TU

Grazm

MasterQ &hesis
RealGas Effects on SpragvaporationModelling

under High Pressure Diesel Injection Conditions

Written by

Grabner MatthiasBSc.

Supervisors:
Ass.Prof. Dipling.Dr.tecm. Thomas Wallek, TU Graz

Dr.Klaus PachleAVL List GmbH

Institute of

Chemical Engineering and Environmental Technology

Graz,August2016



STATUTORY DECLARATION

| declare that | have authored this thesis independently, that | have not used
other than the declared sourcésesources, and that | have explicity marked
all material which has been quoted either literally or by content from the

used sources.

date (signature)

Copyight © 2016 by Grabner Matthiagll rights reserved. No part of the materfaiotected by this
copyright notice may be reproduced or utilized in any form or by any means, electronically or mechanically,
including photocopying, recording or by any information storage and retrieval system without written

permission from the authar



Abstract

Temperature and pressure change significantly in an internal combustion engine
during the compression cycle. The behavior of single component droplets in
evaporation processes in high pressure environments is well investigated][2][3].
However, only few investigations for multicomponent droplets have been foundfor

high pressure environmens.

In this master thesis an already available multicomponent evaporation model by
Abramzon Sirignand4] and Brennet al.[5] is extended by a real gas equatiohstatefor

GKS ! £ CL wY%he Uriver§al GioaRGodtribution Volume Translated Peng
Robinson equation of state has been used to calculate the fugacity coefficients in gas and
liquid phase at the droplet surface which modify the evaporation rate of the fuel
components as compared with the previous ideal gas approahbls addition accounts for

high pressure effectduring evaporation Furthermore the non-uniform heatingprocess

inside a dropleistaken into account by a series expansion approachsolving the heat

conduction equatiorthrough a model by Frolo].

To examine the impact of the modified model, multiple computer simulatiasih
multicomponent fuelsvere execute and analyzedTherefore, various simulations with
the old andmodifiedmodel for single droplet, spray box and engine sestoulationcases

were set up

Most significant dviations between the original and the modified model were identified
in the nea injector region where fuel vapor and sgrdroplets coexistHowever, average
results over the used calculated computational gras, e.g. mean spray penetration,
pressure curves and rate of heat release in engine calculasbosved only minimal

differences.
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Introduction

1. Introduction

LYy GKS CLw9u [/ CévapdbedidRiS treatédDy &RIN@rdnifie® imodel for the
dispersed phase, which is applieebetweensubsequent gas phase solutibme steps of the

overall NavieiStokesSolver.

The correct spray modelling of fuels is very important in engimiéisencingthe evaporation
of the fuel and further processes such as burning andctirapositionof the pollutanswhich
is fundamentally dependent on the mixture composition. The accuracy of the droplet
evaporationmodellingaffects allsuccessivphasesEspeciallghe dropletevaporationmodel
may influencethe liquid and thevapourpenetration length and the compound corogition

in the gas phase.

Theevaporationof a droplet iscontrolledby thephase changef the species at the surface of
the droplet. The relatiobetween the liquid droplet phase and the surrounding gas phase is

described through aapourliquid equilibrium.

The ideal gasssumptionis sufficientat d £ 2 g ¢  LINE & & dzNB)awhilé Orkikingli S NJ p

pressurereal gas effects become increasingly important

1. in theevaporationof droplets
2. in the gasphase surrounding the droplet

3. in the overall gas flow solver

Depending on the respective pressure and temperature the model of the VLE may have
considerable impet on the calculatecevaporationrate. The present work focuses on the
description of VLE modellingaking into account reajas effects instead of the existing

assumptions of validity of the ideal gesnditions

Grabner MatthiasBSc. 1



VapoutLiquid Equilibrium (VLE)

2. VapourLiquid Equilibrium (VLE)

The following chapter describes how the VLE is defiWegpourand liquid of a species are in
equilibrium if the pressures, temperaturesidchemicalpotentials of all phases, ..., are

equal.

P*=P’ =. B/
T?=T"=. ¥/ (2.1)
=/

3,
I
RS
Al

Snce directusageof chemical potential in VLE calculations has some practical disadvantages
(e.g. for ideal gas and low pressure the chemical pieitends to negative infinity8]) the
auxiliaryentity fugacity was introduced by LewBj to accountfor non- idealities[10]. It can
be shown that fugacities are equivalent to the chemical potestial the individual
components in describing the VLE. Thdentity of fugacities in each phaseagpliedasVLE

condition in this work.
faTaPa=1 T P)=. £ 1 ,P 2.2)
Forthe VLEwve can write
fV="1 (2.3

with f¥as the fugacity of the species itine vaparr phase andf,' as the fugacity of the

species i in the liquid phase.
In generabne oftwo methods to calculate the fugacities can be chosen.

1. The equationof state (EoS)j - ) method:

Through the helf the fugacity coefficiemivhich is defined as ratio of fugacity to pressure or

partial pressure in the case of mixtures it can be writtenthe vapourphase

=y P (2.4)

Grabner MatthiasBSc. 2



VapoutLiquid Equilibrium (VLE)

y, is the mole fraction of the species i in thepourphase,/ " is the fugacity coefficient of

the species i in th@apourphase, Pis the pressure of theystem The fugacity of theliquid

phaseis definedin an analogous wayy

fl=x//P (2.5)
X, is the mole fraction of the species i in the liquid phageis the fugacity coefficient of the
species i in the liquid phas®,is the pressure of theystem

2. Thesecondmethod involves theutilization of the activity coefficient which can be

calculated from an excess Gibbs energy mdaiethe liquid phase(g - )j method:

The activity of a species is defined by Lewis as the ratio of its fugiacand a reference

fugacityfi0 :

fi(T.P.x)

&(TP,X):W

(2.6)

The activity coefficient is defined through the ratio of activity ahd convenientlychosen
liquid mole fractionand is preferred by engineers to describe the local measure ofichead

behaviourof the liquid phasg11].

g 2 2.7)

f'=xgf° (2.8)

with X as the mole fraction of the species i in the liquid phageas the activity coefficient
of the species i in the liquid phasé,® as the reference fugacityf the pure species.iAsthe

reference statdor the fugacity of the speciasn the mixtureusually thefugacity of thepure
saturated liquid at temperature and pressure of the sysismsed12]. This can be expressed

as

f° =/ *R°POY (2.9)

Grabner MatthiasBSc. 3



VapoutLiquid Equilibrium (VLE)

which is determined by, ° the fugacity coefficient of the species i at saturatioR® the
vapourpressure of the species i at saturation aR®Y the Poyntingcorrectionof species i

to accountfor the pressure dependencédeviation from saturation pressureto system

pressure)of the fugacity

For the first(j - ) method to calculate the molar fraction of theapourphasey, , Eq.(2.4)

and Eq(2.5)arecombired to

Vi =%
yielding
a
y, =% 2.10
/i
and the Kfactor
Y i
K== = (211
Xi J i

Equations of state are used calculate the fugacity coefficiemtandto solve Eq2.10) . These
will be further described in the following chapter 3 for single comgnts and chapter 5 for

multi-components.

For the seconc(g - )j modelto calculate the molar fraction of theapourphasey, . Eq(2.4)

, (2.8) and (2.9) are combined to
YW i'P=x g, POY
yielding

Yi = %9 P—Fi,g’—i Pf) A (2.12)
e /i

and the Kfactor

Grabner MatthiasBSc. 4



VapoutLiquid Equilibrium (VLE)

_Y R* & ,°POY
Ki__ ?I_ VS
x P& J,

.13

The last term on the RHB bracketsf Eq.(2.12) for moderate pressuresaroundunity [12].
With that only an ectivity coefficient modehas to be choseto solve Eq (2.12). The activity
coefficients are calculated through awtivity coefficient model. Methods to calculate activity

coefficients are described in chapter 4.

