Multicomponent and
High-Pressure Effects on Droplet
Vaporization

This paper deals with the multicomponent nature of gas turbine fuels under high-pressure
conditions. The study is motivated by the consideration that the droplet submodels that
are currently employed in spray codes for predicting gas turbine combustor flows do not
adequately incorporate the multicomponent fuel and high-pressure effects. The quasi-
steady multicomponent droplet model has been employed to investigate conditions under
which the vaporization behavior of a multicomponent fuel droplet can be represented by

S. K. Aggarwal a surrogate pure fuel droplet. The physical system considered is that of a multicomponent

Department of Mechanical Engineering, fuel droplet undergoing quasi-steady.v.aporiza.tion in an environment. characterized by its

University of lllinois at Chicago, temperature, pressure, and composition. Using different vaporization models, such as
Chicago, IL 60607 infinite-diffusion and diffusion-limit models, the predicted vaporization history and other

relevant properties of a bicomponent droplet are compared with those of a surrogate

H. C. Mongia single-component fuel droplet over a range of parameters relevant to gas turbine com-

GE Aircraft Engines, bustors. Results indicate that for moderate and high-power operation, a suitably selected

Cincinnati, OH 45215 single-component (50 percent boiling point) fuel can be used to represent the vaporization

behavior of a bicomponent fuel, provided one employs the diffusion-limit or effective-
diffusivity model. Simulation of the bicomponent fuel by a surrogate fuel becomes increas-
ingly better at higher pressures. In fact, the droplet vaporization behavior at higher
pressures is observed to be more sensitive to droplet heating models rather than to liquid
fuel composition. This can be attributed to increase in the droplet heatup time and reduc-
tion in the volatility differential between the constituent fuels at higher pressures. For
ignition, lean blowout and idle operations, characterized by low pressure and temperature
ambient, the multicomponent fuel evaporation cannot be simulated by a single-component
fuel. The validity of a quasi-steady high-pressure droplet vaporization model has also
been examined. The model includes the nonideal gas behavior, liquid-phase solubility of
gases, and variable thermo-transport properties including their dependence on pressure.
Predictions of the high-pressure droplet model show good agreement with the available
experimental data over a wide range of pressures, implying that quasi-steady vaporization
model can be used at pressures up to the fuel critical pressure.
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Introduction dated for pure fuels, and their extension to multicomponent gas

thrbine fuels may not be straightforward. Third, the methodolo-

The design of advanced gas turbing combus;ors Is ingrez;sin gs to model turbulent-chemistry interactions for single-
relying upon CFD-based met.hodologles. To Fh's end, sgmﬁca mponent fuels would require modifications for jet fuels, espe-
advances have been made in the computational capabilities Oy for predicting soot

predicting the detailed structure of reacting two-phase flows in gas y P g '

5 2 ) Another issue pertains to the gasification behavior of an iso-
turbine combustors. However, several critical issues with regarel?ed fuel droplet. A multicomponent dropld8,4]) is known to
to the physical-numerical modeling of these flows still remai ) !

. . - xhibit a significantly different gasification behavior compared
unresolved. One such issue pertains to the realistic represent g y 9 P

. . {h that of a pure fuel droplet. These differences have been at-
of the multicomponent nature of gas trbine f“‘?'s- _The SPra¥huted ([3-9)) to transient liquid mass transport in the droplet
codes that are currently employed in the gas tu_rblne industry ferior, volatility differential between the constituent fuels, phase
based ona smgle-compo_nent droplet vaparization SmeOdel’ juilibrium at the droplet surface, and thermo-transport properties
though it has been recognized that gas turbine fuels are multlcom

. - Y S ““that are functions of mixture composition, temperature, and pres-
ponent with a wide distillation curve. This raises several questiogs .« "4 order to address these complex issues for jet fuels in a

regarding the applicability of these codes. First, the gas'f'cat'%@stematic manner, we have taken a first step, i.e., study the va-

]E)eha\tll?r of rtrkllulttlc?mponent fude_l sprays rfna)ll be qualltﬁgl_vely d'lporization behavior of a multicomponent fuel droplet and examine
erent rom that of corresponding pure Iuel sprays. 1hiS WOUlgy can pe simulated by a surrogate pure fuel droplet.

