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Two types of instabilities that occur in compression systems rotating stall and surge have an adverse
effect on the compressor performance. Several techniques have been explored to minimize the effect of
these instabilities. It has been observed that injection of a liquid into the compressor not only improves
thermodynamic efficiencies but also results in stabilizing the system. Therefore, water and ethanol
injection has been investigated as an effective tool for controlling these compressor instabilities. In the
present paper a modified Moore—Greitzer model has been proposed for wet compression-based system
using water and ethanol. Under this work the effect of injection of water (1) at various stages of
Liquid injection compressor, (2) at different altitudes and (3) by varying amounts has also been presented. The effect of
Rotating stall various parameters on wet compression such as (a) Optimum stage for liquid injection (b) Optimum
Surge amount of liquid injection and (c) Effect of altitude on liquid injection is also examined in the present
work which shows that the liquid injection helps in improving the performance of compression systems
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in terms of increase in the stall margin and pressure rise coefficient.
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1. Introduction

Axial flow compressors are crucial components of a gas turbine
engine. With increasing demand for better performance, axial flow
compressors are required to operate as close as possible to the
maximum efficiency line with minimum instabilities. Axial flow
compressor operation is limited by two types of instabilities namely,
rotating stall and surge. Greitzer [1] and Stenning [2] describe these
instabilities in detail. Rotating stall involves circumferential motion
of one or more stall cells. Under fully developed rotating stall, the
annulus averaged mass flow remains constant. Surge on the other
hand involves high amplitude, low frequency oscillation of the total
annulus averaged mass flow through the compressor. Typically, the
frequency associated with rotating stall is one-order magnitude
higher than that of surge. Moore and Grietzer [3] describe that the
two types of oscillations differ fundamentally in that the rotating
stall is not axisymmetric, whereas pure surge is axisymmetric. Both
these oscillations not only deteriorate the compressor performance,
but also can cause substantial blade damage.

Several methods have been proposed to control the onset of
these instabilities. Some of them [4—7] involve injection of
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compressed air from the casing of the compressor. However this
requires compressed air from a later stage of the compressor to be
used for this purpose. The effect of this process on the overall
compressor efficiency is as yet unclear. Inlet fogging or wet
compression technique has been one of the other prominent
methods used to enhance the gas turbine performance. The
working fluid becomes multiphase that includes air, liquid vapor
and liquid droplets subsequent to liquid injection. Wilcox and Trout
[8] had proposed the use of water injection ahead of the
compressor as a means of thrust augmentation. Subsequently, Hill
[9] has analyzed the aerodynamic and thermodynamic effects of
coolant injection on compressor performance. Recently there have
been studies of water injection as a means of instability control in
axial compressors. Horlock [10] reviewed the effect of water
injection on compressor performance. White and Meacock [11,12]
have in their studies investigated this aspect in detail. Com-
pressor performance with water injection in the compressor inlet
ducting and between stages was evaluated. Substantial improve-
ment in the performance of the compressor was reported using
water injection. Mathioudakis [13] proposed corrections in gas
turbine test parameters to include the effect of water injection.
Coolant injection-based compressor has often been analyzed as
a wet compression system. Zheng et al. [14] established a thermo-
dynamic model for wet compression process. The stability of
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Nomenclature

A amplitude function of first-harmonic angular
disturbance

Aq area of the compressor annulus

Ac compressor duct area

a reciprocal time-lag parameter of blade passage

as sound speed

B Greitzer parameter, U/2as x (Vp/AqLc)'?

Cy axial flow velocity in compressor

Cyj velocity of liquid injection

F; throttle characteristic function

g disturbance component in the axial direction

H semi-height of compressor axisymmetric
characteristic

h angular velocity component

J square of amplitude of angular disturbance of axial
flow coefficient

Kt throttle coefficient

Kg loss coefficient at IGV entrance

Ic non-dimensionalized total aerodynamic length (L./R)

of compressor and ducts

non-dimensionalized length of entrance, throttle
and exit ducts

m compressor duct flow parameter

My ratio of liquid injected to air mass flow rate

I In Ig

static pressure at compressor outlet and compressor
exit duct

static pressure at throttle outlet and compressor inlet
mean rotor velocity

volume of plenum

semi-width of compressor axisymmetric characteristic
disturbance potential at compressor entrance
velocity ratio, Gy; /Cx