The Kfactor or also vapour/liquid equilibrium ratid; as seen ir{2.11) and (2.13) depends

on the respective VLE model selected

For this thesis both methods are utd#id for validation of experimental binary data but only

the first (j - )| method is used for the performed droplevaporationsimulations.
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Fugaity and Fugacity Coefficient

3. Equatiors of State (EoS)

The pressurezolumetemperature (PvT) behavior of a pure substance and of mixtures can be
describedby equations of state (EoSh an EoS the temperature, pressuard volume are
related An EoSffers the possibility to calculate atkalthermodynamic propertiesdue to

the availablility of residual functions and excess propertveit) the ideal thermodynamic

properties known The simplest form adn EoS is the ideal gas law:

Pv=RT (3.1)

with Vv as the molar volumand R as the universal gasonstantR=8.134 Jmof* K*.

As mentioned the ideal gas law is a simplified model not taking into account repulsive or
attractive forces between thenolecules of the substance. These terms were first proposed

by van der WaalfL3] in his cubic equation of state:

P=P%® +* (3.2)

P:_T

a
v-b (33)

is called the pressure explicit form with can be rewritten as the general form

1 ob
=— — 34
7- b Z2 ( )
with 6 :E, q = a
RT bRT

the parameter b as the cevolume and parametel as the attraction parameterThe real

gas factor z is the deviation from the ideal gas law which catelieed as

Pn
7=

=T (3.5)

The cubic equation and its parameters allow thescription of a liquid and a vapour phase.
There are numerous modifications to the van der Waalicequation of statethe equation

of RedlichkKwong[14], SoaveRedlichKwong[15], PengRobinsor{16] and many more.
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In Figurel the comparison ofdensity calculatiorior the componentcarbon dioxiddor the

P-r isothermsat 300and 600Kis shownbetween the ideal gas law aride PengRobinson

StryjekVera(PRSV)cubic equation of statelt can be seen that the ideal gas law is generally
valid for P- o0and T- © . As the pressure and temperature deviate from these ideal
conditions the ideal gas ladeviates from the reafluid. The black verticatontinuous line
shows the limit of density that is theoretitpapossible through the ceolume parameteM/b
and the black horizontal continuous line shows the pressure limit, as the presanret

become negative.

x10
6 ey ; -
cubic EoS
— — ideal gas law
5H A NIST
4_ -
£ 3H 1
g
M5
@ - -
£ 22
=
<
1H2 .
~+
pressure limit
0
-1 I . I . . Loy

Density [kg/m?]

Figurel: Comparison of densityaculation between the ideal gas law and a cubic equation of statewell
with experimentaldata from NIST17].

Asthe amost general formthe cubicequation of statecan be written as

p= RT a
v-b 4+ (v b v sb ¢

(3.6)

with coefficients a, b and@ependngon critical data and partly alsm temperature andhe
acentric factorw . The later introduces an additional dependency frothe reduced

saturation pressure of the inddual componentgseeEq(3.13))

In Tablel a few examples foequation of stateparameters &e listed.
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Tablel: Parametersa,s , €and C for a few specific EoS

Equation a S e C
van der Waals(vdW) a, (0] 0] o
PengRobinsorfPR) a(T,w) 1+J2 1-J2 ©
SoaveRedlichKwong(SRK) a(T,w) 1 o o
VolumeTranslated PR(VTPR) aT,w) 1+J2 1-J2 ¢

Thisagain can be written as theressure explicie.g.PR EoSorm

_RT aT,w)
P_v- b V ®”bv 8 37)

or the general form

1 gqb

1= .
z-b 7 Rl -%

(3.8)

The temperaturedependentattraction parametera(T, W) was first proposed by Wilsdi 8]
and furthe developed by Soa\é5]. Thisimprovement in accuracy for pure specadsoleads

to an improvement in mixturegl5]. It is composed of a constant pa#f and a temperature

and W - dependent parta .
a(Tw)=a AT, (3.9)

The parametes a, and b can bedeterminedthrough fitting of PVT data or through the

iy . apP §_ . AP 0_, .
critical data of the speciassing 6=0,2—= ©6=0.These parameters arequation of
IV T

state specific (seen ifable2) if critical data of the speciese used
The critical data ere used for the calculation of the parametegs and b in this thess.

Table2: Attraction parametera and co volume parameterb for a few specificEoSdetermined at the critical
point
EoS ac b
22
vdW 27TRT,
64 P

0|k
-
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SRK 212
0.42748° 0.08664° %
2 P
PRVTPR 22
04572835 & 0.0778%
C C

T, is the critical temperature and®, is the critical pressure of the species.

There are further developments trying to improeT, 1. ©me of themwhichwere used
in this thesisare depicted irTable3. A more complete overvievg given if19].

Table3: a(T) functions considered in the present workThe function parameters for selected components
can be found iMppendix G Alpha Function Parameter

Author a(T) - function

2

S 15 &
oav§l5] g+m(1-JT) g (3.10)

m =0.48 +1.574¢ -0.176#

Stryjek and { R 2

1+&ém (1 JT)(0.7 T T }

m =0.378893+1.4897158,;, - 0.17131848, +0.0196584 (3.11)
n... pure component specific

Twu et TrN(M'l) expgl_ (1- TrNM ) (312)

al.[21]
L;,M,,N;,... pure component speci

In Table3 T, denotesthe reduced temperaturel, =T / T, and w is the acentric factoof the

species.iThe acentric factor issedto improve the EoS at saturatieczondition and to account

for the complexity of the moleculdt was introduced by Pitz¢R2] andcan be calculated by

w= 1 Iog(Pf)Ow . (3.13)

T

It should be noted that Stryjek and Vei20] are using a marginally deviating, from the

generalW as their parameterare aresult of a best fit to experimental data
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Twu et al[21] proposed an exponential function tcorrelate the vapour pressure of pure

componens using arequation of state Although there is an equation for trsaibcritical and
supercritical regioravailable only the subcriticaéquationEq(3.12) is used as proposed by
[23] to achievebetter consistencyn the UniversalGroup Contribution Volumé&ranslated PR
EoSUGC VTPR Eo#)ichis further explained in chaptés.3Mixing Rules

TheVolumeTranslatedPengRobinson (VTPRoSIs a further improved cEoS toaccurately

calculate thdiquid density through an additionablumetranslationparameter qFigure2).

The pressure explicit VTPR EoS

p-_ RT a(Tw) 214
V-b € (v &V brc)tb(w b € 314
and the general form
1 b
1= L (3.15)

z- b+dz Yzc Hb(zc +)

with b:E, c—CP, q =2
RT RT bRT

The volume translation parameter can be determined througlan inaccurategeneralized

function determined if24] that is

RT,

c= 0.252—=<(1.54482 -0.402 (3.16)

c

or if experimental data is availablgathe differenceof experimental and calculatecholar

volumesat the reduced temperaturdl, = 0.7 of the speciesat 1 atm.

G = Vexp,i _Vcalc(PR Eo0S), (317)

Figure2 shows that the liquid density can be predicted more accurate with the \EFERhan
with the PR EO0S. In the VTPR results showAgire2 using the translation paraster c at 1
atm to match the calculated VTPR Eo0S density to the density data of NIST. The improvement
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Aa aAdYATAOLyYyUl odzi AG OFy Fta2 o068 asSsSy GKI G

to be fitted again to match the experimental data better.

A 2 s oA ~

The®©a 2F aStSOGSR 02 YApgendi$ ¥ IGC VORRyParanteterT 2 dzy R

680 i
— — VTPR
A NIST
660~ |
'«E'640— _________
;3 _—'_-_-——_—‘Z—_F__A-_——‘_A A
5 ————x— T3 A
H 620:&.—-—-—-—-5—--—«-75 7
|
600 _____,_//,_._ 7
580 |
1 1 | | | [ | | |
0 1 2 3 4 6 7 8 5 o
Pressure [Pa] |
x 10

Figure 2: Comparison of pressure dependency of density fordacane atTr = 0.7for PR, VTPR anNIST
experimental data[17].