imply that a single-component spray model would not be adequateln this paper, we examine conditions under which the gasifica-

to predict the realistic fuel vapor distribution in a gas turbin(ﬁ n behavior of a multicomponent fuel droplet may be repre-
_cor_n_bustor. This wc_)_uld clearly have an impact on the predict nted by a surrogate single-component fuel droplet. The range of
ignition, flame stability, combustion characteristics, and pollutagfjitions considered corresponds to the operating range of gas

levels. Second, the detailed and/or reduced chemistry models bine combustors. The state-of-the-art vaporization moiéls
hydrocarbon fuel¢[1,2]) have generally been developed and valig]) are employed for both the multicomponent and single-
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these models is to assess the effect of transient liquid transpaharacteristic gas-phase time is much shorter compared to the
especially that of temperature and concentration distributiotiquid-phase transient time as well as the time associated with the
within the droplet interior, on the prediction of droplet vaporizasurface regression rate. This requi@8]) that the ratio of gas
tion rates under conditions relevant to gas turbine combustodgnsity to liquid density be at least an order of magnitude smaller
The thermophysical and transport properties of both the gas phésan unity. Other assumptions include spherical symmetry, phase-
and liquid phase are calculated in a comprehensive mannereduilibrium at the droplet surface, and negligible secondary diffu-
should be noted that numerous previous studies have examiséh and radiation. Then, the energy and fuel-vapor species con-
the gasification behavior of multicomponent fuel droplets. Howservation equations can be written as

ever, none of these studies have focused on the issue of simulating

the vaporizqtion behavior of a multicomponent fy_el droplet by a _(rzpv cp(T—TS)—rzpDcheM) =0 1)
surrogate single-component droplet under conditions relevant to dr dr
gas turbine combustors. d av
Another objective of the present study is to extend the low- |2 2y
; - . pvY;—r<pD 0 (2)
pressure quasi-steady droplet vaporization model to high-pressure dr dr

(_:on_ditions inc_quing the thermodynamic supgrcritiqal state of trU@herer is the radial coordinate; is the gas or Stefan flow veloc-
liquid fuel. This is motivated by several considerations. First, tq Le is the gas-phase Lewis number, ands the mass fraction
modern turbo-propulsion gas turbine combustors operate at Pregi, el species withi=1,2, . . .N. In addition,T is the ambient

sures approaching or exceeding 40 atmospheres. Second, in hdsneratureT . the droplet surface temperatugethe gas density,
performance military engines, the liquid fuel is being looked at he gas specific heat at constant pressure, Ratide diffusion

. )t
the primary coolant for on-board heat sources, and may attainGesicient, With appropriate boundary conditions, the solution of
critical state before it is “atomized.” Third, the high-pressure ga q.(1) atr=r., yields

ification phenomena exhibit characteristics that are distinctly di

ferent from those in a low-pressure environment. For example, the Cp(Te—=Ts)

gas-phase nonidealities and the liquid-phase solubility, which are 477p—DLe[1/rS_ Ur.]=In 1+ H ®
negligible at low pressures, must be taken into considerations as ] )

the ambient pressure approaches the critical state of the liqiyfile the solution of Eq(2) atr=r yields

fuel. Finally, the liquid-vapor equilibrium at the droplet surface m e —Y.

and the latent heat of evaporation are markedly different at low ——[1hr =1 ]=In| —=]. (4)
and high-pressure conditions. Consequently, the conventional 4mpD i~ Yis

low-pressure droplet models may not be valid at pressures negin Eq. (3) represents the energy supplied to the drofget unit
and exceeding the fuel critical pressure. mass of fuel vaporizedor heating and vaporization, and rep-

The transcritical droplet gasification phenomena are also reksents the vaporization rate. Furthey, is the radial location
evant to diesel and liquid rocket engines. Consequently, a numbgpresenting the ambient conditions, which are assumed to be
of experimental, analytical, and computational studies have begpecified at infinity for an isolated droplet, aagis the fractional
reported in this area. Experimental studies have employed thgporization rate of speciésgiven bye;=m; /m. Summing Eq.

