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COMPRESSORS USING CFD

Originalan nauéni rad
REZIME
Kvarovi hidraulickog cilindra su vrlo Cesti uzroci neuspjeha rada Vijcani
kompresori se Cesto koriste za aplikacije koje zahtijevaju pritiske koji
premasuju mogucnosti suhoradnih vijéanih masina kao sto su prehrambena,
farmaceutska industrija itd., a koje zahtijevaju komprimirani zrak bez primjesa
ulja. Nemogucnost postizanja visokih pritisaka kod takvih masina je zbog
ekstremnog rasta temperatura u suhradnom modu rada koje takoder limitiranju
upotrebu standardnih materijala za zaptivace i lezajeve. Jedno od mogucih
rjiesSenja je ubrizgavanje vode u radni prostor ¢ime bi se odvela toplota od
radnog medija i snizila temperatura te bi se i zaptivanje popravilo. Medutim,
ostatak vode u sistemu u tecnom stanju zahtijeva upotrebu sistema za odvajanje
vode i specijalni tretman kako bi se sprijecio razvoj bakterija i nastanak
‘Legionarske’ bolesti. Ukoliko bi se u radni prostor ubrizgala ogranicena
kolicina vode koja bi potpuno isparila i odvela toplotu, ni jedan od tih problema
se ne bi pojavio. Modeliranje takvih procesa je moguce koristenjem 3D
Numericke Mehanike Fluida (CFD) koji omogucuje analizu stvarne geometrije
masine i fizickih efekata razmjene toplote i strujanja u zazorima.
U ovom radu je prikazan CFD model vijcanog kompresora sa ubrizgavanjem
vode koji u obzir uzima efekte isparavanja vode. Empirijski oblik modela
‘Lee’ za isparvanje-kondenzaciju pri promjeni faze je primijenjen na radni
prostor vijcanog kompresora kroz posebne izvore energije i mase u
Jednacinama koje opisuju proces. Maseni protok vode je podesen koristeci se
energetskim bilansom za postizanje zasicenog stanja na izlaznom pritisku.
Proracun je uraden za dvije razlicite brzine rada vij¢cane masine. U radu su
analizirani uticaji temperature i relativne viaznosti usisnog zraka. Vodena
para kao treca faza u CFD modelu dodatno komplikuje proracun veé dosta
zahtjevnog multifaznog modela za pokretne mreze vijcanog kompresora. To
Je razlog za koristenje masenog i energetskog izvora u jednacinama cime je
omoguceno da se limitira broj faza u viSefaznom numerickom modelu.
Simulacijom je moguce vizualizirati distribuciju vode i regione u kojima
dolazi do isparavanja kao i uticaj na smanjenje lokalnih vrijednosti
temperature. Takoder su locirani domeni sa povisenim temperaturama.
Uticaj prisustva vode na curenja i smanjenje izlazne temperature su
adekvatno modelirani koristenjem ovog metoda. Ovaj pojednostavijeni model
isparavanja vode se u buducnosti moze koristiti za konstrukciju vijcanih
kompresora sa ubrizgavanjem vode, a rezultati se mogu koristiti za
odredivanje termalnih deformacija rotora i kucista vijcanih masina.

Original Scientific Paper
SUMMARY
Twin screw compressors are extensively used in applications which require
pressures higher then allowable pressure in oil free compressors but would
benefit from oil free operation such as food processing, pharmaceutical
industry etc. The major limitation for achieving high pressures is due to
prohibitively high temperature increase in oil free operation modes. One of
the solutions is to inject water in the working chamber which will reduce
temperatures and allow for sealing. However, excess water requires a
system_for water separation and a special treatment to prevent development
of diseases caused by bacterial growth. On the other hand, if a limited
amount of water is injected in the working chamber which will eventually
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evaporate and reduce temperature of the system without residuals of liquid
water in the system. 3D CFD modelling of such processes allows use of
realistic geometry of the rotors and the ports to be captured and the physical
effects of fluid thermal interactions and leakage to be analysed.