area of actuator through which liquid is injected into
the system

local axial flow coefficient, a function of # and £
velocity potential in entrance ducts

disturbance velocity potential

annulus averaged axial mass flow coefficient

local change in the flow coefficient after liquid
injection

average change in the flow coefficient after liquid
injection

axial distance measured in wheel radii

angular coordinate around wheel

coefficient of pressure rise lag

axisymmetric pressure rise coefficient

change of pressure rise coefficient due to wet
compression

total-to-static pressure rise coefficient
non-dimensionalized time parameter, Ut/R

density
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a compression system with wet compression involving water
injection was evaluated by Li and Zheng [15]. The analysis involved
using the Moore—Grietzer [3] model for the analysis of an axial
compressor. The basic Moore—Grietzer model was modified to
account for the effect of water injection. Li and Zheng [15] report
substantial enhancement of the stability limits of the compressor
with water injection. In the mass conservation equation as derived
by Li and Zheng [15], the weighing factor of water injection term is
considered as 1.0. However, the actual contribution of this term
varies from 2 to 10% of what Li and Zheng [15] have considered for
water injection ratios varying from 5% to 1%. This term has
a significant effect on the final solution of the compression system
with liquid injection.

It is a well-known fact that recovery from surge is very difficult
and hence needs to be avoided [16—21]. Before the onset of surge,
the compressor usually undergoes rotating stall followed by fully
developed stall [16—21]. Therefore, if the initiation of rotating stall
is delayed or controlled, the occurrence of surge can be completely
avoided. The present study involves controlling the initiation of
rotating stall using water/ethanol injection. The injection of water/
ethanol also helps in reducing the compressor work and hence the
turbine work output, besides augmenting thrust of the engine.

In the current study, density changes have been accounted
appropriately, a factor neglected by Li and Zheng [15]. The liquid
injection term in the mass conservation equation has been cor-
rected resulting in an accurate accounting of this term to the final
equations. In addition, the effect of ethanol injection on compressor
performance has also been investigated. The addition of ethanol at
various compressor stages is expected to enhance the stability of
compressor operation and combustion efficiency because of
improved mixing and better combustion with reduced pollutant
emissions. The combustion limits (on mass basis) for a typical
ethanol-air mixture vary from 0.0544 to 0.27 and autoignition
temperature is approximately 700 K. Therefore, if the temperature

in various compressor stages is maintained below this limit, there
will be no pre-ignition of the ethanol-air mixture and stability
performance of the compressor will be enhanced. Both water
injection as well as ethanol injection have been in the past used as
methods for thrust augmentation. Hence the use of these methods
would not only lead to increased thrust, but also improved stability
limits. The objectives of the present study are to investigate the
effect of liquid injection on the compressor performance with the
following parametric variations:

1. At sea level and 11 km altitude.

2. At inlet duct and later compressor stages.
3. Amount of liquid injected.

4, Velocity of liquid injection.

2. Mathematical modeling of a compression system
2.1. Wet compression system

The basic wet compression system considered in the present
analysis is shown in Fig. 1. The compression system comprises of an
inlet duct, the compressor stages, outlet duct, plenum followed by
a throttle. The various important dimensions used in the study are
also indicated in the figure. The length of the inlet duct, the
compressor and the exit duct are I;, I, and [ respectively.

Steady state operating point of system is set by the two condi-
tions, namely, (a) the flow through the compressor and the flow
through the throttle are the same and (b) that the pressure rise
through the compressor is equal to the pressure drop due to the
system resistance. The following are the assumptions made in the
present analysis [3]:

i. Velocity and acceleration of the fluid in the plenum are
negligible.
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Fig. 1. Schematic diagram of a wet compression system.

ii. Pressure in the plenum is uniform
iii. The gas in the plenum is compressible
iv. The compressor blades have high hub-to-tip ratio

In the present study, pressure rise coefficient, flow coefficient
and disturbance amplitude are used as parameters for evaluating
the performance of compressors. Pressure rise coefficient repre-
sents the work done by the compressor blades. This in turn results
in the rise of pressure achieved. Flow coefficient is directly related
to the mass flow rate. Stable operation of the compressor is limited
by flow coefficient in terms of the surge limit and choke limit. These
limits are determined by the flow coefficient. The extent of the
fluctuations or disturbances is quantified using the disturbance
amplitude. Increase in the disturbance amplitude is an indication of
the impending instabilities.