porous-spherg{10]) (for droplet combustion suspended-droplet (2) over all the fuel species and integrating the resulting equation
([11]), and freely falling droplet[12]) configurations to examine yields

the supercritical droplet gasification behavior for a variety of lig-
uid fuels. Computational studiggl3—17) have often considered
an isolated, stationary fuel droplet which is suddenly placed in a 47ApD
high-pressure environment. Detailed simulations based on the so- . .
lution of transient, spherically symmetric gas-phase equatioW ereB is the transfer number given by
have been reported. Major differences between the various theo- Yie— Yi
retical approaches have been in the treatment of liquid-phase B:W' (6)
i i fs

transport processes and the representation of high-pressure effects.
These effects in general have includgda nonideal equation of Equations(3), (4), and(5) can be combined to obtain expressions
state with appropriate mixing ruleéi) liquid-phase solubility of for ¢; andH. Details are provided in Ref10]. The droplet size
ambient gasedgjii) high-pressure treatment of liquid-phase equihistory is computed using
librium based on the fugacity of each phase, &w effect of
pressure on thermo-transport properties. An extensive review of s _ @)
the published experimental and computational investigations is dt 27rgp,
provided by Gilver and Abrahaifi8].

It is important to emphasize that our objective is to evaluateg

[l — 1. ]=In(1+B) (5)

2 .
drg m

In summary, the low pressure model for both the single and
ulticomponent fuel droplets considers gas-phase processes to be

high-pressure droplet vaporization model within the framework uasi-steady phase, equilibrium at the droplet surface, and tran-

the quasi-steady approximation, such that the model can be e f&nt liquid-phase processes represented by either the infinite-

nomically incorporated in high-pressure spray algorithms aPP"Bitfusion model or the diffusion-limit mod€]7,9]). As discussed

priate for 1-10 million node calculations for gas turbine simulgg o eyt section, the phase equilibrium is represented by the
tions. While more advanced vaporization models based on usius-Clapeyron relation for each fuel component, supple-

transient gas-phase analysis may be more desirable under higit o 1y the Raoult's law for the multicomponent case.
pressure conditions, it is currently not feasible to employ them in
comprehensive spray computations.

High-Pressure Models

The Physical Model Two high-pressure models are employed. The first model is

An isolated multicomponenfcontainingN components fuel based on the ideal equation of state and does not consider the
droplet evaporating in a high-temperature high-pressure envir@slubility of gases into liquid. Consequently, the phase equilib-
ment is analyzed. The droplet size, ambient temperature, and pmasm at the droplet surface is represented by using the Clausius-
sure are considered in a range that corresponds to a wide rang€lafpeyron relation for each fuel component, supplemented by the
power requirements for a gas turbine combustor. The gas-ph&aoult's law for the multicomponent case. The Clausius-
processes are assumed to be quasi-steady, which implies thatGkepeyron relation can be written as

Journal of Engineering for Gas Turbines and Power APRIL 2002, Vol. 124 | 249

Downloaded 29 Aug 2008 to 134.131.125.50. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



. . =h9%— 2 .
.- p{L,Mf,(l 1)] - hi=he—RTX(In ¢ /9T)p x (16)

Ro \Toi Ts where the enthalpy; is in J/mol, and the universal gas const&nt
where the subscript refers to the fuel componeit X,; is the is in J/mol/K. The vapor and liquid phases refer to the same state
equilibrium fuel vapor mole fractiorl,; the boiling temperature 0. Then, the latent heat of evaporation is defined by the difference
at a given pressur@, L; the heat of vaporizatioriconsidered of the vapor and liquid-phase enthalpies
function of T4 and pressupe M;; the molecular weight, an®, L—hV_nt 17)
the universal gas constant. The vapor mole fraction of each fuel b '
component at the surface is calculated using the Raoult’s law . .

Thermophysical and Transport Properties

Xis = XitsXoj ©) A detailed algorithm is developed for calculating the variable
where X;;s is the liquid mole fraction of fuel specigsat the thermophysical and transport properties of both phases. For the
surface. The vapor mole fraction of each fuel species at the drdigiuid phase, the variable properties are considered for both the
let surface ¥;s) can be calculated fronX;; andM;, while T,;  single-component and multicomponent fuels. For a majority of

andL; are calculated as cases, the data is compiled from various souff28,24—28) and
is employed in the form of polynomials. All the thermo-transport
Tpi=A1/(A=In(P)) (10)  properties are considered to be pressure, temperature, and species-
T.—T.\038 dependent. The procedure along with the relevant equations are
LIZ(L) Loi (11) provided in Refs[19] and[23].
Tei= Toni The calculation of thermo-transport properties was confirmed