In this paper a CFD model for water injected twin screw compressor that
accounts for evaporation effects has been presented. Empirical form of the
Lee evaporation-condensation model for phase change has been applied in
the compression chamber using the phase specific mass and energy sources.
Calculation of the amount of water required to just saturate the compressed
air at delivery pressure is used to set the mass flow rate of water at two
operating speeds. The effect of the suction air temperature and relative
humidity is studied. Including vapour as a third phase in the CFD model
adds a complexity to already challenging deforming grids required for twin
screw domains. Hence a mass and energy source formulation is proposed
in the presented study to account for the vapour phase and evaporation
effects, thus limiting the number of phases to be modelled. Local drop in gas
temperature, distribution of water and regions of evaporation were
identified by the simulations. Thermal hot spots on the rotor were located.
Reduction in the leakage of gas and its exit temperature was well predicted
by the model. Such simplified evaporation model can be further used in the
design of water injected screw compressors and extended to predict thermal

deformation of the rotors and the housing.

1. INTRODUCTION

The idea of injecting liquid water in twin screw
air compressors has been utilised for long time
due to the thermodynamic benefits that
supersede a dry air compression process (Stosic
et al, 2004). There are industrial processes
requiring clean compressed air where oil
contamination is not acceptable such as in the
food and pharmaceutical plants. In the absence
of oil in the compression chamber, leakage and
thermal deformations pose limits on the delivery
pressures that could be achieved in one
compression stage. As such, the multistage
compression with intercooling has been
employed which adds immensely to the cost of
the compressor plant. When water is used in
small quantities during the compression process
an internal cooling and sealing can be achieved
and also a condenser fitted downstream of the
compressor can strain the water out of delivered
high pressure air. In such a system or when there
are no condensers employed it is desirable to
inject an optimum quantity of water into the
compression chamber in order to establish
evaporative cooling. Twin screw compressors
with water injection are also used to supply clean
compressed air for the Proton Exchange
Membrane (PEM) fuel cell systems. Humidity
and temperature of the inlet air must be kept at
desirable levels to achieve optimum fuel cell
performance. Ous et al (2012), have reported
experimental investigation of water injection in
Twin Screw compressors in order to achieve
humidification and cooling for fuel cell stacks.
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The effect on humidity due to injection was
higher at low operating speeds and air mass flow
rates (~13% RH increase) and its effect became
gradually reduced at higher speeds (~5% RH
increase). The compressor tested at City,
University of London was operated between 3
and 15 bar delivery pressure providing airflow of
2.4 -3 m’/hour. Relative humidity of the outlet
air was found to be higher than the inlet air for
speed and air mass flow values below 2300rpm
and 68g/s respectively. Above 2300rpm, RHou
became lower than RHi, as the amount of
injected water was not enough to compensate for
the continuous increase of temperature.
Therefore, for high operating speeds, more water
injection was required to prevent supplying dry
air to the fuel cell stacks. The evaporation rate
was increased almost three times, as the
operating speed increased from 1500rpm to
3000rpm, largely because of the increase of air
mass flow rate. Yang et al (2016) have reported
experimental studies on a water-injected
process-gas screw compressor. The optimum
water-to-air mass ratio was found to be 2-
301lit/m’. Hanjali¢ and Sto$i¢ (1997) and Stosi¢
et al (2005), have presented rotor profile
generation and  numerical model for
thermodynamic  simulation and  design
optimization. On an oil injected compressor test
case, it was found that the temperature of the oil
closely follows the gas temperature during the
compressor cycle, except for extremely large oil
droplet sizes (over 0.5 mm). In Li et al (2009), a
thermodynamic model of the working process of
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water-injection twin screw compressor based on
the equations of conservation of mass and energy
has been presented. The two phase leakage flow
through the internal leakage paths was based on
the homogeneous fluid equations.
Measurements of performance on a compressor
with 3000 rpm and the range of water flow rate
from 80 Iph to 200 Iph has been reported.
Additional power required for water injection
was less than 3.0% of the indicated power of the
compressor. Discharge temperature in the range
of 37 — 65 °C could be achieved with water
injection. A full Eulerian-Eulerian multiphase
CFD analysis for oil flooded twin screw
compressors has been reported in Rane et al
(2016). A structured numerical mesh which can
represent all moving parts of the compressor in a
single numerical domain was generated by
SCORG (Kovacevi¢, 2005, Kovacevi¢ et al,
2007, Rane, 2015, Rane and Kovacevic, 2017).
In this study it was shown that the oil phase
strongly interacts with gas phase. The heat
transfer rates were calculated by specification of
an interfacial area estimate and local Nusselt
number. The results showed an accumulation of
oil phase in the tips of the rotor lobes leading
edges and also heavy flooding in the interlobe
gaps. An interaction of the oil injection stream
with lobes was qualitatively presented. In the
current study the same framework has been used

