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ABSTRACT

Evaporation of a water droplet flo、 ving through an axial ■ow compressor is studied theoretically and

experilnentally A droplet evaporation rnodel applicable to a rapid change of ambient air temperature is proposed

Change in droplet diamete二  evaporation ratc and resultant temperature decrease of the ambiont air are

calculated with the ettect of heat absorbed by the、 vater in the droplot taken into consideration The model has

been verifled by fundamental experirnent using a high temperature wind tunnel.Cumulative evaporation proflle

along axial position is estirnated by the model for the colnpressor of a heavy duty gas turbine and design

consideratioIIsヽ″ith respect to diameter ofthe atonlized、 vater droplet arc made for practical appLcation

l.INTRODUCTION

卜loisture air gas t■ lrbine CvIAT)cycle has been recently put into comlnercial operations to augment power and

efflciency of gas turbines especially for solution tactics of peak electricity demand in surxlmer Taking

advantage oflargo evaporative latent heat of watet the cycle e∬ ectively cools intake asヽ vell as compressed air

of the compressor by illJecting inely atomized normal temperature water droplets at inlet to the compressor

lts principle and experilnental veriflcation wore reported[4‐ 6]u‐alsh et al reported a technology acquisition

program for inlet fog boosting of gas turbines[7J

Cooling of the intake air(inlet air cooling efttct)inCreases lnass■ ow of the air introduced to the compres30■

which results in the illcrease of gas turbine power output ヽ
～
「heroas, vハ th the evaporation of the water in

droplets flowing through the colnpressor,1lke coincident realization of both intercooling and steaFn ittection,

specinc power may be a180 inCreased Power boosting and compressor performance characteristics may be

greatly afFected by the water evaporation rate I― Ience,the performance evaluation of the ⅣLttT cycle req饉 res

detalled analysi3 0f the tenlperature prOflle along the air no、 v path resulting fronn the evaporation.There are

few rererences available in this cOntext Hlll derived an analytical expression for wet compression[11

Cranfleld university evaluated gas tuビ bil■e perforinanceヽvith water lllJection and showed efficiency of the

compressor is imprOved[31 SucceSSful cooling ofcompressed air by the evaporation ofwater droplets has been

conirmed by a 15 MW axial l10w load colnpressor〔 5]Hor10Ck ind■ cated an effective increase in the speciflc

heat within the coilnI、 res3or due to the latent heat reitirelllent ill evaporation〔 15]Utamura et al Calculated

ldeai compleも S1011ヽ Volk oi[1lt(111ヽ aヽ ter“ 1ふ tuェ eヽ lLll pllase cilallge t4i ana Obtaillea numerical resultS that the
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、vork required tO drive the compressor is reduced、
vith the amOunt Of water ln3ected These studies,hOweve■

assumed isentrOpic change of state, regardless Of liIIIlited speed Of heat and mass transfer rates,which nlight

more Or less lead t0 0verestimatiOn Of the evaporation rate Tsuchiya et al calculated the evaporation til■
e of

water droplets in the air stream with cOnstant temperature 12〕
EvaporatiOn mOdels prOpOsed so far mOstly

assumed therrnal equihbriulln in the droplet,1.e.all heat absOrbed by water is discharged tO the amblent air in

an lnstance with evaporative latent heat[10‐ 13] Prevlous wOrks with respect tO water fogging tO the

COmpressor has been well re宙 ewed by the reおrences[7,8]

Focusing upon the evaporatiOn rate in the axial f10w cOmpresso二
 the present study ailns tO estabhsh an

evaporation mode1 0f droplets■ 0、ring thrOugh the axial llow cOInpreSsor where the、
vater droplet is exposed to

a rapid temperature change Of the a■ r in bOth space and tirne_Tン piCally dtlring 10ms Of the residence tilne of
the air in the compressO二 air temperature rise isIInore than 300 K where steady state mass and heat transね

r
may n0 10nger bO assumed ln this papet the analytical lnOdel that treats transient evaporatiOn phenomenOn

as a quasi steady state is propOsed and appl■ ed tO industrial gas turbines Experilnent tO ver■
f57 the modelis

alsO desc五 bed

2.THEORY

2.l Physical Model

Fo110wing assumpuons are made in the analysis:

