamic

conditions at point 1 (inlet) and
point 2(outlet)

September 23/24 2015




Adiabatic power consumption

Adiabatic compression of ideal gas:
(kinetic and pot. energy not considered)

~ 1‘ P2, Ty, hy
- 0= P () = P = 75, (7, T,
P
Py Ty g p %_l
_ , T =T * =&
Reversible compression: d > P,

= P =m*c, *T,* (pdj -1




Piston Compressors — Working principle

(Click on picture for animation)



GAS-timing.mpg

Single acting piston compressor
pressure vs. volume diagram theory

next cycle

begins
dlscharge

expansion

— 2\
o I
oy
..... of the gas volume V
in the cylinder suction

pressure p
2
1
7
Y




Single acting piston compressor
pressure vs. volume diagram theory

Pressure - Time Diagram Pressure - Volume Diagram
p1t p’V

shows the pressure in the cylinder shows the pressure in the cylinder
T at a given time or crank angle at a given volume or piston position
o —_—a _—
O
2| l
/
5 / >
(@] Y
'E‘ ) . L [ = *

> time t —> volume V
TDC BDC TDC TDC BDC
360°
0° 180° 360° 0° 180°

crank angle crank angle




Clearance volume

i) = Clearance Volume

Piston at frame end Piston at outer end

*Clearance refers to the volumes in each end of the
cylinder that retain gas after the piston has stopped

*Gas cannot be displaced; cylinder is not 100% efficient




Volumetric efficiency

D

V, Vv,
<—— Vg Ny —>

<—— swept volume Vg, —>1
TDC| BDC\II
I
| |
s s ]

Thermodynamic

1
Vowllhv = Vsw _VCL[HK _])

1
y =1—00(H" —1J
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Top
Dead
Centre
TDC

Single acting piston compressor
pressure vs. volume diagram theory

A P—

pressure

\

| —t

-

swept volume
= piston area X piston stroke

clearance volume

>

volume
Ssuction velume y)

Volumetric efficiency

_ suction volume
swept volume

1
A =1—0'0(H;—1) L

filling efficiency= volumetric
efficiency n,, minus losses L
polytropic exponent

compression ratio p,/p;

clearance volume referred to
swept volume

loss factor accounting for
losses associated with
leakage, heating up of gas
during suction,....



Basic principles — mass flow

A D Adiabatic mass flow M_4=p*V ¢y, *A*rpm/60

Moq adiabatic mass flow (kg/s)
rpm speed (min)

Vsw swept volume

A filling efficiency= volumetric
P1 B efficiency ny minuic, losses L

V, volume A A =l-0,(II*-1) -

VSW Ny

swept volume Vg, —
vTDC BDC

pressure 3

K  polytropic exponent

[T compression ratio p,/p;
clearance volume referred to swept

Q
o

. volume

L loss factor accounting for losses
associated with leakage, heating up
. of gas during suction,....

Clearance volunle




p-V Diagram - Influence of pressure ratio
p2/pl and clearance volume o,

DC Influence of pressure ratio p2/pl on

volumetric efficiency:
4,6, 8
clearance G, constant 10%Vg,,

y

Influence of clearance G, on vol.
efficiency:
a: 6%,
b: 10%,
c: 15 % of Vg,
Pressure ratio p,/p, constant

\Y
>

21



Single versus double acting compressor

Single-acting compressor

§~==q

drive cylinder

<&

Double-acting compressor

oV
(7 S iy
J <l
@
“crank” “crosshead” G ‘
drive cylinder

Cylinder head

head end

p T head \end
| | \I
\ | /
|
\ /
\ /
0° 180° 360

°crank angle or t [sec] —>

p T cra\mk end

hea\.d end

| Y
\ \ ] \ \/
Y \
\ 7 \/
\/ \/
0 180° 360

°crank angle or t [sec]



Double acting piston compressor




Double acting piston compressor
pressure vs. volume diagram theory

« 0.1 sec )

/ \
» I\
“Crank” “Crosshead” g ‘ g;/ d;\ /

drive cylinder 0° 180° 360°
°crank angle or t (sec) —>




Compressor Limitations
Compression ratio

=1 |imits the pressure ratio in one stage as neither
The equation T,=T,- Py material nor gas may stand such a high discharge
Py temperature value.