2.2. Moore—Greitzer model for a dry compression system

The final equations describing the compressor operation by
Moore and Greitzer [3] for a dry compression system are given
below:

W /H
-]

W[ e (-3) 3w ) i @

g (-

The dependent variables of this system of equations are the
annulus averaged pressure rise coefficient y(¢), the annulus aver-
aged axial flow coefficient ®(¢), and the disturbance amplitude ],
whose axial and circumferential partial derivatives give the local
flow disturbance in the axial and circumferential directions. Inde-
pendent variables include the time in wheel radians ¢ and the
circumferential coordinate 6. Equation (1) is a partial differential
equation in £ and 6, obtained from the momentum balance of the
system evaluated at the compressor face; equation (2) is an ordi-
nary differential equation in which results from averaging out the
circumferential dependence in equation (1). Equation (3) is an
ordinary differential equation which results from the mass balance
of the plenum. The compressor characteristic ¥ «(®) is the response
of the compressor for steady axisymmetric flow. Equation (4) given
below is the general Moore—Greitzer cubic form that has been used
in the present analysis.

3aH
(1+MAW (3)

l]lc(dﬁ) = 'pCO +H

S0 AE)] e

The stall characteristic is defined [3] as:
32 ) 52 Y -
2\W 2\W

2.3. Modified Moore—Greitzer model for wet compression system

V(D) =Wy +H

The modified Moore—Greitzer model equations for the wet
compression have been described in Li and Zheng [15]. Between the
upstream reservoir (pr) and the discharge from the exit duct (ps) is
the zone where circumferential pressure variations might arise. The
equation for the net pressure rise in the zone of possible angular
variations can be written as:

P (o) (), () ()

1 1 o W
51 Ke =5 (2640, ) ©)

Considering liquid-to-air ratio m,, then,

B E = [NF(a(1 +mu)) — 531+ mu?| —m(4t)

_ (1, + % + IE) (ddqz") (1+my) — %(1 —Ke)
« (1 4 My)2h2 — ;_a(z@n + &);n) ) 7)

The following definitions are same as discussed in [1] and are
used to represent above equation.

_ Ds—Dr
we -2
V() = NF(9) — 24
: (8)
lC = l[ +a+ IE
1 k
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The second last term of equation (7) will be neglected in the
present analysis, in effect assuming that the recovery coefficient K¢ at
the IGV entrance is equal to 1. Finally, equation (7) can be expressed as

s mons ()] ko8

~m(42) =5 (208 + ) 4 ©)

A simplifying approximation of dh/df = -g type is then given by
Moore—Greitzer [3].Using Y a periodic function for notation for
simplicity defined as (¢'), = Y(&,0); (qb;r)o = Yyp also making

simplifying approximation such that ((}5;])0 = —((]J'W)o (9) can be
written as following:

V(E) —Vel(1 + Mm@~ Yo —le(1 +ma) () = m(¥;)

1
- ﬁ(zym + Y006>0+l//j (10)
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2.4. Galerkin’s procedure

A general transient disturbance is likely to have both angular
property variations like in rotating stall and time-dependent mean
flow like surge. This requires solution of the complete system of
equations (1)—(3), which include derivatives that are third order in
angle, but only first order in time. Therefore, Galerkin’s procedure is
applied as in Ref. [4] and the final Moore—Greitzer model equations
are derived. The disturbance potential at the compressor inlet, Y, is
represented by a single harmonic function with an unknown phase
angle, 6, as:

Y = WAsin(0 —r(§)) (11)

Then substituting equation (11) in equation (10), a residual is
formulated as given in the following equation (which would vanish
if solution were to be exact).

do, 1

v +1c(1 +mW)T§ T

27
[ [¥et1-+mu)g-+ wasing) +y;] az
0

(12)

The sin (6-r) moment of the residual gives:

2T
(m + %) a _ 1 / SN [V (1 + M) @ + WASing) + ;] d¢
0

dé ~ 2w
(13)
The cos (6-r) moment of the residual gives:
N\dr 1 i
— Km +E)d_5_ E} A= W/ cosl[t,//c((l + my)Pq
0
+ WAsin{) + ll/j] d¢ (14)