①the water droplet is spherical shape dunng evaporatiOn,

②air steam m破 ture is ideal gas,

Othe air near the drOplet sllrface is satttrated at the temperatllre ofthe droplet surface,

Othe water temperature in the droplet is spatially homOgeneOus,

()vapor pressure is negligibly sman to a total pressure in the cOmpressOr,

⑥ velociけ ぬ娩 rence between the droplet and a静 is suttciently large,

① the temperature ofthe dry gas is cOnstant within each stage,

C)the temperature Of stearn evaporated instantly increases up tO that Of gas mixture,and

C)evaporation rate is prOportiOnal to the total surね ce area ofthe droplets and the dfbrence between the vapOr

pressllre near drOplet surface and ambient One

Since theぬtal amount Ofwater drOplets evaporated in the cOmpressoris very smallin the MAT cycle,i.e the

order Of l_20/O at rnOst tO air mass ratiO,the change in the d■
ameter of water droplets、 v」l essentially be

independent Ofthe total amount evaporated AccOrding to the assumption(Э
,the change Of wa“ r mass ofa

single droplet due tO evapOration、 vas considered in the model.Then,the tOtal amOunt evapOrated would be

obtained by the change in lnass Ofthe droplet times the number of drOplets ltis known the water droplet with

the dlameter Ofthe Order Of loμ
 m has spherical shape due to large surface tens10n effect

CFD studles cOnducted by Utamura et al[61 inttCated that drOplet 10_20μ
 m in diameter wOuld f01low the air

flow path,running behind the air by abOut 40 Hゴ s Under this relative velocitt aCCOrding to Tsuchiya[21,time

required for a 15 μm droplet tO cOmplete its evaporation(eVaporatiOn time),ranges from o l_l ms under tAe

temperature dttrence3 0f l-lo K whereas a typical time of ight of alr through a stage in industrial

compressors is l ms.As above twO values are of the same Ordet unlike previOus wOrks 12,11],thermal

equihb丘 um of a water droplet can no 10nger be assumed.Thus, time dependent anaけ
sis iS needed.Fig l

shows Outline of the analytical lnOdel Nヽ th unknOwn variables r and T,,f0110wing equatlons holdi
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mass conservation OfヽVater i

dr/dt=‐ W/(ρ S)

energy conservatiOn with heat absorption of the droplet taken into consideratiOn i

Cp_m dTw/dt=Q‐ Lw

where,

Q iS heat conduction fron■ the ambient air tO the Water in the droplet,

Q=4だ rk G(Tam‐ Tw)

、「is evaporatiOn rate of the representatiVe water droplet,

w=4π raF(lv1/R)(P(Tw)/Tw‐ Pam/T諦

(2‐ 1)

(2‐ 2)

(2・ 3)

(2‐ 4)

in which F and G are forced. convection correciion factors Il0,13] to the evaporation in stationary air without

gravity,

F for mass transfer,
(2‐ 5)

F=1+0.275R"d05S"I''

G for heat tlansfer,
G= 1+ 0.275R"d05P.I'3 (2-6)

Ambrent vapor pressure P* is calculated by usi'ng absolute humidity X and gas phase total presswe For

many gases, the value of S" is almost equal to that of P,. So, essentially G = F , i'e' Lewrs number(L') is unill' In

our topics, the right hand srdes of Eqs. (2-5) and (2-6) are calculaled to be about 2-3 in the range of air

Lemperatures 330-tj00 K and relative velocity of air to th€ water droplet is 40 m/s From Eq'(2-2)' rn thermal

equilibnum Q = Lw holds from which droplet temperature T" is obtainedlL i's interesting to note that T ' is

independent of droplet size prornded L" =1

hgw

Mass

…

Liquid phase

dmw/dt=‐ W
Pam(χ)

dHydt=Q_hgW
hgw

Q

Gas phase

dttyat l soti■ Qt
Sout

Fig l ;\nalytical ivlodel
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2.2 S01utiOn PrOcedure

lllliTiiSe°

f the dry air temperature due tO、vater evapOratiOn through the compressor ma-y be expressed