a n
ot YaPa + div(“qpq Vq) = Z(mpq
p=1

Here, 17; is the velocity of phase g and has three
Cartesian components. 1, is the mass transfer
term from p** phase to ¢** phase. mg, is the

mass transfer term from q*" phase to pt* phase.
These terms will exist in situations such as

- mqp) + Sq

to model air and water-liquid two phase flow
with an addition of the empirical form of the Lee
model (Lee, 1979) for evaporation effect.

The objective of the present analysis was to
estimate the temperature distribution inside the
compressor, identify non-uniformity and
provide data to estimate thermal deformations
due to high temperatures. CFD model was used
to calculate four different operating conditions
with gradually increasing water content. The
analysis indicates that with an increased amount
of water injection into the compression chamber
it is possible to control the gas discharge
temperature in the limits of 200 °C which was
assumed safe temperature for bearing and seal
operation.

In the Eulerian-Eulerian approach of multiphase
modelling, the primary and secondary phases are
treated as interpenetrating continua. Phasic
volume fraction a, represents the volume of a

computational cell occupied by q‘"* phase and
the conservation transport equations of mass,
momentum, energy and other scalars are
satisfied by each phase individually. The
equations are presented below.

Conservation of mass
Continuity equation for the q*" phase is

(1)

evaporation and condensation phase change. S,
is any additional mass source for the phase q.

Conservation of momentum:
Momentum conservation for phase q is

d = . = — . .
a(aqpq Vq) + dlv(aqpq Vg Vb) = —aggrad(p) + div T, + agp,g

n

+ Z(qu + g Vpg — MgpVap) + Z Fq

p=1

- - T 2 -
Tq = Qqliq (graqu + gradlj, ) + qq (Aq - §,uq) div(Vy I)

where, T, is the q'" phase stress-strain tensor
with components that are function of shear and
bulk viscosity. p is the pressure shared by all
phases, u, and A, are the shear and bulk
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viscosity of phase q. ). ﬁq represents all external
body forces such as lift, virtual mass, turbulent
dispersion etc. ﬁpq is the interaction force
between phases such as drag and interphase
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momentum exchange. V,, and Vg, are the
interphase velocities.

9 , ﬁ
a(“q/’q he) +div(agpg hq Vy) = @

Qpqg = ﬁqui(Tp - Tq) and fi,q

Here, hy is the specific enthalpy of phase q. g,
is heat flux, S, is enthalpy source, Qpq is the
intensity of heat exchange between phases p and

q

dpq

dt

Conservation of energy:
Enthalpy conservation equation for phase q is

+ 17, grad17; — gradq,

n
) ) 3)
+Sq + Z(qu + mpthq_mqphqp)
p=1
_ quup
==
Mgy = mva .
- 5
=C, avpv( Sa; v) ®)
sat

q. hpq is the interphase enthalpy i.e. vapour
enthalpy is case of evaporation. f,, is the heat
transfer coefficient at the phasic interface, k is
the thermal conductivity of phase q , Nu, is
Nusselt number and d,, is the vapour bubble
diameter of phase p.

2. WATER EVAPORATION MODEL
Evaporation inside compression chamber has two
important physical effects, one is that the latent
heat of evaporating water is absorbed by gas
which lowers the gas temperature and water
changes state to vapour. Few models are
presented in this paper that can be used alongside
the CFD Eulerian multiphase framework in order
to define the phasic mass and energy transfer
source terms resulting due to the evaporation-
condensation phase change phenomena.