2.5. Effects of water/ethanol injection

In the present work, effect of water injection in the direction of
flow is studied. When a fluid is injected into the system, it is essen-
tially an addition of mass and momentum. Liquid injectors are
arranged circumferentially and just upstream of the rotor of
a compressor stage as shown in Fig. 2. In order to develop a relation-
ship between the total pressures at two stations, additional equations
are derived, as mass and momentum balance across the liquid
injection. The mass balance across the liquid injector is given by:

PafAa(Cx + 0Cx1) + pj(SAaij = payAa(Cx + 0Cy2) (15)

where Cy is the mean velocity in the annulus, Gy is the liquid
injection velocity; 6Cx; and 6Cyy are the velocity perturbations at

Water/Ethanol

: | 1oy
P —_—
Toa,

CX+8CX1 CX+8CX2

A 4

Fig. 2. Water injection into the compression system with the help of an actuator.

stations 1 and 2, respectively, A, is the area of the compressor
annulus, and 0A, is the area of opening of liquid injector, py, pj , Pas
and p, are air, water/ethanol, air-vapor mixture and water-vapor
density, respectively. It is assumed that water/ethanol droplets that
sprayed are completely vaporized instantaneously.

_ 9 . G g _ PafaCx _ Gy
T 0y 1T p AU -

— KK = a0~ U

My My = KjK,z

After non-dimensionalizing the mass balance equation by p,A,U
Eq. (13) reduces to:

1+m
6¢2 - (1 + mwv;<1/) {éﬂ - 6¢] * qj]] - @a (16)

where K; = 0Aa/Aa, Kw = 0j/pa, Kv = py/par 2 = Cyj/Cx

0p10p2 are respectively flow coefficients perturbations
upstream and downstream of the liquid injector. The momentum
balance across the liquid injector is given by:

Aa(P + 0p1) + peAa(Cx + 6Cxr )*+pj0AaC
= Aa(P+0p2) + paAa(Ce + 6Cp)? (17)

Non-dimensionalizing the above equation by paloU?:

6p.l 2 5A 2
Sz (Pa 200061 +007) 4 Kup 1(200)
0 1+ myK,
= (T ) (8 + 20t 3077) (18)

The relationship between the static and total pressure pertur-
bations at stations 1 and 2 are given by following equations:

0pn _ Op 1.,

5[)2 . (51.’72 1+ myK, 1 2

/ﬁ = WJF (71 Ty )(@06(752 +§6¢2 ) (20)
then:

0pa 0pn _0pa  Op1 | (1+muK, 1., 5
w0t gt =0 o+ () (Gudt2 +3902%)

_ Budy — %&p% (21)

where P is the total pressure in the annulus, dp;; and dpy, are the
total pressure perturbations at stations 1 and 2 respectively.

Hence, y; = OPe _ 0Pt

pUZ2  pU?
2.6. New compressor characteristics

It is known that liquid injection shifts the steady compressor
characteristics. The equivalent compressor characteristic ¥ pew
would therefore be:

Ynew = ¥c(Pa + 092) + ¥ (22)

2.7. Final Moore—Greitzer equations for liquid injection

The axisymmetric characteristics need to be specified for the
final Moore—Grietzer model. A cubic function as defined in Ref. [3]
is used. It is obvious that if ¥ ¢ can be expressed as sum of powers of
@, only even powers of Asin{ in the term 0®, will contribute to the



P. Kant et al. / Applied Thermal Engineering 31 (2011) 1703—1711 1707

integral in equation (11) and only odd powers in equation (12).
Inspection of these equations shows that for any form of ¥c, the
second power of A must be used. A parameter J(£), is introduced in
the Moore—Greitzer model to replace A:

JE) = A (23)
dy Dy w —
- Vz‘gf[%””‘}vﬁ 1(111)} zﬂ
11/+[C dE / l//c ®q(1 +mw)+5¢z)+¢j) (24)
0
ndA 1 F
<m+5)d_£ = W/ sinZ(t,//C(dia(l + Mw) + 0¢) +‘l/j)
0

The above set of equations (24) was solved in MATLAB using
fourth order Runge—Kutta differential equation solver. A very
small time step of 0.01 units was used to improve the accuracy of
the computed results. This time step is an order of magnitude
lower than the time step available in standard ode45 solver of
MATLAB.