3.1. Fugacityand FugacityCoefficient
To derive the fugacity coefficient , which isdefined as

. f
= 3.18
= (3.18)
the nmolar Gibbs free energy can be useslastarting pointHrst the relation of the free Gibbs

energy of an ideal gas and pressuoen be calculated from

dg=vdP -sdT & gﬁ @r (3.19
i el g
, _ RT . ,
with T, n; =const and v = ?odeal gas one finds
d(g®)=RTd(In B . (3.20)

Grabner MatthiasBSc. 11
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Equations of State (E0S)
Fugacity and Fugacity Coefficient

To extend this expression foeal fluidsLewis[9] introduced thefugacity. This yields the

following relation
d(g)= RTdIn f) (3.21)
with g as themolarfree Gibbs energgf a real fluid f as the fugacity

This allowghe calcuation of the fugaciy coefficientat any pressureCombiningEq.(3.20)

andEq(3.21) performing an integratiomesults in

o AN PE .. P'fé
~q {d° &) RTI- 2 RTIn T & 22
06 (S &) R gRTnGe GRnine 62
with g, = ¢ and f* =P"
i — f .
(g- ge)P‘T'n)J _RTInE RTn/ (3.23

Equation (3.23) allows us to determinghe needed fugacity coefficienj for the VLE

calculation.The LHS of E(B.23) is called the residual function of the free Gibbs energy and is

the difference betveen real and ideal Gibbs energy.

The relationship of E¢B.21) with (3.19) lead to the pressure dependency of the fugacity

adin(f) ¢_ v
5= —— 3.24
T 2 RT 29
f 1 P
rA(n(f)) = —=— 3.2
fm(n( ) RTP,VﬂF (329
nf =L map (3.26)
f' RT.
Further analogous fahe ideal gas
adin(P) 6_ v
F - 6 — 3.2
Edp 2 RT 827
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with v :R_PT yields

PR(In(P))= Elﬁdp (3.28)
|n§, = F‘];—:L)dp (3.29)

Y

UsingEQq(3.26) and Eq(3.29) with Eq(3.30) and f' =P - 0 leads us to thezolumeexplicit

form of Inj
. f P
Inj 4n— h— 3.30
nj nfl ’“P. (3.30)
. 1 P& RT §
Inj =——A — & 3.31
S TRTRE T g (331

gh. (3.32)

A graphical represeaation of the fugacity coefficient is shown #igure3. According to
Eq(3.31) the dashed area represents the logarithm of the fugacity coefficient respectively the

difference of the real and ideal Gibbs eneayeranA Yy 1 SANI £ 2F t Q G2 t
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Pressure

Volume

Figure3: Fugacity calculation with the help of-F isothems. The dashed isotherm represents the ideal gas law
P=RT/V and the continuous line the isotherm of a real gas equation of a-ideal gas (carbon dioxide).

Equation (3.32) in combination witha pressure explicit Eo& given in3.6) can be used to

calculate the fugacity coefficiefibr pure species

In%=|nj =z t I{z b- )+ql (3.33)

with bzﬁ, c—CP, q =
T RT bRT

and
€ e, s | 2 In 2+ sb -
l_v~ vdv ) s- ez +e
Mo ov bops_ oo |, b

T z+ eb

The compressibility factoZ to be used in E¢3.33) can be calculated by solving the cubic

equationof state in z

Z+AZ 4Bz € 0 (3.34)

with
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A=(b(s+ et 1-3 3¢
B=gbt’(se( s)) e{ b & -42- 2c 2 B 2)gc -C
C=gb’(sebr se (+ cHe))s (ag b)-c’¢- e+y) & ¢

andthe parametersq, s, e specificfor the EoS used (seenTablel).

Equation(3.34) can be solved througtihe analyticainethod of Cardaneor with a faster moe
accurate numerical root finding method proposed Beiters [25]. For this thesis both
methods were used. Fir§lardandQ & Y S K 2 R tasfihdda startidydfalieSdr theénen

usednumericalroot findingmethod.

While Eq(3.34) stays the same for muitomponent mixturesand pure specieshe fugacity
coefficient calculatioriEq(3.33) does changandhas to be derivedeparatelyfor each mixing

rule (seechapter5).
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4. Activity Codficient Models

Tocalculate equilibrium conditionssing Eq(2.12) one needto describe activity coefficients.
The activity coefficients are derivétbm the molarexcessGbbs free energyg® . According
to [8] the excess chemical pattial of a component in a mixture is related to the activity

coefficientg,, by

nf g RTIn, . (4.1)

The sum of E.1) over all components of a mixture leads to the molar excess Gibbs energy
g-=axm RT@xln, . (4.2)

The simplst nontrivial expressiomf the excess Gibbs enerfyr simpleliquid mixtures (i.e.
mixtures of molecules that are similar in size, shape, chemical natisrthe TwoSuffix

MarguegPorter Equation[7]
g~ = AXX, (4.3)
that meets the condition of

F=0wh =C
g =vwhenx (4.4)
g =0whenx =(

with A as an empirical constant.

The activity coefficient can then be calculated using the partial derivatigg afith Eq(4.3)

gF=RTIn g SEJ”“J;_Q 5 I, QRA;X? and In, % % . (4.5)
¢ TP

Eq(4.3) is the simplest case of a more general polynomial representation knoviedsch

Kisterequation
< 2
9" = RTx X, &A B(x, %,) Cfx, x} .. (4.6)

Eq(4.6) iswritten for a binary system but can be exided to a multicomponent systef26].
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The development asemiempirical(i.e. assigning rough physical meanings to the parameters

used)activity coefficient modelstarted with the Wohl expansion

E

g _
=2 +3 3
RT (xa o) 2225 4.4 2 B, 13 a7

+ 4‘ﬁ2 :i.ZZZ+ 4@2 1%22"' ﬁ%zl%z

with z=— % ang 2= "% o ¢Kk& jjoa INB SFTFSOGASS
qul + X2q2 qul + X2q2

interaction parametersThis leadso the van LaaEquation, Margules Equation§catchard

HildebrandEquation and many morehichare2 6 G AYSR o6& 2 #7Kf Qa T 2 NI d

Threeimportant practical equations cannot be obtained from the Wohl expangignThese
three models are the Wilson Equation, the Non Random Two Liquids Model (R the
Universal Quasi Chemical Model (UNIQUAC)

These models are based on molecular considerations withrrandomness parameters
or/and interaction energies between moleculiking into account local compositions which

are different from globalmole fractions(seeFigure4).

Figure4: Local Composition with binary interaction parameters

For the Wilson and NRTL model only thegand consare mentioned[7].
Wilson

+ can be applied to mukicomponent mixtures

+ two adjustable parameters per binary
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Activity Coefficient Models
Universal Quasi Chemical Model (UNIQUAC)

+ good representation of many miscible mixtures

- cannot indicatemiscibilitygaps
NRTL

+ can be applied to mukicomponent mixtures
+ can be appliedd partly miscible mixtures

- three adjustable parameteiper binary

As the WiversalGroup Goefficient (UGC)method for the VLE calculation was used which is
similar to UNIQUAC/UNIFAC, both models will be further described in detlad following

sectiors.

4.1. Universal Quasi ChemicModel (UNIQUAC

The Universal Quasi Chemical (UNIQUA&)elis an extension to thguastchemical theory
introduced byGuggenhein]27]. The extension renderi$ possible to calculate the activity
coefficients (deviations from the ideddehaviol) of mixtures whose molecules are different in
size and shapé@universal) unlike the original theory of Guggenheiwhich was only useable

for small molecules of the saarsize[28].

Thedevelopmentof the UNIQAC modetas motivatedand got more populabecauseonly
two parameters instead of threparametersper binarypair (NRTL model) had to be fitteioh

a time were experimental dataere more scarce than todajy].