whereA,=L,;. M; /Ry, Ay=A,/Tpni, L, is the heat of vapor- by independently using the Chemkin subrouu([e@,ZEﬂ)l as well
ization at normal boiling temperaturd@y,,)), andP is the pressure @S by comparing with experimental daf@5-27). As discussed
in atmosphere. The liquid-phase transient processes app@aRefs.[19] and[23], the property algorithm was shown to re-
through the variable;,s and T, and are represented by theProduce the experimental data quite well. )
infinite-diffusion and diffusion-limit models. These two models e quasi-steady droplet vaporization model requires that the
are described in Ref19]. The important difference between thethermo-transport properties of the gas film in the droplet vicinity
low-pressure model and the first high-pressure model is that th@ calculated continuously as the droplet evaporates. All the gas-
liquid boiling temperature and heat of vaporization are considerin mixture properties are computed at the weighted-averaged
to be pressure-dependent in the latter model. temperature and species mass fractions, obtained from the_te_m-
The second high-pressure model considers the real gas belpfrature and composition at the droplet surface and those at infin-
ior, the solubility of gases into the liquid, and the effect of preétyv as

sure on thermo-transport properties. The real gas behavior is rep- D= a® o+ (1— a)d (18)
resented by using the Peng-Robinson equation of §2@e21]) in _ Save s A
the following form: where® is a generic quantity representing either temperature or
mass fraction, and the is selected to be as 0.7. The subscrggs
PV V c/RT+d—2ycd/RT andg represent the gas-phase property at the droplet surface and
ZZRT V=b (V+b)*(b/V)(V_b) (12)  outside the gas filntinfinity), respectively.

whereZ is the compressibility factoR the universal gas constantThe Solution Procedure
(82.052 atm.criimole.K), T the temperaturéK), P the pressure . . . .
(atm), andV the molar volume(cm®mole). For a pure fluid, the The theoretical model described above is applicable to both

constants, ¢, andd are given as single-component and multicomponent fuel droplets. In the
" present study, the results are obtained for a bicomponéat?)
b=0.077TRT. /P, and an equivalent single-componeiht=t1) fuel droplet. A gen-

eral procedure involves calculatifg,;, L;, andY;s by usingT

c=a(Te)(1+k)? (13) at the old time-step. Then, the average gas temperature and spe-

d=a(TK/RT, cies mass fractions are obtained from Eg), and the thermo-
¢ ¢ transport properties of the gaseous mixture are calculated by using
a(Tc)=0-4572‘R2T§/Pc- the equations described in Refd9] and[23]. Similarly, the lig-

. . . . uid fuel properties, such as specific heat, thermal conductivity, and
Here the subscript represents critical state. Equatiéh2) is  gensity, are computed. Note that liquid temperature used for cal-
solved as a cubic iz to calculate the ambient compressibilityc|ating these properties is the droplet surface temperature for the
factor and density. The mixture propertiésandp) at the droplet infinjte_giffusion model, while an average of the liquid tempera-
surface are obtained by employing the appropriate mixing rulgges at the droplet surface and center are used for the diffusion-
([22)). Details are provided in Ref23]. The vapor-liquid equilib- it model. The newT, is then calculated by using the infinite-

rium at the droplet surface is expressed by the equality of chergizrysion or the diffusion-limit model. Finally, the droplet radius is
cal potential of each species in the liquid and vapor phases, culated by using Eq7).

can be written as
x/ Y =xp- (14) Results and Discussion

First, we focus on the comparison of the vaporization charac-
teristics of a bicomponent fuel droplet and an surrogate pure fuel
droplet for conditions that correspond to the operating range of a

* typical gas turbine combustor. For the base case, a bicomponent
RT-In ¢;= J’ [(dPIoni)1y,n,— (RT/V)]dV—RTInZ. fuel containing equal amounts of NgEl,, and n-G,Hso by mass
v 15 is considered, and its vaporization behavior is compared with that
1s) of pure n-G,H,¢ droplet. The boiling temperature of nl,g is
Using the Peng-Robinson equation of state and the appropriamproximately equal to that of Jet-A fuel. At one atmospheric
mixing rules, the fugacity coefficients can be expressed as furmgressure, the boiling temperatures o€, C;,H,g and G4Hzg

where the fugacity coefficientg; for both the vapor and liquid
phases can be written as

tions of T, P, andZ. Details are provided in Ref23]. are 447.3 K, 489.5 K, and 526.7 K. These temperatures corre-
The latent heat of evaporation is given by spond, respectively, to the initial boiling, midpoint boilif§0
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sional ) for a bicomponent and an equivalent single-component
fuel droplet predicted using the infinite-diffusion and diffusion-
limit models for the conditions of Fig. 1

] component droplet has lower surface temperature but higher va-
3 400 porization rate compared to the single-component droplet
] throughout its lifetime. This is due to the presence of more vola-
tile component at the bicomponent droplet surface.