Practice shows, that reasonable maximal pressure ratios per stage are:

p,/p, =5 for polyatomic gases with k = 1,3 (natural gas, CO, etc. ..... )
p,/p, = 4 for diatomic gases with k = 1,4 (air, N,, H,, CO etc. ..... )
p,/p, = 3 for monoatomic gases k = 1,67 (He, Ne, Xe, Ar etc. ..... )




Multistage compressor

Function:

* Achieve higher pressures - up to several hundred bars in high pressure
and ultra-high pressure compressors.

* Needs to be cooled down between stages in order to avoid exceeding
permissible temperature for compressor materials and lubricating oil.
Cooling significantly saves energy.

cooling cooling cooling
1ststage 2"d stage 3 stage
137°C ° 139°C
gas 129°C gas
intake 45°c
delivery
20°c JIF soocjif B
3 bar 22 bar
Example: Air ﬁ} ﬁ}
1 bar 8 bar

-1

Discharge temperature: Td — '|'S * & ‘ Pd ... Discharge pressure  PS ... Suction pressure
' P, Ts ... Suction temperature Kk ... Isentropic coeff.




Multistage compressor

Energy saving explanation:

pressure

\ A

single stage compression to a high delivery pressure,

close to adiabatic compression (most work required)

compression in the 2" stage

energy savings through 2-stage
compression with intercooling
minus intercooler losses

compression in the 15t stage

Y

volume \



pressure

Multistage compressor

Power [KW] =P+ P oo t ...

Horsepower = kW/1,341

Pag = m*c, *T, * (pd] -1

15t stage \

.
>

volume \Y

) Pist=th*c, *T, * (pd




Example of multi-staging compressor

6 Cylinders - 3 stages compressor layout:
(Stg. ... Stage, Cyl. ... Cylinder)

Motor

Cyl. 1/Stg. 1 | j RS S — Cyl. 2/ Stg. 1
Cyl. 3/ Stg. 2 @ y—
Cyl.5/Stg. 3\




Valve losses
pressure vs. volume diagram theory

A certain % of compressor work is lost due to losses (suction and discharge

.47 Discharge losses " discharge

\\t\\ pressure
257 AREA BORDERED
BY THE RED LINE:
207 INDICATED WORK "\
OF CYLINDER END ™\

30

pressure [bar]
H
o1
|

\
suction
10 = pressure
5 Suction losses
0
0% 20% 40% 60% 80% 100%

displacement [%)]




Valve loss

Valve loss:

suction valve = intake delivery valve = outlet

orifice '
throttle length | o




Ventilation loss

Ventilation losses are the overall losses incurred in:

suction chamber

suction valve

valve nest

valve nest
delivery valve

delivery chamber
piping
pulsation dampers




Valve & Ventilation losses

The areas exceeding nominal discharge pressure show the
different losses at the delivery side.

losses
in valve

losses in
valve pocket

pipe losses and
pulsation losses

Nominal dis\cﬁarg

pressure pv diagram

pulsating pressure

in the pressure chamber




Shape of valve pocket and valve losses

The shape of the valve pocket in the cylinder has a considerable influence on
total gas flow losses. In the calculation of total flow losses, the valve nest
shape can be taken into account with ‘Pocket Factors'.

Low losses in the cylinder pockets can be achieved by minimizing restriction
of gas flow into cylinder,

* Dby wide passage areas
* Dby pockets or recesses in the cylinder head




Shading of valve nest by cylinder head

Narrow ports and gaps are restricting the gas flow too much

end of contact area

retracted piston
\

of piston rings
P K g

retracted piston

e
~

cylinder head, /
retracted

cylinder head protrudes
until here into cylinder



Real gas (compressibility) factor

Real gas (compressibility) factor Z defined by

p*V=Z*R*T

* describes deviations from ideal gas law

« Z=Z(p,T) has to be determined for each gas — detailed TD design needed!

| v
15 / /

/4—————-" —-100c

— 25°C

7 — 500°C
—Ideal Gas

0 200 400 b0 800 1000

Pressure (atmj

Compressibility factor
of Nitrogen

Compressibility z

0.4




Summary

* A reciprocating compressor is the most efficient device
to compress gas

« Although seemingly simple, a lot of fluid mechanics and
thermodynamic knowledge is required

« Technology and R&D is constantly progressing to keep
the reciprocating compressor a very attractive choice!

Have a look also at

http://recip.org/reciprocating/introduction-to-
thermodynamics/
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