JT,, = N i (Q + C,,(T"--T_".)w) d il( Co, W,+Co,y,.;
which can be converred into a discretized ibrrn in terrns of stage

lTo = :(Ne,"ar.l(Cp.lV.) + NwAt,(T"*-T*^")AV,)i(Cu"/Co. +.f ) e-7),tn rvhrch stage averageci hear conductron e,, has to be expressed rn a concrete form.
Because of very short residence lime of droplet in the stage, we have to consider rhermal non-equilibrium effect.Since Eq-s' (2'1) and (.2-21 arc firsl order drfferential equations. we may write sorutrons of stage exit watert'emperature T*" and sLage ayeraged o,e T*,, rn an approxrmat.e form as

Ti*-= l .-( l - l'*,) e.rpr-j1/1y
T*., =, ,,'T* dt /l t = T,. r (T*, - T*") f rla t)

(2‐ 7)

(2‐ 8)

(2‐ 9)rvhere

r = ,c C,^ rri(Bc)1(k - aLMp(T.")l(RT..,)) 
(2. 10)with approximatrons (TT .)=T -: and P(T) =P(T.) being mad.e. Accordrng to Eq.(2-10), r vanes from 0.b to0'35 ms correspontling to T*- variations from 300 to 600 K . These are of the same order of the dropretresidence time I ms rn a sfage For example ilrve take r to be 0.b ms, then from Eq.(2-g) droplet temperarurerise in a stage would bc 15 9'o smaller than that rn the ca-qe of assuming thermai equilibrium. Therefore, iL isunderstood that the existence of the leil hand side of Eq.(2-Z)is rmportrant. As a result, temperature rise of thewater in droplets would be delayed tn rhe compressor when we take the effect of heat absorption by the waterdroplet into consideration.

Then. from Eqs.(2-B) and (2-g), rye can derive an expression for e",,
Q,- = 4 rr kGt(T,,, .T-.)+(T_. .T*,) (l-exp(-tUr) (r/10)l (2-11)Putting Eq (2'11) into Eq (2-7)" ,*-e can calculateard . T*" in Eq.(2-g) is regarded a-. T*, of the next stagedownstream and calculation proceeds stage by stage.

Integratron of Eq (2-1) u'ith Eq'(2'4) into consrderation gives the change of droplet radius squared wirhrn astage

ri: - re2= 2 a-\{Gat;,(pR)/(p,*/T". _ p(,f*,,)/T_,,) 
{2-r2)calculation proced"ures follow Given stage temperarures of dry air flowi.ng through compressor stages, theamount of temperature drop of the gas and cha.ge in droplet cirameter were calculated consecutrvely stage bystage from the entry to the stage where evaporation completes.

2. 3 Calculation Results

Taking an axial flow compressor ofa 115 NIW
class stationary gas turbine as an example
given in the reference I4], evaporatron
behavior of a water droplet was calculated
from the inlet to thc exit of the compressor
with ambient condiLions S0g K and 60 o/oR.H

The air at the inlet was assumed to be
saturated (30110 bf inlet ar cooling effect.
A droplet velocrty relative to the working fluid
florv was assumed to be 40 mis based on CFD

3  4  5  6  7  8  9 1o ll 12 13 14 15 16 17

Stage narnberl→

Fig 2 Droplet Diallleter PrO■ le
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results 16〕 The amOunt of liquid water