2.1. Lee Model
Lee (1979) has proposed a mechanistic
evaporation-condensation model that defines the
phase change mass transfer source term using a
time scale coefficient. The interphase mass
transfer in equations (1, 2 and 3) are defined as,
If T, > Tgq: (Evaporation),
mpq = My
T, —T. 4
can (i) O
sat

IfT, < T4 (Condensation),

Qw+0Q,=0

Note that m,,,, # 1y,

C. and C, are the time scale coefficient (1/sec
units), sub-scripts w and v correspond to water
liquid and vapour phases respectively. T,, is
water-liquid temperature, Ty, is the saturation
temperature at pressure p, T, is the water-vapour
temperature. In the case of air compression
system with water evaporation, the pressure p
should be taken as the vapour partial pressure p.
Corresponding to this interphase mass transfer,
the interphase enthalpy transfer in equation (3) is
defined as,

(6)

qu = Qwy = My~ L

L is the latent heat due to phase change.

For a given process or machine where phase
change is taking place, the time scale
coefficients need to be adjusted so as to get
expected phase change results. In general the
coefficients are specified as 0.1 (Lee, 1979) but
condensation coefficient can be high as
condensation is a relatively slower process.

2.2. Thermal Phase Change Model

Unlike the Lee model, the Thermal phase change
model defines the mass transfer rates entirely
based on the interphase heat transfer and overall
heat balance at the phasic interface. No
adjustment coefficients are required apart from
the solver relaxation factors for stability of the
numerical solution due to mass transfer sources.
At the water-liquid and water-vapour interface
heat balance gives

From the interface to water-liquid phase,

Qw = 0y A;(Tsaqe — Ty) — Moy Hyys

(7

From the interface to water-vapour phase,
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Qv = A (Tsqr — Tpy) + 11y, * Hg

Subscript s is selected depending on evaporation or condensation
FlwAi(Tsat - Tw) — My " Hys + FlvAi(Tsat - Tv) + My " Hys = 0

(7

_ ﬁWAi(TS(lt - Tw) + ﬁvAi(Tsat B Tv)

m
v Hys — Hys
The interphase mass transfer in equations (1, 2
and 3) are obtained from equation (7). Equation
(8) and (9) are used to select the enthalpy for
source in equation (3).
If m,,,, > 0 (Evaporation),
Hys = Hy (T,y) (8)
Hys = Hy(Tsar)
If m,, < 0 (Condensation),
Hys = Hy (Tsqr)
Hys = Hy(Ty,) ®

L = Hy(Tsqt) — Hyy (Tsqe) (10)

As seen from equation (7), the heat transfer
coefficients f,,,, fi, and the interfacial area A;
must be determined in the thermal phase change
model. These inputs are very difficult to be
prescribed a priori. Also as the phase change
progresses, the coefficients and areas can vary
by a large extent. The advantage with Lee model
described in section 2.1 is that these inputs are
not required to initiate mass transfer.

2.3. Simplified Evaporation Model for water
injected air compression

In the case of air compression with water
evaporation, air is the primary phase of interest
with very small quantity of water injection.
Water-liquid was the secondary phase that needs
to be considered not only for its effect of heat
transfer with air but also for its sealing effect in
the leakage gaps. As such equations for air and
water-liquid two phase flow are solved.
Evaporation of water-liquid to water-vapour in
this process is a secondary effect and in order to

Tw - Tsat,ﬁ)

My = Ce awpw< T
sat,p

. !
My _Ce aw Pw

Such that, T, » Tgq¢ 5

Cc'=C Tw _Tsat,;ﬁ _l
e € Tsat,ﬁ N At

reduce  computational effort, the full
conservation transport equations for water-
vapour are not solved.

An empirical form of the Lee model has been used
in the present study. It is assumed that during the
entire compression process from suction pressure
to discharge pressure, the secondary phase water-
liquid changes to water-vapour only when its
temperature exceeds the saturation temperature at
discharge pressure. Such high temperatures can
occur inside the compression chamber due to the
heat addition of compression and reheating of
leakage gas. An internal over-compression is
another possible contributor. Another crude
assumption is that the phase change is
unidirectional i.e. only evaporation occurs and no
condensation. It is anticipated that condensation,
if it occurs, will only happen in the discharge pipe
and not in the compression chamber where the
continuous heat addition occurs. As discharge
piping is not a part of the computational domain,
condensation can be ignored. Once the water-
liquid is evaporated it is artificially removed from
the domain. The entire enthalpy of evaporation is
extracted from the primary phase air and the
secondary phase water-liquid resulting into their
cooling. Air and water-liquid carry a complete
energy and momentum transfer as defined in
equations (2) and (3).