According to E@.5) the activity coefficients can be derived from the molar excégdsbs

energy.The calculation of thenolarexcess Gibbs energy is splibitwo parts

gf _ag- o A o]
RT (; T % resi

combinatoral dae

The combinatorialpart of the molarexcess Gibbs energy whielscounts forthe dominant
entropic contribution by defining the composition and the size/shapes of nutdscin the

mixtureis given as
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|-O: O

. f. Z .. :
axin -+ agxing (4.9)

mbinatorial [ i i

O o
e
_| m

Q
S

and the residual excess Gibesergy which descrilsthe intermolecular forces by defing

additionaltwo adjustalle binary interaction parametaiis given as

= -a a; % |n§ea q t (4.10)

residual I Ci

Eq(4.9) and (4.10) were derived by[28], where the average segment fractioh and the

average area fractiomy are calculated by

foo=l% (4.11)
a X
]

q =% 4.12)

a ;X
]

g and! are pure component structural pameeters ofsurfacerespectivelyolume X stands

for mole fraction, z as the coordination number which is set to I28],t, are binary

adjustable parameterthat are defined by

4.13)

=
d-oxon

It is seen from Equatio(®.9) that only pure component datand no adjustable parameters

are neededn the combinatorial termThe adjustable binary pararegs used in the residual
term, that is (uij - qi) and (U,-i - U”) with u; = u, ,are fitted to experimental data (e.g.

vapourliquid and liquidliquid equilibrium data).

Using a general relation betwegrartial molar entities and molar state variables giventbg

Gibbs energy one gets for the excess chemical potemhath is given bj29]

5 ;gN'lgxk % REN . (4.14)

apn,g° G
Mz §
c HN; p_:"r’rLi

= O: Ot

v
-
]
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From this expression one finds

E N a E/RT
9 a5y p(g"/RT)
RT ge X,

(4.15)

Ing

|-0:0: Ot

I.0:
o0

N j

Introducing(4.8) into (4.15) the activity coefficient for species i in a multicomponent mixture

becomesafter [28]

j Ci +

0, i = O f
| ] _i _i | i | | j
ng %@ | +)qax an®a,, o ta By @19
k
where
%8 b 1), (4.17)

4.2. Universal Functionagroup Activity Coefficient Model UNIFAG

The model combinea functionalgroup concept with the UNIQUAC model resulting in the
UNIversal Functionafiroup ActivityCoefficient(UNIFAC) modelWith the functionaigroup

concept a moleculean be divided into functionajroupswhich can be seen iRigureb.

Molecules Sub-Groups Main-Groups

Hexadecane

Benzene

Nitrogen

Figure5: The functionalgroup concept of theVTPRUNIFAC model by the example of the components of
hexadecane, benzenand nitrogen in a mult-componert mixture.
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The combinatorial part of the activity coefficient is calculated in the same way as in UNIQUAC,

butr, and g, occurring in Equation@.11) and(4.12) must now be calculated by group volume

andsurfaceparameters,R, and Q, , given by
=4 ffReandg A (4.18)
k k

where n{’, always an integer, the number of sub-groups of type k imoleculei. The residual

part of Equation4.16) is replaced by the sotion-of-groups concepf30]

all groups

In gresidual :é k(i?gn ) Gn 'k(i) ) (4.19
k

Where G, is thegroupresidual activity coefficient an@” is theresidual activity coefficient
of group k in a reference solution containing only moleculetypé i. Similar to the residual

activity coefficient of the UNIQUAC modele group activity coefficients, can be found as

RN W P @20
é " e

with Q,, the area fraction osub-group m

Q, —;% 4.21)

where X, is the fraction osub-group min the mixture given by

X =1 4.22)
m (i)
a an’’,
j n

TheparameterY ., contains the binary group interaction parametay,, between functional

groups nand m

Y zexpg, om 4.23)
¢ T
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The functional groups are called main groups and consist of one or morgrsups. The

interaction parameters are fitted almost exclusively to experimental dataestdn the

Dortmund Data Ban[31].

4.2.1. Modified UNIFAGDo)/ Universal Group CoefficientUGC)

Thereare many modificatios and extensions to the original UNIFAQodel, howeverin this
thesis only modifications and extensiesnof Gmehling et al are used (modified
UNIFAMatmund) [32] and group contribution equations of statéPredictive Soav&edlich
Kwong(PSR)33]/ Universal GrougCoefficient (UGCJTPRE0S24] ( see5.3UniversalGroup
Contribution Volume Translated PeRgbinsorEquation of StatédtUGCVTPR EQ$.

Modifications were done to the combinatorial part of the activity coefficient

In gicombinatorial 4 _i' fin -|'_ Sq %: f_l |ni (424)
¢ G A
f _—.riyl (4.25)
I —~ 34 '
a’ X

and the residual part of the activity coefficient through temperature depended binary
interaction parameters
é éa‘l'ﬂﬂ-'- bmnT +CmnT2

Y n =€XPze 6
¢ ¢ T

(4.26)

|- O: O

Further the group volume and surface parameteR, and Q, , are fited together with the

binary interaction parameter¢a..., b, ., G, ) to experimental data.

In Figure6 (a) the status othe year2014for the UGCVTPR Ea@oup interaction parameters
matrix is seen andbj the groups which weranmplementedare depicted Of which were the

main groups: CH2, AC ACCH2, OH, C30H, H&t@l N2 specifically used in theurther
presented VLE validatiosingle droplet, spray boandengine case studief Figure6 empty
regions mean that no interaction parameters are available (i.e. these combinations are not

covered by the methodet), the blue regions mean that two interaction parameters are
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availabe for a.,, , the green regions mean that four interaction parameters are available for

a,,, b,, andthe orange regions mean that six interaction parameters are available,for

b, andc,, .

ccL4 —OROEOE
cNo2 ——@3

sz ——AEE 0O

FURFURAL — OO0 OEOE @@

oo — 0 ODOOE

BR — @

BMEo—I o _oE
—10

cy-ciz —(@0O 080 O =]
CY-CHZ0

8514 —HE8E 80

I OOOoo
5]

Figure6: (a) Group interaction matrixfor the VTPRUGCGE0S[34] with (blue) two parameters,(green) four
parameters,(orange) six parameterf) only specific componentsere used which represent a smaller matrix.
All VTPR GEoS parameters for the used groups can be found in the appendix

For this thesis th&JGOVTPRTWUEOS, after validation with high pressure experimental data,

wasused tocalallate thevapourliquid equilibrium at tle interface of the droplet

The UGCVTPR EoSs¢sll under further developmento be used in a wide area of application
as illustrated byschmidet al[23] (Figure?).
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Universal Functionagroup Activity Coefficient Model (UNIFAC)

prediction of phase equilibria and excess
properties (VLE, SLE, GLE, SCF,.., hE .))

diffusional mass transfer (Aa;,
Af, Ay, instead of Ac)

selection of refrigerants

prediction of thermo-
dynamic properties
(h, Ah,, s, Ahg(P), ..)

prediction of the fate of
chemicals
(bioaccumulation)

/

prediction of flash points
of flammable liquid
mixtures

description of reversible
reactions

\

A

selection of working
fluids for thermodynamic
cycles

detection of separation
problems, e.g.
azeotropic points

group contribution
EOS VTPR
(%i» 9y PVT, (X-X9))

construction of
residue curves

selection of suitable

 J

solvents for separation
processes, chemical
processes, SCF, ..

design of separation
columns (Ny, H)

consideration of the real

behavior (K,, K,) on the

chemical conversion

Figure7: TheUGGEoShas potential inmany areas oprocess developmenf23]
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van der Waals Mixing Rule (vdW)

5. Mixing Rules

To describe multicomponent fluids with @guation of state, mixing rulesre needed. The
purposeof a mixing ruleis to calculate EoS parameter b and ¢ creatinga pseudo pure
componentwhich is suitable taalculatemixture thermodynamic propertiesising the same

type ofequationof stateas for thesinglecomponents

The first reasonable accurate mixing rule was the van der Waaifwdenixing rule but there
are limitations using iespeciallyfor non-ideal mixtures.Thus efforts have beemade to

combine the advanced EqBR SRKwith an activity coeffitent modelresulting in the so

called G° -mixing rules Typical representativeare the HurorVidal(HV), Michelsen Huron
Vidal 1(MHV1) WongSandleWS) Michelgen HuronVidal 2(MHV32, Linear Combination of
Vidaland Michelsen (LCVMY see[35], [36] for more details). For the most recent and most
accurate development of mixing rulebe Predictive Soav®edlichKwong(PSRKand UGC
VTPR have been deriveg Gmehling et dlL2] usingthe Dortmund Data Base.