The comparison of the total vaporization rates of bicomponent
and single-component fuels predicted using the infinite-diffusion

(d/do)y?

bicomp

single-comp - 350

0 oo L 300 and diffusion-limit models is shown in Fig. 2. The total vaporiza-
0 0005 001 0015 002 0025 003 tion rate is a better indicator of how well a single-component fuel
Ls can represent the vaporization behavior of a bicomponent fuel

spray. Results indicate that by using the diffusion-limit model, the
vaporization rate of a bicomponent fuel droplet can be well rep-
resented by an equivalent single-component droplet. In contrast,

Fig. 1 Temporal histories of droplet surface area (nondimen-
sional ) and temperature for a bicomponent (n-CqoH,, and
n-Cy4H3p) and an equivalent single-component  (n-Cy,Hye) fuel

droplet. Predictions of infinite-diffusion and diffusion-limit the use of infinite-diffusion model leads to more discrepancies
models are shown in Figs. 1 (a) and 1(b), respectively. Ambient between the vaporization rates of bicomponent and single-
temperature =1500 K, pressure =1 atm, and initial droplet diam- component fuel droplets. This is attributable to the batch-
eter and temperature are 100 um and 300 K, respectively. distillation behavior predicted by the infinite-diffusion model for

the bicomponent droplet. The batch-distillation behavior is char-
acterized by the vaporization of the more volatile component, fol-
. . ) lowed by leveling of the vaporization rate since the less volatile
percent and final boiling for Jet-A fuel. The calculations pre-component is being heated during this time, and subsequent re-
sented for th_e br_:\se case are for a drpplet V\_/Ith initial dlameterﬁ‘]mption of the higher vaporization rate due to the vaporization of
100 um, which is placed in an ambient with temperature angss volatile component.
pressure of 1500 K and one atmosphere respectively. The 1500 K, order to examine whether this behavior is observed for a
represents a typical incipient lean blowout temperature fqyige range of conditions in a gas turbine combustor, results were
ground-idle operation. Consequently, these calculations are regsgtained for different ambient temperatuf@0 K) and initial
sentative for estimating the effect of heatup and vaporization moﬁﬁ'oplet diametel25 um). These conditions are relevant to pre-
els on lean blowout fuel-air ratios. mixing, prevaporizing systems at high-power conditions, espe-
Figure 1 presents the vaporization and surface temperature higgly for dry low-emission combustors. For these cases, using the
tories of a bicomponertn-CyoH, and n-G4Hzo) and an equiva- giffusjon-limit model, the total vaporization rate of a bicomponent

lent single-component (n4GH,¢) droplets. The predictions of fye| droplet was observed to be well represented by that of an
infinite-diffusion and diffusion-limit modes are shown in Figsequivalent single-component droplet.

1(a) and 1b), respectively. The overall differences in the vapor-

ization histories of bicomponent and single-component dmple“ﬁulticomponent Effects During Initial Starting
are small, indicating that a suitably selected single-component -

fuel can be used to represent the vaporization behavior of a gpd Ignition

component fuel. There are, however, differences in the temporalAs known from experience and confirmed by simple simula-
variation of surface temperaturd) for the bicomponent and tions here, spray-droplet heatup and evaporation rates during start
single-component fuels. For the bicomponent case, the infinitggnition and flame propagatiprare impacted significantly by the
diffusion model predicts a batch-distillation type behavior, sefeiel properties. Model results for heatup and evaporation are pre-
Fig. 1(a). Initially, the bicomponent droplet has lower surfacesented for a gas temperature of 373 K. Figure 3 shows the tem-
temperature compared to the single-component droplet,cas poral variation of the droplet diameter squared and surface tem-
limited by the boiling temperature of volatile component, buperature for the bicomponent and single-component cases.
higher vaporization rate since the surface vapor concentration@dntrary to the high-gas-temperature cases discussed above, there
volatile component is highgeven though the surface temperaturare now significant differences in the vaporization histories of

is lowen than that for the single-component fuel. However, latdsicomponent and the corresponding single-component fuel drop-
in the lifetime, the bicomponent droplet has highigr, which is lets.