In the empirical form the evaporation mass
transfer rate in equation (1, 2 and 3) for water-
liquid phase is

If Ty > Tsat,p_daischarge (Evaporation),

- LEE Model

- Empirical form
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At is the solver time step size. compressor system similar to an oil flooded
The enthalpy source in equation 3 applied for compressor requiring a downstream condenser.
air phase is defined as This is also not favourable option for bearings
and rotors. The quantity of water required to

Qua = —Myyy - L (12) produce saturated air depends on the initial

humidity, temperature and the compression
work added to reach the delivery pressure. The
delivery temperature will depend on the
saturation temperature at delivery pressure. The
saturation pressure is a function of water
temperature. As the temperature of water
increases, the number of molecules transitioning
into a vapour also increase, thereby increasing
the vapour pressure. At a given temperature and
saturation condition there is equilibrium between
the molecules transitioning into vapour and vice-

L is the latent heat due to evaporation at
discharge pressure. Such an empirical model
also enables the use of constant thermodynamic
properties for the water-liquid in the
calculations.

3. WATER CALCULATION

The water injected compressor was designed to
operate between atmospheric suction pressure
and a delivery pressure close to 11.0 bar

absolute. It was desirable to inject a quantity of versa. Equations used to relate the saturation

water that is Just sufﬁglent to evgporate and vapour pressure and temperature are available in
saturate the air at delivery conditions. Any literature (Griffith and Keller, 1965). Equation

gmountiof wate.r lower than th,ls will resu.lt' mn (13) by Steltz and Silvestri (1958) which relates
insufficient cooling of the gas with water exiting the pressure of saturated steam to temperature is
as superheated vapour. On the other side, any used in the present work.

excess of water will accumulate in the

| pe x {a+bx+cx3 (13)
0 =—| —m
B10 DPsat Tk 1+dx
Where, Dsar = Saturation pressure (atm),
a = 3.2437814, T, = temperature(K),
b = 5.86826 x 1073, p. = critical pressure =
c=1.1702379 x 1078, 218.167 atm
d = 2.1878462 x 1073, T, = critical temperature =
647.27 K,
X = TC - Tk
INPUTS Calculate Initial Values
Compression Power Saturation Pressure at Suction Delivery Temperature — TR®
’_\Ir e How.rate . —_ Iemperature . e [clivery Absolute Humidity — XRO -
Suction Relative Humidity Suction Enthalpy (Air + Water) Tarstive relaation factare. i
Suction Pressure and Temperature Delivery Enthalpy HR = Suction Tnlr:ﬂnr.r\ i Inl o
Discharge Pressure Enthalpy + Power -

OUTPUTS
Delivery Absolute Humidity
to get saturated Air
Delivery Temperature
Mass of Water

Calculate
Delivery Temperature — TR1
Using XR? and TR
g TR'= - TR +(1- o) TR(HR, XR?)
Saturation Pressure at TR®

Discharge Relative Humidity = 1 for saturation
S 1

New Delivery Absolute Humidity — XR! Increment TR

TR1= - TRO+(1- ct) TR(HR, XR?)

Set: TRY =TR! and XR" = XR?!

Figure 1. Flow chart of the water mass calculator

From psychrometric relations, 0.622 -p,
Absolute Humidity (kg of water- XR=—"—

. P—Dy
vapour per kg of air)

(14)
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Relative Humidity

RH = 22 (15)
Psat

p, is the vapour pressure and pg,; is the
saturation vapour pressure at temperature Tj,. At
saturation, RH = 1.
Using equations (13, 14 and 15) an iterative
water calculation procedure was used that starts
with an initial delivery temperature and humidity
conditions and using successive increment
estimates the mass of water required to produce
saturated air at the delivery pressure. Figure 1
presents a flow chart of the water calculator.
Analysis of the amount of water required for a
specified quantity of air and suction conditions
indicates that for the air mass flow rate
considered in this study (Design air flow value
could not be disclosed), it is possible to achieve
a delivery temperature in the range of 100 — 160
1.4
1.2
1.0
0.8
0.6
04
0.2
0.0
0 20 40 60
Compression Power (kW)