Finally the UGC method was used in this thesis for the improved modelling of fueltdrople

evaporation

5.1. van der Waals Mixing RulévdW)

Thevan der Waals onéluid mixing ruleis usedfor the calculation othe mixture ce volume

b andthe mixture attraction paramete®.

bh+b
2

b=8 &x"x"§ with b =L@ ) (5.1)
i

a=3 ax"'%'q with 3, =,/ag @ -k) (52)

Here a, ,b, denotes the parameters of the respective components (3&guatiors of State
(EoS)) with I, and k; as the binary interaction parameters which can either be fitted to

experimental data or can be found by other means for most hydrocarbmgscorrelations

group contributionmethods[37]).
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As thesimgestmixing rule it is typically used with =0 reducing the mixing of the eeolume

to a linear combinatiord= & X'l which is called thelassical combiningixing rules [36].

Ultimately the classical combining ruleare applicablefor non-polar/non-polar, or non
polar/supercritical gas mixtures but falbecome inaccurate for nonrideal mixture VLE
calculations As the binary interaction parameter fanost non-ideal mixtures is strongly

temperaturedependentthe use of the vdWnixing rules becormsimpractical.
5.2. Linear Commmation of the Vidal and Michelsen Rules (LCVM)

The LCVM belongs to tHa" mixing rules. Its the most widely usecdhixingrule, being the

oldestsuccessful model for sizsymmetric mixtures. It was proposed as a linear combination

of the HuronVidal and the Michelsefs" mixing rule[38]:

a

= | 1 ith g=—— 53
qu()CMW'OIbRT (5.3
q = 1&g 6"8_ x"'q (5.4)
vTE, S 0
q — 1 %gE -|é Xv'l In—b ‘g_ié A (55)
M _CM(%ER_ gi -y H ! X9 :

Q.
(x
I-O: Ot

5 ax'q (5.6)

C, and C,, are EoS specific constanthe covolume parameter uses the linear mixing rule
b=a. X' and the parameten  =0.36 (which is specific to theriginal UNIFA(38]) was

fitted from asymmetric mixture data.

As already statethe mixing rule is pref@blyapplied to asymmetrimixtures containing non
polar/polar components at high presses but as the UNIFAC parameters contain no
interaction parameters for supercritical gases like nitrogenais not been used for droplet

simulationsin this thesis.
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Furtherinformation on the LEM mixing rulecan be found in the papeiBoukouvalas et al

[38] and by Kontogeorgis et.4B6].

5.3. UniversalGroup Contribution Volume Translated PerRpbinsonEquation of

State(UGCVTPR EQS

The UGC EeSTPR wainitially derivedusingthe Predictive Soa\,«EledIicthongGE -mixing
rule [12] reducing the deviations from experimental data further with the VTPR EbS

mixing rulefor the parameter a of the VTR&set upas

a 1 ed .. ... 8b & . . . _a
= == 2 "IN~ & vig with g, = —— . 5.7
bRT CUGCSRT -|aix, ng bi ou_:” -:ax, 9 . b.RT &7

As already seen in E4.8), the molarexcess Gibbs energy is themof a canbinatorial and a

residual term.

gE = gfomb -l'glrzes (58)
with
: S ;
gcomb _n ¥ rl O == vl qi
Zr=ax ng—7— gdbax qln (5.9
RT % X' g o ot
G -
The assumptions made jh2]
@ and 58 x'qInt< <,
axjn b | i
j
resultin the elimination of the combinatorial excess Gibbs endingglly yieldingfor a
E
Q=g x4 (5.10)
b i bl C'\UGC

with C,;. = 0.53081[12]. The mixture cevolume parameteb isdefined as
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b=& &x'x"h (5.11)
i

with the cross correlation parameter

bij —& 5 (.12

o 4.3
a b|3/ 4 + bJS/ 4 O
— 2 o

¢

and the volume translation parameter, which is needed for the VTPRi€d&ined through

c=a X" (5.13)

with ¢, calculated from E@3.16) or (3.17).

A comparisorbetween vdW1 LCVM anthe UGGQnixing rulein a Pxy diagraroan be seen in
Figure8. For the dashed line the Soave version of B#S is used with the van der Waals mixing
rule. For the dotted line the StryjekVera version of RE0S is used with the linear combination
of Vidd and Michelsen mixing rule and for the solid line the Tweusion of the VTRROS is
used with the universal group coefficient mixing rdleetrianglesrepresent the experimental

data.The resuls show thatthe TwuUGCVTPR Eo0S variant is closest togkperimental data.

x 10
3.6 . : .
ySw L
'a' 3 [ WA
o
o
T
=]
7]
7]
@
™
o 24+
— — — PR-S(vdW1,k,=0.2)
s +  PR-SV(LCVM)
VTPR UGC
A exp. data
1 -o/' 1 I 1 1
0 0.2 0.4 0.6 0.8 1

hexane mole fraction [-]

Figure8: Comparison between the three mixing rul¢gdW1,LCVM,UGGr the systemof ethanolhexane at
473.15Kwith experimental data[39].
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5.4. FugacityCoefficientof a Species i in théMixture

As mentioned in chapte3.1the form of the fugacity coefficient depends on the mixing rule

used.

Eq(5.14) and Eq(5.15) showthe volumeexplicit and pressurexplicit formulations

. 1°%8w 8 RT?
nj, =-fe" g5 -5 OP (5.19
Toglh . P
1ERT 4app 6 ¢
nj . =—pe a% 5 & Inz. (5.15)
T-8YV oM sy

Smilar to Eq(3.33) this allows us to calculate the fugacity coefficient of the mixture

componentswith the general pressure explidioSo

~ 9

nj, =z 3 mz -pegd DHEDT s
¢

+Qz+eb+

with a'and b' as the molar derivatives

pr=2BD) 8 g ar=i(nd) 8 (5.17)
¢ b T ¢ T

E.g.b' and a’ for classicamixing rulescan be found i8]

b'aw: =0 and @iy, = 2a. )ﬁl'l g -¢ (5.19)
i

With the other mixing rules more complex expressions result.
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GCombining Eq5.16) and E(5.18) results in the fugacity coefficient equatidar the general

EoSwith the classicaimixing rules

. b a . b §az+ sb +
Inj, =+ 1 | - X! T 5.19
i b(Z ) In(z bﬂg@ bR b Egz+eb+ (619
The fugacity coefficiestfor the remainingmixing rules are given iAppendix E Mixture

Fugacities
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6. VLEEoSVerificationand Validation

Temperatures and pressuresaninternal combustiorenginechangeconsiderablyduring the
compression cycleGas pressureises depending on the load and the fuel used (diesel /
gasoline) up to appromately 120 bar and 20 barespectively. It is clear that precise
description of thevapourliquid equilibrium at the interface is wessary for theevaporation
algorithm used. This will be accomplishedapplyingthe used UGC VTPR Eaable for high

pressure vapoutiquid equilibrium calculations.