3. Results and discussion

The following parameters are used to investigate the performance
of a compression system under wet compression conditions [22].

— Pressure Coefficient
=== Flow Coefficient
------ Disturbance Amplitude

%—-—-—
Y

0 100 200 300 400 500
Non Dimensionalized Time(&)

055}
" o5}
0.45}

0.4}

I~ i n L
0'%'.'25 0.3 0.35 0.4 0.45 0.5
(03]

Fig. 3. Compressor characteristics during rotating stall (a) variation of pressure coef-
ficient, flow coefficient, and disturbance amplitude with time (b) phase plot of flow
coefficient (@) and pressure coefficient (¥).

H=018, W=0.25,m=175,a=03,Ic=8,Kr=5.6

Govil and Kumar [22] reported that a stable system operation at
all values of B requires a value of K1 < 5.28. However, for a case,
Kr > 5.28, and B = 0.5, the compression system enters into rotating
stall [22]. Therefore, a point at Kr = 5.6 and B = 0.5, where the
system is in rotating stall has been chosen for investigating the
performance of the compression system with liquid injection.

Fig. 3(a) and (b) shows the operation of a compressor system in
a rotating stall mode at B = 0.5 and Kt = 5.6. The initial conditions
correspond to J = 0.05; ¥ = 0.66; ® = 0.50. Fig. 3(a) shows the
variation of the flow coefficient, pressure coefficient, and distur-
bance amplitude with time. It is clear from these figures that both
the flow coefficient and pressure coefficient drop and settle down
at a lower off-design value as compared to normal operating
conditions. It is also seen that the flow disturbance increases with
time and stabilizes at a much higher value than the initial value.
This indicates the occurrence of rotating stall in the compressor.
The phase plot in Fig. 3(b) shows that the cycle oscillations settle to
a lower pressure and flow coefficient. Since the system was oper-
ating under rotating stall, there is a drop in the final, converged
values of pressure and flow coefficients. This fact was also reflected
in Fig. 3(a). However these values of pressure and flow coefficients
are lower than the design condition values on account of persis-
tence of rotating stall under these conditions.

The effect of water and ethanol injection on a compression
system operating at rotating stall conditions (Kt = 5.6, B = —0.5) is
shown in Figs. 4 and 5 respectively. Liquid injection with a mass
flow ratio of 0.06 was carried out at time t = 500. The effect of water
and ethanol injection on pressure coefficient is shown in Figs. 4(a)

a ) . — Pressure Coefficient
4t === Flow Coefficient
S Disturbance Amplitutde

"o 200 400 600 800
Non Dimensionalized Time(£)

1000

0.7f
0.6f

0.5p

0.4}

057 0.3 0.4 05 0.6

[4)]

Fig. 4. Effect of water injection at t = 500 (a) variation of pressure coefficient, flow
coefficient, and disturbance amplitude with time (b) phase plot of flow coefficient (®)
and pressure coefficient (¥).
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0.5} |
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033 0.3 0.4 05 0.6
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Fig. 5. Effect of ethanol injection at t = 500 (a) represents variation of pressure
coefficient, flow coefficient, and disturbance amplitude with time (b) phase plot of flow
coefficient (@) and pressure coefficient (¥).

and 5(a) respectively. In both the cases, the system achieves a stable
state with an increased pressure coefficient after the liquid injec-
tion. Similar behavior is observed for flow coefficient after liquid
injection as shown in Figs. 5(a) and 6(a). The flow disturbances
reduced to zero in both the cases after liquid injection. The oper-
ating point of the compressor system shifts from point A (unstable
region) to point B (stable region) which shows that there is
a significant improvement in the performance of the system. This is
seen in Figs. 4(b) and 5(b), where the shift of the pressure and flow
coefficients to higher values than what they were initially, can be
observed. The system settles down to a state (B) which is a stable

0.75
== Sea Level
=== 11 Km altitude
0.7+ — Dry State
0.65}
0.6}
" 058}
0.5}
0.45}
0.4
d.2 0.3 0.4 0.5 0.6 0.7

O

Fig. 6. Effect of 6% water injection at sea level and 11 km altitude.