—— 10 degC
m 25degC

Water mass flow (kg/min)

80

Figure 2. Water mass flow required for
saturation of air at 11.0bara discharge

Figure 3 presents the estimate of delivery
temperature. From 10 kW to 60 kW the delivery
temperature with saturation condition can vary
from 100 degC to 150 degC. Increasing suction
temperature from 10 degC to 25 degC resulted in
very close delivery temperatures as this was
compensated by an incremental evaporated
water mass.
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°C at 11.0 bar discharge pressure for a range of
compression power requirements. A range of
compression power between 15 — 50 kW
originates from an estimated adiabatic efficiency
of the compressor which could vary from 25 to
85%. The water calculator is independent of the
type of the compressor used.

3.1. Water mass requirement

Figure 2 presents the quantity of water in kg/min
required when the suction is at atmospheric
pressure with relative humidity 3%. There is
proportional  increment in  water mass
requirement from ~0.2 kg/min at 10kW power to
~1.2 kg/min at 60kW. Increasing suction
temperature from 10 °C to 25 °C resulted in a
small increase in required water mass flow for
saturation.

180
160
140

120
5 100
80
60

r

o )

— 10 degC
®m 25 degC

Temperature (de

0 20 40 60
Compression Power (kW)

80

Figure 3. Saturation temperature of air
at 11.0bara discharge

3.2 Influence of suction humidity

Figure 4 shows a relative difference in water
mass flow required for saturation when the
suction humidity is increased from 3% to 15%.
Values at 10 °C are used as reference. At 10 kW
power a 2%, 4% and 8% higher water mass is
required to produce saturation with 15% RH, 25
°C 3% RH and 25 °C 15% RH suction condition
respectively. This incremental value drops to a
very low percentage < 1% at 60 kW power.
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3
= 90
z gg — 10 deeC, RH 15%
s —= 25 degC, RH 3%
2 6.
£ 5.0 - % =25 degC, RH 15%
= 4.0
2 30 N
. ~
=20 >
20 N
= 00 T
o 0 20 40 60 80

Compression Power (kW)

Figure 4. Required water mass flow for
saturation conditions at discharge relative to 3%
RH

Figure 5 shows the delivery temperatures when
the suction humidity is increased indicating that
there will be no difference providing sufficient
amount of water is injected. These results
indicate that the effectiveness of cooling the
compressed air reduces with the increase in the
suction temperature. The increase in relative
humidity and temperature at suction can be
compensated by varying the water mass flow
rate to produce the same delivery temperature.

An important consideration when using these
results is that in the real compression chamber
the injected water will have a limited residence
time available for heat transfer and evaporation
and before the entire injected water mass is
evaporated, it could leave the compression
chamber thereby producing higher temperatures
then predicted by the water calculator here. The
water calculator procedure estimates mass of
water as per unit mass of air but does not account
for transient physical behaviour of the
compression process.

4. CFD MODEL OF WATER INJECTED
TWIN SCREW COMPRESSOR

Description of typical CFD modelling for twin
screw compressors in presented in detail in Rane

025

50 —— 10 degC, RH 15%
= 20 L

3 —=—25 degC, RH 3%
§ 1.5 - % =25 degC, RH 15%
L

= 1.0

-

205

g

300

£ 0 20 40 60 80
=

Compression Power (kW)