Thevapourliquid equilibriumcalculatiors for the bubbleand dew points areolved through
a successive substitution algorithwhich for the bubble point calculatiortonsiss of the

following steps

1. Readthe ambient temperatureT andthe liquid compositionx
2. Set estimates ofhe gas pressureP andthe vapour compositiony; ( if available use

the last P and y of the last calculation step )

3. Try to calculate the fugacity coefficientj ' and seta flag if successful or not

successful respectively

4. Save the estimated vapour compositignand gas pressur@, as wellasthe Kfactor

K, and § K,

5. Calculate the new pressure” with a correction factor andraunder-relaxationfactor,

with the correction factor set tog Kx; and theunderrelaxationfactor set to unity

by default

6. Try to calculate the fugacity coefficients' anda new Kfactor K* setting a flag if

successful or not successful respectively
a. if it issuccessful continue witkstep 7
b. if it isnot successful andtep 3 hasbeensuccessfylcontinue withstep5 and
the under-relaxationfactor halved
c. ifitisnot successful and a limibr the underrelaxationfactor and a limit of
inner loop iterations is reachedeave the VLEcalculation with a flag set

indicating that no VE could be calculated
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+

" KX,
7. Calculate a new vapour compositigr = w
iXi

8. While |D§ K'x; | >,'go to step 6 andhcreasethe inner loop counby one

9. If outer loop limit is reachedeavethe VLEcalculationwith a flag seindicating that

no VLE could be calculated

10.While |§ Ki'x, - 1| >, go to step 4 andhcreasethe outer loop counby one

11. Output the result of the successive substitutialgorithm P and y

A simplified flow diagram of thealgorithmis depicted inFigure9.

Input: T, X;
EoS parameter
Estimates of P, y,
!

—{ Evaluate: K*, P* |
!

| Evaluate: y/* \

Output: P, y,

Figure9: Simplified flow chart of a sucasive substitutionvapour-liquid equilibria algorithm calculatingthe
pressure andzapourmolar fractions of the mixture, with the mixture temperature and the composition of the
liquid phase.

Themethod of successive substitutionrigitherthe most stablenor the fastest methodhat
can be used for the calculation thfe vapaur-liquid equilibria as stated if#0]. Thereare also
other numerical method that can be used insteag.g.AcceleratedSuccessiv&ubstitution,
the NelderMead Simplexr quasiNewton methods). However, in the present applicatioro
problemshave beerencounteredwith ambient temperatures up to 110Q and pressures up

to 150bar for the liquid components used@hus this method
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is regarded as sufficient for usage in ICE applications.

TheUGCVTPR Eof, - method, to calculate thevapourliquid equilibrium was chosen after

comparing the average deviatienf pressure andapourmolar fractionfor the experimental

data using four different modekss given ifmmable4.

Table4: Modelsthat are compared with experimentabata

No. VLE EoS ho. X activity coef. model mixing
method in liquid phase rule
1 i- - - UNIFAC -
2 I- VTPF Twu UNIFAC UGC (®
3 - PR StryjekVera - LCVM (§
4 - VTPF Twu - UGC (®

The experimental data for the binary systems uaeglgivenin Table5.

6.1. Model Comparisons

After the implementations of the fugacity coefficient aride mixture rule calculation
algorithmsVLEsvere analyzed taletectthe most accurate mixing rulend EoSThesystems
in Table5 were chosenas they were available in high pressucenditions and their

components were already includéa the thermophysicatlatabaseoff + [ CLw9 u @

Table5: Highpressure/temperaturevapour-liquid equilibrium datafound in literature totest the applicability
of the used modeldy comparison oexperimental with calculated data.

System Temperature Pressure
(species 1+ range range number

[K] of data
species 2) [MPa] points Ref.
Methanol+ 318.15493.15 0.0295.757 99 [41]
Benzene
Ethanol+ 372.7500 0.2245.719 43 [42]
Pentane
Ethanol+ 483.15523.15 1.1633.772 19 [43]
Heptane
Ethanol+ 473.15503.15 1.8115.194 36 [39]
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Hexane

Benzene+ 333.15488.15 0.1581.777 68 [44]
Heptane

Hexane+ 333.15623 0.001-3.824 31 [45][46]
Hexadecane

Ethanol+ 423.15598.15 0.55815.706 63 [47]
Water

Table6 presentsthe comparisons of thalifferent modek as given iTable4. As evaluation

criteria theaverageabsolutedeviationfor pressures

1 E\I-P é i,calc - Piex
AAD(P) =——§ ABSg- S (6.1)
NP 5 P
g i,exp
and theaverage deviation fovapourmole fractions
1 P
Dy :_a. ABS(yi,calc yi,exp) . (62)

NP5

Thenumber of data pointsasseen inTable5, isthe sum of bubble and dew points that could
be calculated using the experiment@@mperature and liqguid componentiata as initial

conditions for the bubble/ dew point calculatios

The average deviation the UGC/TPRTwuis overall the most accurate of the four models
compared with 1,54 % average pressure deviationhe LCVMPRSVEO0Sis the secondbest
modelwith 2,27 %deviation The § 1 method follows nextwith a 11,67 % deviatiorwhile
the g - approachwhich becomesvery unstable with highetemperatures (.e. failing the
VLE calculatiomeaching29.73% deviation The reason for the unstable behavior is unclear
but it isindicatedin [19] that it isthe result of using two different models to describe the liquid
and vapour phase respectivelyhe LCVMPRSVEO0Syields increasin@ccuracy with rising
pressure for most of the examined system$ieaccuracy of the&JNIFAC approaaenerally

decreases withiising pressurespeciallyfor the calculated bubble points.
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Table6: Comparisons of deviations for pressure and vapour mole fraction for Yiecalculationmodels

Temperature AAD(P)% NeFr MAan
Data
VTPR (Tu) PR(SV) *- 6 ! b!-1(UNIFAC|VTPR (Twu) PR(SV‘- 6 ! bi-1( UNIFAC)|Points
[K] UGC LCVM UGC  LCVM
Polar/Non-Polar
Methanol+Benzene
318.15 2.3% 3.8% 1.2% 1.4% 0.70 1.59 0.88 0.88 33
363.15 2.8% 2.2% 4.8% 3.0% 2.26 2.05 1.59 1.37 6
393.15 1.4% 1.5% 8.9% 5.9% 1.09 1.09 3.35 3.04 10
413.15 1.8% 2.4% 12.7% 8.7% 1.39 1.62 4.44 4.61 10
433.15 1.3% 2.8% 15.4% 10.4% 1.75 1.41 5.05 5.68 10
453.15 0.8% 4.4% 20.6% 13.6% 1.79 2.25 6.42 7.66 10
473.15 1.4% 4.3% 72.2% 14.2% 2.76 2.12 8.57 8.71 10
493.15 1.1% 5.4% 76.5% 14.8% 3.63 3.34 8.82 8.52 10
System Average 1.62%  3.35% 26.53% 9.01% 1.92 1.93 4.89 5.06
Ethanol+ Pentane
372.7 2.3% 4.9% 2.8% 1.4% 0.96 1.71 1.02 1.12 10
397.7 2.1% 3.6% 5.5% 1.9% 1.28 1.81 2.21 2.61 12
422.6 2.2% 3.1% 9.7% 2.6% 0.55 0.99 3.31 4.38 11
465.4 2.2% 3.1% 9.7% 2.6% 0.31 0.07 5.11 7.32 7
500 1.4% 1.6% 52.6% 4.8% 0.24 0.23 4.98 10.14 3
SystemAverage 2.02%  3.25% 16.07% 2.64% 0.67 0.96 3.33 5.12
Ethanol+Heptane
483.15 0.8% 2.8% 82.0% 13.6% 2.33 2.42 6.64 10.90 12
508.15 0.9% 3.0% 62.7% 18.8% 0.74 0.91 6.57 15.26 5
523.15 1.2% 3.5% 88.6% 50.8% 0.05 0.55 17.08 34.91 2
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SystemAverage 0.95% 3.12% 77.75% 27.73% 1.04 1.30 10.09 20.36
Ethanol+Hexane
473.15 0.7% 2.9% 72.4% 9.2% 0.91 1.50 4.75 8.37 14
483.15 0.6% 2.2% 69.2% 9.9% 1.28 0.91 4.81 9.20 11
493.15 0.2% 1.2% 57.7% 11.9% 0.58 0.87 9.19 13.78 6
503.15 0.1% 0.1% 24.4% 8.7% 0.11 0.08 6.14 10.38 5
SystemAverage 0.40%  1.59% 55.93% 9.92% 0.72 0.84 6.22 10.43
Polar / NonPolar Av. 1.25%  2.83% 44.07% 12.33% 1.09 1.26 6.13 10.24 197
Non-Polar/Non-Polar
Benzene+Heptane
333.15 0.3% 1.6% 1.2% 1.2% 0.34 0.50 0.21 0.07 31
383.15 1.3% 0.7% 1.2% 1.0% 0.71 0.95 1.49 1.99 9
413.15 1.3% 0.5% 2.0% 1.5% 0.29 0.65 1.41 1.90 9
443.15 0.4% 2.9% 4.1% 3.2% 0.63 0.71 1.50 2.17 10
488.15 1.2% 2.9% 2.8% 1.6% 0.85 0.57 1.68 2.55 9
System Average 0.89%  1.73% 2.25% 1.71% 0.56 0.68 1.26 1.74
HexaneHexadecane
333.15 1.4% 1.5% 11.3% 9.6% * * * * 10
472.3 1.2% 0.9% 4.7% 6.9% 0.02 0.04 0.07 0.36 8
572.5 3.4% 5.0% 6.6% 31.4% 0.17 0.18 3.55 8.14 7
623 4.4% 6.5% 32.7% 57.4% 0.51 0.60 3.98 18.29 6
SystemAverage 2.59%  3.46% 13.85% 26.32% 0.23 0.28 2.53 8.93
Non-Polar / NonPolar Av. 1.74%  2.59% 8.05% 14.02% 0.40 0.48 1.89 5.33 99
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Polar/Polar
Ethanol+Water
423.15 1.5% 2.7% 5.2% 4.6% 0.54 1.62 1.56 2.16 17
473.15 1.1% 2.2% 8.7% 6.8% 0.30 1.09 3.32 4.83 17
523.15 1.1% 0.9% 48.8% 7.7% 0.41 0.60 7.26 5.42 17
573.15 1.9% 0.6% 64.5% 11.2% 2.25 2.21 4.95 12.79 7
598.15 2.6% 0.5% 58.1% 13.0% 0.83 0.29 4.06 15.53 5
SystemAverage 1.64% 1.39% 37.06% 8.67% 0.87 1.16 4.23 8.15
Polar / Polar Average 1.64%  1.39%  37.06% 8.67% 0.87 1.16 4.23 8.15 63
Average 1.54% 2.27% 29.73% 11.67% 0.79 0.97 4.09 7.91 359