0.75
------ Initial stage
=== 5th stage
0.7F — Dry State
0.65} 1
0.6 4
" 055 -
0.5¢ E
0.45¢ |
O‘ A i " i "
.2 0.3 0.4 0.5 0.6 0.7

[44]

Fig. 7. Effect of 6% water injection at initial and 5th stage of the compressor.

state with improved pressure and flow coefficients. After liquid
injection, the pressure coefficient (which was initially 0.66),
increased to a value of ¥ = 0.6872 and ¥ = 0.6992 after water and
ethanol injection, respectively. There is in fact an improvement in
the pressure coefficient as compared to the design condition.
Ethanol injection results in better performance improvement as
compared to water injection.

3.1. Comparison of water and ethanol injection schemes

There are several factors that affect the operational character-
istics of a compression system, namely, type of the fluid injected,
amount of liquid injected, ambient conditions and the location of
injection (injection either at inlet of the compressor or at later
stages). Each of these parameters is of significance and needs to be
evaluated carefully to qualitatively evaluate the effectiveness of
liquid injection under various operating conditions.

Fig. 6 shows the compressor characteristics with and without
water injection at the inlet of the compressor at sea level and 11 km
altitude. The mass flow of water was 6% (m,, = 0.06) of the air flow
rate. The bold dotted line indicates the compressor characteristic
for dry compression (without any liquid injection). The compressor
stalls at a flow coefficient of around 0.5036. The corresponding
pressure rise coefficient was 0.656. With water injection, the
stalling flow coefficient has shifted to around 0.44 under sea level
as well as 11 km altitude. There is also a marginal improvement in
the pressure rise coefficient under sea level conditions. As
compared to the dry state, the compressor with 6% water injection
delays the onset of stall by shifting the stall flow coefficient to

0.75

----- 8% Water
=== 3% Water
0.7 — Dry State

0.65

A 0.6
- 0.55
0.5

0.45

0'8.2 0.3 0.4 0.5 0.6 0.7

O

Fig. 8. Effect of varying amount water injection at sea level.
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\r
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= Dry State

07t prven,

0.65¢

0.6}

\II

0.55¢
0.5¢

0.45;

0'6.2 03 0.4 0.5 0.6 0.7
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Fig. 9. Effect of 6% liquid injection (a) at the initial stage and (b) at the 5th stage at sea
level.

substantially lower values. The differences in the compressor
characteristic with different ambient conditions are due to the
density of air being higher at sea level than at 11 km altitude. This
leads to the ratio of density of air to water (1/K,,) at sea level to be
greater than the density ratio at 11 km altitude.

The effect of water injection (m,, = 0.06) at compressor inlet duct
and the fifth stage for sea level condition is shown in Fig. 7. Injection
at either the initial stage or the fifth stage leads to improved
compressor performance in terms of both the pressure rise as well as
stalling flow coefficient. Stalling at lower flow coefficients indicates
a delay in stall/surge initiation. With water injection, a substantial
delay in the onset of stall is observed. However, injection in the fifth
stage leads to better performance as compared to the injection at the

0.75

++=s+. Ethanol
=== Water
0.7+ — Dry State

0.65p
0.6}

- 0.55¢
0.5¢

0.45¢

033 0.3 0.4 05 06 0.7
(4]

Fig. 10. Effect of 6% liquid injection at the initial stages at 11 km altitude.

6

ek
@®

o
»

Stable Throttle Coefficient K;
[8)]
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b
N

2 3 4 5 6 7
%mass of liquid injected

Fig. 11. Effect of amount of liquid injected into the system.

initial stage. The reason for this is again due to the higher density
ratio (1/Ky ) at later stages as compared to initial stages. Fig. 8 shows
the effect of the amount of water injected at the fifth stage on the
compressor characteristics. The dry case of the compressor charac-
teristic is compared with the case of 3% and 6% water injection.
Substantial increase in the stall limit as well as pressure coefficient
can be observed. For instance, when the amount of injected water is
increased from 0 to 3% and 6% (in 5th stage at sea level), the
compressor stalls at ¢ = 0.4679 and ¢ = 0.4551 respectively instead
of ¢ = 0.5036 which corresponds to the case of a dry compression. It
was observed that the pressure coefficient and stall margin
increased with increased amounts of water injection.