Figure 5. Delivery temperature variation relative
to 3% RH

Table 1. CFD cases evaluated and resultant

delivery temperature at 11.0 bar

Speed Water

Average Discharge

(rpm) (kg/sec) Remark Temperature (C)
Casel 6000 0018 2% fwicethe 325
saturation mass
Casel 4500 0.009 Saturation Mass - X 262
Case3 4500 0045 X~ fivetimesthe 205
saturation mass
Cased 6000 009 L0%tentimesithe 187

saturation mass
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(2015), Rane and Kovacevi¢ (2017). The whole
working domain of the compressor is split into
four main sub-domains namely rotor domain,
suction port, discharge end leakage gap and
discharge port. All sub-domains are connected in
the solver by non-conformal interfaces. The grid
for the rotor domain is generated using SCORG
while grids for all stationary domains are
obtained using ANSYS meshing. ANSYS CFX
solver is used for the calculations in this study.
An inhomogeneous formulation as described by
equations (1, 2 and 3) treats momentum transport
for each phase separately and can account for
high slip conditions. Evaporation of water-liquid
phase is defined as per equation (11) and
Tsat,p = 184.06 C is specified with latent heat
L =1998.55K]/kg in equation (12)
corresponding to 11.0 bar delivery pressure.
Four cases were calculated in this study. The
operating conditions are as shown in Table 1. As
observed from initial calculations and also based
on Ous et al (2012) experiments, it was required
to increase the injected water mass compared to
that estimated by saturation water calculator in
order to achieve sufficient cooling.

Table 2. Fluid properties

Property Air Water Liquid  Units
Density Ideal Gas 997.0 kg m-3
Dynamic 1.83¢%5  §.889¢04 kgm!s!
Viscosity
Thermal

02 m-1 -1
Conductivity 2.6le 0.6069 Wm! K
Specificheat 50,4 41817 Tkel K1
capacity
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Properties of fluids used as phases in the
multiphase calculation are defined in Table 2
with air as the primary phase and water-liquid as
the secondary phase. Pressure boundary
conditions were specified at the suction and
discharge. Solver parameters were set at higher
stability conditions. A number of iterations were
performed and different settings tested to
determine the combination that works robustly
for the mesh and flow conditions. SST k-Omega
turbulence model was applied.

5. RESULTS AND DISCUSSION

Results from CFD analysis are presented in this
section. They reflect a state when full 11.0 bar
discharge pressure has been reached in the
discharge port and 1-2 cycles of calculation were
performed at these operating conditions. The
cycle averaged temperature data were collected
during the calculation.

Chamber Pressure Vanation

-

=

—Casel 6000rpm

20

Chamber Pressure (har)

0 100 500

200
Main Rotor Angle (1)eg)

300 400

Figure 6. Internal chamber pressure variation

during a cycle

5.2. Air temperature

If water was not injected in the compressor, the
temperature of air would have exceeded 380
degC at 11.0 bar discharge pressure. In the cases
analysed, water has been injected at 10 degC.
Table 1 shows the average air temperature at the
discharge pressure in the four cases. It can be
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5.1. Internal pressure and power

Figure 6 shows the pressure in the compression
chamber as function of the main rotor angle of
rotation for Casel at 6000 rpm and 0.018 Kg/sec
water mass flow rate. Both air and water inside
the chamber are at the same pressure. Because of
the high under-compression which can be
observed by the steep pressure rise at 350 degree
rotor angle, a strong pressure pulse is generated
in the discharge port. Figure 7 shows the
variation of indicated power in one compression
cycle for Casel at 6000 rpm and 0.018 Kg/sec
water mass flow rate condition and Case2 at
4500 rpm and 0.009 Kg/sec water mass flow rate
condition. The average indicated power at
6000rpm is 21.0 kW and at 4500rpm it is 15.0
kW. The average torque on the main rotor is
close to 30.0 Nm while that on the gate rotor is
close to 3.69 Nm. The direction of gate rotor
torque is opposite to that of the main rotor. Since
all the cases 1 to 4 have been calculated at 11.0
bar discharge pressure the resultant rotor torque
is in the similar range.

Power Variation

Power (kW)
et T ad
=2

o _______________/._-"""_'_-_____
5 —Casel 6000rpm — Case2 4500rpm
0

0 30 60 o0 120

Main Rotor Angle (Deg)

Figure 7. Compression power variation during
a cycle

observed that for a low water mass flow rate of
0.009 Kg/sec the cooling effect is stronger in
Case 2 at 4500 rpm compared to Case 1 at
6000rpm which has 2x water mass flow
compared to Case 2.
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Figure 8. Cycle average Air temperature distribution with an Iso-surface of liquid water