*no experimental data was found

In the next section§.2 Binary Mixture$ a few figures are presented to depict thefdiences between the chosen USTPRI'wu EoS and the

already used UNIFAC model.
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6.2. Binary Mixtures

The isothermal VLE of a binary mixtimea Pxy diagrans characterized by a depoint line
and a bubbleoint line which limit theabutting vapaur, liquid andvapaur-liquid regions(see

Figurel0).

azeotrope

Liquid bubble point line

2-phase
region

2-phase
region

\/

dew point line

Pressure

Vapour

\

pure component vapour DFESSUFQ\

Mole Fraction 0 ulz 014 0:6 0:e 1

liquid compaosition
vapour composition

Figure10: Pxy diagram of a bing system(to the left); determining the vapour compositiorin equilibrium
with the liquid composition (o the right)

The dewpoint line represents the dew pressures and the bubptent line represents the
bubble pressures for all possible mole fractiafighe mixture The limits of the diagram are
the pure compoent vapourpressuresTo determinethe mole fraction in equilibriunin the
vapour phasefor a liquid composition x in saturated conditigrem isobaric line is drawn
connecting the dew and bubble point line. For a given ligpalar fractionand temperatue
there isa unique solution of pressure and vapomolar fractions Theazeotrope that is due

to the nonideality of the mixturewhich is defined by identical composition of the liquid and

the vapour phase

The experimental vapotiquid equilibrium dateaof the binary systempresented inTable5
areshown in comparison with thelGOVTPR wuEo0$S abbreviatedas VTPRIGC andUNIFAC
model, abbreviatedas UNIFAGn Figurellto Figurel5.

Figure 11 shows the systenof benzeneheptane that exhibits nearly ideal behavior (i.e.

following Raoult-DaltonQ #&aw). For the low temperatureof 333.15 K both models the
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UGCVTPRwu EoS and UNIFAf@produce tle experimental datavell. Calculating the high

temperaturecaseandwith pressurerisento approximately6 - 9 bar the UNIFAC model clearly

deviates from the experimental data with its bubble and dew points.

x 10° ' x 10°

=
n

© T
o e,
e
! A
(7] 0
o ]
o o

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

benzene mole fraction [-] benzene mole fraction [-]
[—— UNFAC ——VTPRUGC & exp. datal [—— UNFAC ——VTPRUGC & exp.data]

Figurell: Pxy diagram for an isotheria binary systemof benzeneheptane.(to the left) 333.15K {o the right)
443.15K.

Figurel2 showsthe systemof methanotbenzene, that exhibg&non-ideal behavior (i.e. not
followingRaoult-DaltonQlaw) showing an azeotrope. At 318.15 K the UNIFAC model surpasses
the UGCVTPRTwu E0S in accuracy. With increased temperatures gmessuresrisen to
approximately 2660 bar the UNIFAC approach overpredicts the pressure for the bubble point
line. It is interesting to note that the dew point line of the UNIFAC method reproduces the
experimentaldatamore accurately ovea limitedrange ofvariablebinarycomposition but is

overall less accurate.

£s| g
g g
= >3
0 w
7] (7]
2 L
o o
3
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
methanol mole fraction [-] methanol mole fraction [-]
[—— UNIFAC ——VTPRUGC & exp. data [—— UNIFAC ——VTPRUGC 2 exp. data|

Figure12: Pxy diagram for an isotheral binary systemof methanolbenzene (to the left) 318.15 Ko the
right) 493.15 K
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Figurel3 shows the systenof pentaneethanol deviatingconsiderablyfrom ideal behavior.

Both the UNIFAC method and the UBTPRIwu EoS provide an accurate representation of
the experimental datat 372.7 KWith 500 K and pentane in an overcritical state the mixture
reaches its critical state with a specific mole fraction of pentahabout 0.15 mole fraction
We see that the UNIFAC approach is unable to predict the change to the critical sthge of t

mixture. Both dew point lineand the bubble point lineare over- / under predicted

respectively.

LT T
- 7/ AN ~
4 / \ \
= w 6.5 4 / \ \
g g / / \ \
e e 4 / \ \
S 5 / / \
a @ / 4 \ }
4 @ LA s N \
o o AL g \
Lyt 7 N
17, AN
s AN
544 ™
4
2 L L L 1 I L L L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
pentane mole fraction [-] pentane mole fraction [-]
| —— UNIFAC ——VTPRUGC 4 exp. data] [—— UNIFAC ——VTPRUGC 4 exp. data

Figurel3: Pxy diagram foran isothermalbinary systemof pentane-ethanol. {o the left) 372.7 K{o the right)
500 K

If the two components are very asymmetric sizea characteristic form for the binary Pxy
bubble/dew- line is encountered as seenkigurel4 for the systemof hexanehexalecane
We can see the good agreemdmttween calculated and experimental data for the UNIFAC

model, as well as for the UGC VTR EoS at the temperature of 333.15 K.

x10

Pressure [Pa]
S
N\
Pressure [Pa]

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
hexane mole fraction [-] hexane mole fraction [-]

[—— UNIFAC ——VTPRUGC & exp. data [—— UNIFAC —— VTPRUGC A exp. data]

Figurel4: Pxy diagram foran isothermalbinary systemof hexanehexadecane (to the left) 333.15 Ktp the
right) 623 K.
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Rising the temperature to 623 K resih hexane becoming overcritical, we again see

inability of the UNIFAC approach togglict critical mixture behavior. Whereas the UGTPR
Twurepresents the experimental data witlpood accuracylt is interesting to note again that
the dew line of the UNIFAGproach matches that of the UGZTPRTwu over 2/3 of the

variablebinarycomposition.