introduced tO COmpressor、 vas l%6 to air maSS

ratiO  Fig  2 shows calculation results of

droplet diameter change along axis of thC

conlpressor With initial droplet diameters 10,

15 and 20 μln as parameter Calculations

were made liDr cases with and withOut the

assumption   of   thermal   equilibrium

Evaporation delayed in larger droplet, which

is marked more in thermal non´ equilibrium

model The temperatures ofthe、vater droplot

as well as gas are given in Fig.3 1t is worthy

of  note  tllat  in  slnaller  droplet  gas

temperature drop at Πlid‐ stage is larger, but

smaller at exit of the colnpressor The larger

the initial droplet diameter,the higher gro、
:s

the liquid temperature at the completion of

evaporation  Fig 4  compares  equilibrium

model 、vith that of nOn equilibrium  The

equilib五 urn model gave gas temperature

allnost independent Of droplet size and higher

gas  temperature  than ill  that  of noll・

equilibrium lt is because heat iS removed

more ill the non― equilibrium state of change

where the droplet works as a heat sink Fig 5

sho、vs  temperature  drop  through  the

compressor aS function of the initial droplet

diameter lt is interesting to note there is an

optimurn droplet diamoter around 22 μln that

cools the air most effectively Jdl droplets

belo、v 22 μm 、vere found to complete their

evaporations within the compresso■  Heat of

dtt air is removed by O latent heat of

evaporation,②  steam heating and C heat

absorption by the water drOplet As the initial

dropbt sLe becomes large■ ettcts of O and

② become smaller but larger the ettct of O

to tho contrary

Stage polytropic exponents were evaluated

based on the above calculations

nj=ln(P,_1/P,)/1n(T,P」 .1/(P,T,+1))   (2‐ 13)

250

0 1 2 3 4 5 6 7 8 9 1011 12131415 16 17

Stage number(‐ )

Fig 3 Temperatures of｀Vater Droplet and Cas

Inlet gas temperature: 301 K, 100 7oR.H

20 μnl)

Nb■ (15 μm)

0     5     10    15    20    25    30    35    40

Water droplet size(μ m)

Fig.5 Temperature Drop Through the CompresSOr

as Function of the lnitialヽ tゝer DrOplet Size

5(Ю700

（
Ｙ
τ
』
●
一
●
鷺
こ

Ｅ
一２

」
３

ご
Ｆ

４５０

佃

３５。

硼

御

瑚

佃

期

（】
）〓
〓
●
』
●
。
日
婁
士
く

珈
　
　
　
卿
　
　
　
Ⅷ

（
ｙ
）
●
Ｌ
「〓
●
Ｌ
●
０

″́“●
一
』
一
く

60

０

　

　

０

　

　

０

２

　

　

１

（】
Ｖ
●
協
餞
α
日
ｏ
り
■

一
０
“
●
〓
〓
〓
ｏ
。
Ｅ
。
い

200

Non-equilibrium{ 10 Pm)

o  1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17

Stagc number(‐ )

Fig 4 AIF Temperature Proflle

The polytropic exponent had lower values while evaporation proceeds. It should be noted that the value ranges

below the value ofsuper heated steam 1.3 even though steam concentralion is very low. This low value u'ould

tend to shrft compression process from adrabatic to isothermal and result in less n-ork to drive the compressor'

Afrer completron of evaporation, the poll'tropic exponent tncreases again to reach aroLlnd that ol'dry alr 1'4'

In10t alr c6五 ditio五:301 Кf100%R:H
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3. EXPERIMENT

3. I Sauter Mean Diamgtel

The accuracy of this calculation was verified by a controlled experiment. Definition of Sauter \Iean
Diameter(SMD) of water droplels with vanous diameter follows.

SMD = E(N,*Di3)E(N,*D,') (3‐ 1)

Where N, is the number of dropLets of ith band of droplet size. Physical meaning of the SMD is the average

diameler under the condition that the total surface area ofall droplets are conserved( equal Lo ihe surface area

of a droplet with the SMD times the number of droplets) and is obtained experimentally. The SMD may be a

good representative diameter for

heat and mass transfer phenomena

of droplets with distributed
diameters because transfer area is
conserved.

3. 2 Experimental Verification

Experimental apparatus is shown in
Fig.6. Hot air was introduced into a
test section via a wind tunnel by a

fan with heater. A spray nozzle was

installed at the position of 600mm

downward from the iniet of air. The

two phase spray nozzle was an

internal mixing type, to which water

and air were supplied at the

pressure of 0,39 MPa. The volume

raiio of air to water was 1000 with
the SMD of about 10 lrm. The

temperatures of air in the test section were

measured at 14 points along the flow pass.