The effect of water and ethanol injection at a mass flow ratio of
0.06 is compared in Fig. 9(a). When compared to dry state
compression, the injection of both the liquids leads to a substantial
increase in the stall margin. There is also an improvement in
pressure rise coefficient though not as high as the stall margin.
Ethanol injection gives a marginally higher pressure rise coefficient
as compared to water injection. The reason for this is due to the fact
that ethanol has a lower density as compared to water. Therefore
the air—liquid density ratio (1/K,,) for ethanol is higher than that of
water. An identical improvement in both the cases is seen at initial
and fifth stage as shown in Fig. 9a and b.

To achieve the same pressure rise as that of 6% water injection,
5.98% less ethanol needs to be injected than water. However, in this
case, there is 2% decrease in stall margin compared to water
injection. Similarly, to obtain the same stall margin as in case of
water injection, 4.2% less ethanol needs to be injected and this
would result in 1.1% additional pressure rise compared to water
injection.
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Fig. 12. Effect of velocity of injection the liquid on the stable throttle coefficient.
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Fig. 13. Effect of water injection at 5th stage of compressor during surge.

Fig. 10 shows the improvement in the performance of the
compressor at 11 km altitude. It is interesting to see that at 11 km
altitude, liquid injection results in a substantial increase in the stall
limit for both the cases. However, there is a marginal decrease in the
pressure coefficient for liquid injection at 11 km altitude. This could be
due to the reduced air—liquid (1/K,,) density ratio at 11 km altitude.
Similarly, the liquid injection at fifth stage for 11 km altitude results in
substantial increase in stall margin with negligible pressure rise.

Fig. 11 shows the variation in the stability limits of the
compressor system with the increase in the amount of liquid
injection. A stable performance can be obtained from a compres-
sion system even at higher values of throttle coefficient, Kt when
the amount of liquid is increased. For instance, in the present case,
when 6% water is injected at the initial stage of the system at sea
level, a stable operation can be achieved at a throttle coefficient, Kt
as high as 5.80. However, a change in injected fluid from water to
ethanol results in a stable operation for Kr as high as 5.83. There-
fore, for a given mass injected at the initial stage, ethanol injection
appears to be more efficient as compared to water injection.

Fig. 12 shows the effect of velocity of liquid injection into the
system for both the cases. Here, the velocity ratio indicates the ratio
of liquid injection velocity to that of air flow velocity at that point.
For a given velocity ratio, water injection appears to be more effi-
cient than ethanol injection. This is due to the higher density of
water which essentially leads to an increased momentum of the
injected fluid and helps in stabilizing the compressor operation at
higher throttle coefficients when compared with ethanol injection.

In order to study the effect of liquid injection on surge of the
axial compressor, water and ethanol injection was used at a higher
Kr value of 6.6 which corresponds to surge. Fig. 13 shows the
response of the compression system with 6% water injection. The
disturbance amplitude that was initially high reduced to zero with
water injection. But the pressure and flow coefficient fluctuations
are not controlled with water injection. Similar results were
obtained with ethanol injection as well. This means that liquid
injection has negligible effect on surge. However, since it has
already been observed that liquid injection does control rotating
stall, use of liquid injection during rotation stall would avoid the
compressor going to surge condition.

4. Conclusions

The behavior of an axial compressor subjected to wet compres-
sion is investigated in this paper and it is found that liquid injection
into the unstable system stabilizes the system operation and also
improves the thermodynamic performance of compression system.
The effect of water injection has been compared with ethanol

injection into an unstable compression system. It is found that the
gains in terms of stall margin improvement and pressure rise coef-
ficient are much better for ethanol injection case as compared to the
case of water injection. This is due to the fact that the density of
ethanol is less than that of water. Therefore, it appears to be more
beneficial for the airline industries to employ the ethanol-based
liquid injection scheme as compared to water injection because the
combustion of ethanol vapor would also release additional energy
during the combustion, this helping in further thrust augmentation.
During the current study, it was observed that injection of a liquid at
later stages results in improved stall margin and higher pressure rise
as compared to liquid injection in the initial stages. It was also
observed that ethanol injection is a better option than water for
improving the performance of the compression system.
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