now governed by the boiling temperature of less volatile compo- Figure 4 presents the comparison of the total vaporization rates
nent, but a lower vaporization rate due to the presence of l€ss the bicomponent and single-component fuel droplets predicted
volatile fuel at the surface. For the diffusion-limit model, the biusing the two models. It is evident that for these conditions, the
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Fig. 3 Temporal histories of droplet surface area (nondimen-

Fig. 4 Total vaporization rates (nondimensional ) for a bicom-
ponent and an equivalent single-component fuel droplet pre-
dicted using the infinite-diffusion and diffusion-limit models.
Initial droplet diameter is 100 um for Fig. 4 (a) and 30 um for
Fig. 4(b). Other conditions are the same as those in Fig. 3.

sional ) and temperature for a bicomponent (n-CygHy, and
n-Cy4Hsp) and an equivalent single-component  (n-Cq,Hye) fuel
droplet. Predictions of infinite-diffusion and diffusion-limit
models are shown in Figs. 3 (a) and 3(b), respectively. Ambient
temperature =373 K, pressure =1atm, and initial droplet
temperature =233 K.

vaporization behavior of a bicomponent droplet cannot be simiihe increase in droplet heatup time is caused by the increase in
lated by an equivalent pure fuel droplet, as both the instantanedbe fuel boiling temperature with pressure. The boiling tempera-
vaporization rate and the droplet life time differ considerably foiure of n-dodecane increases from 489.5 K to 654.9 K as pressure
the bicomponent and single-component cases. This can be atti$bincreased fronp=1 atm to 15 atm. Correspondingly, for the
uted to the fact that the ambient temperature for this case is mughomponent case, the boiling temperature of ;gHz, (volatile
lower than the boiling temperature of the less volatile compone®omponent increases from 447.3 K to 601.6 K, while that of
In addition, it is indicated that while the differences in the predidi-Ci4H3o increased from 526.7 K to 701.3 K. Obviously, this
tions of the two models for the bicomponent case are quite sigould increase the droplet heatup time for a fixed ambient tem-
nificant, they are negligible for the corresponding singleperature for both the bicomponent and single-component cases.
component case. A similar behavior is observed when the initiblbte that an increase imdecreases the latent heat of evaporation,
droplet diameter is reduced to 30 microns, except that the life tirméhich would increase the vaporization rate. However, this effect
of the 30-micron droplet is reduced by a factor of about 10 conis largely compensated by an increase in the droplet heatup time.
pared to that of the 100-micron droplet. An important implicatiofNote that for the convective case, another effect of pressure ap-
of this result is that the ignition characteristics of a multicompapears through its influence on the droplet Reynolds number which
nent fuel spray cannot be simulated by using a single-componémreases as the pressure is increased. This would enhance the
fuel spray model, since the ignition behavior for the former igaporization rate.
governed by the presence of the volatile comporfg2fl]). 2 The difference between the predictions of infinite-diffusion
and diffusion-limit models is small at low pressures, but becomes
Effect of Pressure increasingly more noticeable at higher pressures. As pressure in-

Figure 5 presents a comparison of the vaporization characte{§€3S€S: _the infinite-diffusion model predicts_ inc_reas_ingly higher
tics of bicomponent and equivalent single-component fuel dro aporization rate compared to that by .thef d|ffu5|or_1-||m|t moqel.
lets at different pressures. The corresponding plots showing grde>|<§1mpllje, ap47)15 atm, thﬁ dropI(%thI_lfetlmebpredlnt)ed bdy this
temporal variation of surface temperature are given in Fig. 6. T ode 'SF.a out percde_nt shortéar. | IS cafn e attri Ut%mto two
results in Figs. 5 and 6 are obtained using the first high-press ects. First, it overpredicts the droplet surface temperdtiue

vaporization model. Important observations from these figures 4nd Most of its lifetime compared to that by the diffusion-limit
as follows. model. Second, the heat of evaporation is reduced at higher pres-