The water mass of 0.009 Kg/sec was determined
so as to achieve saturated air at the exit with
power dissipation of approximately 30 kW. But
these estimates did not account for transient
affects. CFD calculation has therefore resulted in
higher than saturation exit temperatures.
Additionally the leakage of gas during
compression adds to the accumulation of energy
in the compression chamber which further raises
the gas temperature. Cases 2 and 4 were
designed such that the mass flow rate of water is
5x and 10x of the saturation mass of Case 2
respectively with the aim of achieving a
discharge temperature lower than 200 °C. The
limit of 200 degC is due to the maximum
temperature that the compressor oil used for
bearings and seals can withstand during
operation. It can be observed from Table 1 that
the temperature of 205 °C is achieved at 4500
rpm and 187 °C is achieved at 6000rpm with
increased mass flow of water. Figure 8 shows the
air temperature inside the compressor. An iso-
surface generated with liquid volume fraction of
0.01% 1is also shown in the figure. The
temperature in the suction port is lower on the
gate rotor side, but on the main rotor side shows
higher air temperature. This indicates that the
leakage is higher from the tip of the main rotor
as compared to the gate rotor and also that the
cooling is more effective on the gate rotor side
as compared to the main rotors side for the same
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mass of injected water. The temperature on the
gate rotor is higher than on the main rotor close
to the discharge port. Water-liquid is observed in
the region where air temperature is below the
saturation temperature at 11.0 bar. Evaporation
effect is visible in the compression chamber
opened to the discharge port and also in the
discharge porti.e. no liquid water is present here.
In comparison to Case 2, Case3 showed about 50
degC lower cycle average temperature.

5.3. Evaporation effect

Figure 9 shows the vapour formation and cooling
of air. Figure 9a shows the air temperature
distribution on the main rotor surface, in the end
leakage and in a plane through the discharge
port. Figure 9b shows the region where liquid
water is converted to vapour. Figure 9¢ shows
the distribution of liquid water on the main rotor
surface and Figure 9d shows the latent heat being
removed from air in regions where evaporation
is active. The air temperature and presence of
liquid water can be correlated to the regions of
vapour formation and heat extraction in this
figure. Due to very low mass of water - 0.009
Kg/sec in this Case 2 the local air temperature
reaches to about 290 C. In Case 3 which had 5
times higher mass injection as compared to Case
2 the peak air temperature dropped to below 200
C as shown in Figure 8.
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Figure 9. Visualization of Case 2, a) Air temperature distribution, b) Regions of water evaporation, c)
Liquid water distribution and d) Regions of liquid latent heat transfer

6. CONCLUSIONS

Objective of the CFD analysis was to study the
feasibility of the compressor to operate at 11.0
bar discharge pressure with a very low amount
of water injection, just enough to provide
cooling. A water calculation procedure was used
to estimate the mass of water required to produce
saturated air at delivery pressure. A multiphase
CFD model was set up to solve air and water-
liquid flow along with the simplified evaporation
model to account for the latent heat of
vaporisation. Analysis of the test cases indicate
the following:

e Results show higher cooling at 4500 rpm
than at 6000 rpm for the same water mass
flow rate. Total mass of water injected and
its residence time in the compression
chamber is higher at lower speed resulting
in a greater heat transfer and cooling. At
4500 rpm the compression power is lower
than at 6000 rpm. Therefore the same mass
of water will provide higher cooling at
lower speeds.

e When water mass required just for
saturation is injected, the exit temperature
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exceeds 300 °C. By injecting five times
higher water mass flow, the cycle average
temperature close to 200 °C could be
achieved.

o In this compressor design, the water cooling
effect was higher on the Gate rotor side due
to earlier injection. But the peak
temperature close to the discharge port is
higher on the Gate rotor side. An increase in
the water injection on the main rotor side
can help to achieve better temperature
uniformity.

o Tip Leakage is higher on the main rotor side
and this results in non-uniform temperature
on the housing.

In future, a design with water injection in the
suction port can be considered. It can help in
cooling the intake air, provide rotor film
formation that can help cooling and lubrication
of the rotors. In terms of CFD modelling a three
fluid calculation with full evaporation-
condensation phase change formulation could
provide better accuracy in the estimate of
delivery temperature and humidity.
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