The droplet sizes were measured at 50mm

downward &om the spray using a laser

diffraction drop size analyzer. The

accuracy of drop size measurement was

examined using the standard particles with

the diameters of 10.35 and 48.6 pm. The

measuring error was within 4 7o.

The drop size distribution of the

evaporated water was calculated by

subtracting the drop size disribution

measured at room temperature from that

at higher temperature as shown in Fig.7.

The volume decrease due to the warer

Fig. 6 Experimental Apparatus

Fig. 7 Dropiet Size of Evaporated Water

0.01
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Prg.8 Uomparison of Evaporation Rate Coefficient
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evaporation could be expressed as tbllows using Eq. (2-1) and Eq.(z-a).

dv/dt = d(.lrl3)In,r,3)/dl = 4cIn,r,(r,dr,/dt) = 4rln,r,a FOVR)(P(T*)/T* - P"./T")lp

=4nCIn,r,
rvhere C rs che evaporation rate coe{frcient and is assumed to be independenl of the drop size w'it,hin the

expertmental error when the drop is smaller than 10 pm. The air velocity was maximum at the cenber of fhe

test section because of a;et from the nozzle. The average air veloclty was 50mls at lhe measuring point of rhe

droplet size. As shown in F'rg.8, the calculated evaporation rate coeffrcienl was in good agreemeni with the dara.

So the evaporation model could be used under high temperature and high arr velocity

4. CONCLUSIONS

Evaporatron beharaor of water droplets was analyzed usrng the heat and mass transfer model wrlh the effecr of

heat absorbed taken rnto considera[io1. !-ollowing conclusions rvere r,r'ith drawn:

1)Above rhe droplel d.iameter of 5,rz m, the heat absorption by the dropler i.e. non-equilibrium effect becomes

significant.

2)Temperafure drop of gas through compressor stages becomes maximum at water droplet initial diameter of

22,u m.

B)Suitable definition of droplet mean diameter iyas confrrmed to be Sauter \Iean diameter(SNID) with respect

to cooling capacity'.

4)The modei were verified by the experiment using a high tempera[ure wind tunnel.

NON,,lENCLATURE]

a molecular diffusrvity of steam (m2ls)

Cp: specihc hear 1J/(kgK))

D: diameter of water dropler (m;

F: correction factor of mass iransfer coefficient for

forced convection (-)

G: correction facior of heat transfer for forced

convection (-).

H: enthalpy (J)

h: specific enthalpy (kJ/kg)

k: thermal conductivity of gas mxture(practicallv

dry air) flM/mil$
L. evaporative latent heat of water (J/kg)

IvI : molecular weight of s'ater (kg/mol)

m: mass of representative water droplet ftg)
N: the number of water dropiets entering

compressor at iniet l/s)

n;: polytropic exponent at the jth stage (-)

P . saturated vapor pressure at Trl'( Pa)

P;: iatal gas pressure at the 1th srage (Pa)

Pam: ambrent vapor pressure( rn the stream) (Pa)

Pr : Prandtl number (-)

Q: hear conduction to water droplet from ambient

(3-21

air (W)

Qav: average of Q in a stage( Eq.(2-11)) (W)

R : gas constant (J/(mol K))

Red: dropiet Reynolds number (')

r : q'ater droplet radius (m)

S: surface area of a water droplet (m2)

Sc : Schmidt number (-)

So,,: external work 11,\)

Tam: dry air temperaiure in gas path (Ig

Tj: gas temperature at the jth stage (IO

Ttv; wa[er drop]et temperature (K)

Tivr: water droplet temperature at stage entry (X)

Twe: water droplet temperature at slage exit (I!
T\vav: average warer lemperat.ure ln a stage

(Eq.(2-e)) t10

Too: droplet temperature in thermal equilibrium(I!
A t: residence lime of droplet in a stage (s)

A Td: lempera[ure drop of air by evaporation (K)

t: ilme (s)

V axral velocity of air (m/s)

w: evaporation rate ofa representative water

droplet (kgis)

880



Wa: mass flow of dry air (kg/s)

Ws: mass flox'of steam (kg/s)

x: a-xial position (mt

Su{fices

a:alr

am: ambient

av: average

d; drop

e: exit
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