sures, so that even small differences in surface temperature can
1 For both the bicomponent and single-component fuel dropause significant changes in the transfer nuniber
lets, the droplet lifetime is not altered significantly as the ambient 3 For the bicomponent case, the batch distillation process, pre-
pressure is increased. However, the droplet heatup time becomelicéed by the infinite-diffusion model gi=1 atm, becomes less
more significant part of droplet lifetime, increasing from about 2@oticeable at higher pressures. This can be attributed to a decrease
to 40 percent of the lifetime ggis increased from 1 to 15 atm. in relative volatility differential at higher pressures. Note that
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Fig. 5 Temporal variation of droplet surface area (nondimen- Fig. 6 Temporal variation of droplet surface temperature for a
sional) for a bicomponent (n-C;oH,, and n-C4Hz) and an  bicomponent and an equivalent single-component fuel droplet
equivalent single-component  (n-Cy,H,s) fuel droplet for pres- for the conditions of Fig. 5
sure of 1 atm (Fig. 5(a)) and 15 atm (Fig. 5(b)). Predictions of
the infinite-diffusion and diffusion-limit models are shown. The
gas temperature is 1500 K, and initial droplet diameter is 100
pm. dxg
at = Uy (29)
o . - L dug  3pCy
batch distillation process gi=1 atm is easily discernible in the i mlu—udl(u—ud)ﬂl—p/pog (20)

temperature plot for the infinite-diffusion model in Figak

4 The comparison of the temporal variations of droplet diamand the drag coefficient is calculated using the same correlation as

eter squared and surface temperature for the bicomponent agdd in the cited studgf12])

single-component cases indicates that for high ambient tempera- 0573 oz

tures, a single-component droplet model can simulate the vapor- Cq=[0.36+5.48Rg """+ 24/Rg](1+B) ™ (21)
ization behavior of a bicomponent fuel droplet reasonably well —

over a wide range of pressures. In fact, the predicted vaporization Res=plu—ugldy/u. (22)
behavior is significantly more sensitive to the droplet heating
model used rather than to the liquid fuel composition. In addition,
the representation of a bicomponent fuel droplet by an equivalent
single-component seems to become increasingly better as the
pressure is increased. This is apparently due to the increased drop-
let heatup time and the reduced volatility differential at higher
pressures.

Validation of the High-Pressure Vaporization Model

The second quasi-steady high-pressure model was validated by
comparing its predictions with the available experimental data.
Figure 7 presents the predicted liquid-vapor equilibrium for
nitrogen/n-heptane mixtures in terms of the equilibrium nitrogen
mole fraction as a function of pressure and temperature. The pre-
dicted vapor and liquid mole fractions of,dhow excellent agree-
ment with the experimental data of Knapp et[&4].

The vaporization history predictions are validated using the ex-
perimental data of Stengele et f1.2]. In the experiential study, 0.1
freely falling n-heptane droplets in a stagnant, high-pressure, 0 02 04 06 08 1
high-temperature nitrogen environment were considered. The
droplet diameter and velocity were measured along the droplet
trajectory using a high-speed video and stroboscope lamp. Sirﬁ&. 7 Pressure-mole fraction diagram for nitrogen  /n-heptane
the measured data were provided along the droplet trajectory, fitures, calculated using the Peng-Robinson equation of

following equations are employed in the computational model ate. Experimental data from Ref. [24] at 305 K and 400 K are
calculate the temporal variation of droplet position and velocityalso shown.

P, atm

Mole Fraction of N2
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120 been consideredd) lean blowout for ground-idle operatioK2)

E 1 premixing, prevaporizing system at high-power conditions; and
3 (3) startup(ignition and flame propagatigprconditions. In addi-
] tion, two high-pressure vaporization models within the quasi-
] steady framework have been investigated. The first model consid-
ers the effect of pressure on thermodynamic and transport
properties, while the second model also considers the nonideal gas
effects and dissolution of gases into the liquid. Important obser-
vations are as follows:

1 Under high-power conditions, the vaporization behavior of a
gas turbine fuel is well represented by an equivalent single-
50 component50 percent boiling pointfuel. However, the compari-
son of the total vaporization rates of bicomponent and single-
component fuels indicates significant differences in the
predictions of the infinite-diffusion and diffusion-limit models.
Using the diffusion-limit model, the vaporization rate of a bicom-
ponent fuel droplet can be well represented by an equivalent
single-component droplet for a wide range of conditions. In con-

} [ 20bar .\,f\ ] trast, the use of the infinite-diffusion model indicates discrepan-
é 04 [ e 20-exp s '\- . b cies between the vaporization rates of bicomponent and single-
r — — -30bar i N\ component fuel droplet. Since the total vaporization rate is a

o2 b So-exp o] better indicator of how well a single-component fuel can represent

Tr s 40-exp 4, the vaporization behavior of a multicomponent spray, it is recom-

mended that a diffusion-limit model or a effective-diffusivity

oL v e K . .
0 10 20 20 40 50 modgl be employe_d_ln the spray models. This conclus_lon also
X om applies to the prediction of vaporization rates of gas turbine fuels
a’ for premixing, prevaporizing systems at high-power conditions.
Fig. 8 Comparison of the predicted and measured (n-heptane ) 2 Liquid and.gas-phase properties change con5|dergbly during
droplet velocity and nondimensional surface area along the tra- the droplet lifetime. Cons_equently, an accurate ca_llculatlon of the
jectory for three different ambient pressures. Ambient tempera- thermo-transport properties should be an essential part of spray
ture is 550 K and initial droplet diameter is 780  um. computations.

3 The droplet lifetime is relatively insensitive to pressure.
However, the droplet heatup time becomes a more significant part
The gas velocityu) in the above equations was taken to be zer@f droplet lifetime at higher pressures. Consequently, differences
between the predictions of the infinite-diffusion and diffusion-

in the experimental study. The gas densgjpy and viscosity(w) . : . '
are assumed to be ambient density and gas film viscosity, resplér@-'t models become increasingly more noticeable at elevated

tively. pressures. The infinite-diffusion model predicts significantly

Figure 8 presents the comparison of the predicted and measﬁg&ﬂeryaporizaﬁon rate compa_red to the diffusion-limit model for
droplet velocity and surface area for three different ambient pre2t |5|nglte;compone2j[ anddb:comé)_onent fuel droplﬁts. Fc()jr ex-
sures. In general, predictions of the second high-pressure mo g]lpfe,'alp—15 atm,dt IS rrT]mdc.eﬁ pre '(:IFS 40 pedrclent shorter drop-
are in reasonably good agreement with experimental data ove€h/Tetime compared to the diffusion-limit model.

wide range of pressures. As is increased, the computed and + 1he representation of a bicomponent fuel droplet by an
measured droplet velocity decrease, which can be attributed to fifiilivalent single-component becomes increasingly better at
increased gas density at higher pressures. As indicated if2@g. dner pressures. In fact, the predicted vaporization behavior is
the increased gas density diminishes the gravitational force, %nmcantly more sensitive to the droplet heating model rather

enhances the viscous drag force. Note the droplet Reynolds ndffn 10 the liquid fuel composition. This can be attributed to a
ber increases ag is increased, bu€C, is nearly independent of 3|gn|f|cant Increase in drpplet heatup time, anq a reduction in the
Rey in the high Reg limit. For p’=20 atm, differences in the pre- relative volatility differential between the constituent fuels at high

dicted and measured surface area are attributable to the underpf&SSure. . . .

diction of the droplet velocity, with the implication that an accu- 2 FOr ignition, LBO, and idle operation, the multicomponent

rate calculation of droplet velocity and trajectory is critical for afl€! effects become relatively important, i.e., using a single-
accurate prediction of droplet vaporization history. At component droplet to represent multicomponent effects lead to

=40 atm, the numerical model underpredicts the vaporization ré{gacceptable results, especially when the infinite-diffusion model

compared to the experimental data. This is indicative of the limiit em;;]loyed.d. d ization histori fn-h drool
of the quasi-steady vaporization model at high pressures. 6 The predicted vaporization histories of n-heptane droplets us-
ing a quasi-steady high-pressure model show good agreement

. with the measured data over a wide range of pressures. The high-

Conclusions pressure model incorporates the nonideal gas behavior, dissolution
In this paper, we have examined the multicomponent and highf gases into the liquid, and dependence of thermo-transport prop-

pressure effects on the vaporization behavior of gas turbine fuetsties on pressure. At=40 atm, which is above the critical pres-

The state-of-the-art vaporization models along with a detailed sdre of the fuel, the model underpredicts the vaporization rate

gorithm for the computation of liquid and gas-phase therm@ompared to the experimental data, which is perhaps indicative of

transport have been employed to examine whether the vaporifze high-pressure limit of our quasi-steady vaporization model.

tion behavior of a multicomponent fuel droplet can be simulated

by a surrogate pure fuel droplet. The vaporization history and

other relevant properties of a bicomponent fuel droplet have been

compared with those of an equivalent single-component droprll%t K led

under a wide range of conditions that exist in a typical gas turbi cknowledgment

combustor. In particular, three typical operating conditions have This work has been funded by the GE Aircraft Engines.
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