Figurel5depictson the left handside the system ethandiexaneand on the right hand side
the system ethaal-water. In both cases the UGO PRIwusurpasses the UNIFAC approach

in reproducing the experimental data.

x10° x10"
e ——— e
,——-"—// -‘AB"-"'-\ //"’ // \t\\e
/ = 25h P // N
/ S ’ p RN
‘o Vi r a V4 /
a, e e /
o / @ / /
] / 5 / /
@ Ve a /
2 @ / /
o [ //
lon /
164 7
I 4
/4
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
ethanol mole fraction [-] ethanol mole fraction [-]
[—— UNIFAC —— VTPRUGC 4 exp. data) |—— UNIFAC —— VTPRUGC 4 exp. data]

Figurels: (to the left) Pxy diagram fothe binary systemethanol-hexane at 493.15 Ktd the right) Pxy diagram
for the binary systemethanol-water at 623 K.

Overall it can be said thaue to the nonideality of thevapourphaseat higher pressure§.e.
pressures higher than 5 to 10 baif)e UNIFACapproach strongly deviates from the

experimental datdan most of the examined systemsdzii Ay 3ISYy SN} f A G Ydzai

2 NJ & KA 3 K ¢depeidBhdratiiezNdnpdsition and temperature of the mixtuf9].

6.3. Ternary Mixtures

A ternary mixture consist of three individual componefitse usual way to visualize a ternary
mixture is to use a ternary diagraim Figurel6a) b) c) a ternary 2Diagramis shown. With

a) b) depicting a ternary mixture of Band C. The corners of a ternary diagram represent the
pure components ABand C respectively. By moving farther away from a corner the fraction

of the associated component decreasés example is shown in iRigure16 c) with the
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system BazeneEthanolHeptane depicted. The mixture compositimmarked as the black

circle which readx?! =0.2, x% =0.5andx" _ =0.3.

Benzene ™ Ethanol — Heptane ™

VAVAVAVAVAVAVAVAN
YAVAVAVAVAVAVAVAVAN
. LN .

(a) (b)

Heptane
100 0

70 30

6 W ”
N Ethanol

o ININAN/N/N/%
W AVAVAVAVAY VAY
j\ANW IVAVA S

0 100

Benzene Ethanol
100 90 80 70 60 50 40 30 20 10 0

c)

Figurel6: a)b) Basic ternary diagram® determine the fractions of the individual components in a Benzene
EthanolHeptane system. c) Example of a ternary mixtufé8].
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Adding an additional-axis that reads pressure (isothermélB or temperatire (isobaic VLE

for the bubble or dew points of the mixtura 3D ternary diagram can be constructed.

P [bar] P [bar]
0.215 bar 0.215 bar
0.212 bar
® 0.168 bar
0.162 bar

0.159 bar

0.158 bar

o N
E* 0.159 bar

0.159 bar

Heptane s \ 0.162 bar

Ethanol Va pour \ Benzene

Benzene Ethanol

l = Heptane

Figurel?: Isothermal VLE of the system BenzeBthanotHeptanepredictedn dew points andn bubble points
for 303.15 Kealculated withUGC VTPR Twu E@®°and a 180° turned view)_ = predicted binary azeotropge
+ = calculatedinary azeotropedata by Schmid[49].

A 3D isothermal VLEernary diagramof the system BenzenEthanotHeptaneis shown in
Figurel7. Two perspectives of the same system are used to better visualizdeiveand
bubble point progression with changing pressure of the ternary diagiidrare are vapour
liquid-, vapourliquid regions similar to a binary mixtues seen in the depicted areas the

right handside ofFigurel?.

As no ternary experimental datéor the systemdecane D) hexadecaneHD} nitrogen (N),
could be foundthe binary experimental VLE data of onhe systemsdecanenitrogen and

hexadecanenitrogenare seen inFigurel8.

x10 x 10

3.5
4.5

Pressure [Pa]
Pressure [Pa]

| ___ 7 _ dieselapplicationpressure 1
,,,,,,, diesel application pressure ¢
8
0 _ 0 — .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
nitrogen mole fraction [-] nitrogen mole fraction [-]
——VUGCVIPRTwu & exp. data [——UGCVIPRTwu 4 exp. data
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2 2
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o o

A

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

nitrogen mele fraction [-] nitrogen mole fraction [-]
——UGC VTPRTwu &  exp. data‘ ——UGCVTPRTwu £  exp. dala‘
x10

A

Pressure [Pa]

0 0.2 0.4 0.6 0.8 1
nitrogen mole fraction [-]

——UGCVTPRTwu 4  exp. dala‘

Figurel8: Binary isothermal Pxydiagramfor the system decanenitrogen:(ab,c) T= 344.3 / 503 / 563.1[KO];
hexadecanenitrogen: (d,e) T= 462.7 / 623.7 [&1].

The UGK/TPRIwu EoS approach gives a good representation of the empmrial data but

the accuracy decreases with rising pressufegurel8 c/e showsthe bubble and dew line
increasingly deviating from the experimental datlowever, athe maximum pressure in the

IC diesel applicatiors below 150 bar, it can be concluded that the UGC VTPR Twu model
describes the solubility behavior of nitrogen in the fuel in the relevant pressure range with

sufficient accuracy.

For Figure18 a-e it was not possible to calculate the bubble arelwdline for the UNIFAC
approachused in the original multicomponent evaporation moa@s thereis no Ne-group

availablein the original UNIFAC model

Next the system decanghexadecane nitrogen, that will be used in the single droplet, spray

box and engine sector simulatigns depicted in &8Dternary isothermal VLE diagram for the
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temperature of600 Kin Fgure 19. It is seen that decane and nitrogen already reached their

critical temperatures with only hexadecane in a subcritical state. As already seen in the
chapterBinary Mixtureghe bubble and dew line do not reach each other in the critical point
of the mixture. This is believed to be the result of tleedVLE algorithm and should be further

investigated.

P [bar]

P [bar]

Fgure 19: 3D isothermal ternary VLEagram for the systentdecane D)}hexadecane iD)nitrogen (N) at 600
K predicted with the UGC VTPR Twu EoS

The determination of the unique vapour composition as the result of an unique liquid
composition at the specifiemperatureis similar to binary mixtures. This time the individual
fractions are evaluated by using the marked mixture composition of theidicand vapour

phasein the ternary diagrammespectively as seen Figure20.
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Figure20: Vapour-liquid equilibrium between a specific liquidomposition X' and its vapour compositionXV
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7. Extensionof the Multi- ComponentDroplet EvaporationModel

TheEoS based VLE calculation metidedelopedn this thesisvasimplementedinto the AVL
C L w@FCode extending an already availakelaporationmodel based omAbramzon and
Sirignand4], which include the multicomponer evaporationmodel by Brenn eél. [5] and

the nonuniform heating model by Frold8].

Next these models will be briefly described autlitionallythe implementation and the basic

modifications due to this thesare presented.

From here on mass fractions will be denoted wigtl' and mole fractions withx"' for

mass/mole fractions in vapour and liquidspectively.

7.1. Single Componenfbramzon & Sirignan&vaporationModel

The model ofAbramzon and Sirignancalculates theevaporationmass transfer raterém

mass and heat balances integrated over the concentration and thermal boundary layers.
The models characteizedby the following features and assumptions

1 the condensation andvaporationtakes place on a spherical droplet

1 the droplet surface is uniform in temperature and vapour mass fractions

1 the ambient gas does natissolvein the droplet

1 the heat and mass transfer are considerad quaststeady, the pressure drop is
negligible and theemperature dependenthermo-physical properties are calculated

at some reference statenside the boundary layer surrounding the droplet

The model ues (0 KS -3 FwlEBhQintroduces gas films of constant thicknesses
surrounding the dropletThe heat and mass transport is not only affected by the diffusive
transport process but also by the convective conditiorth@proxinity of the droplet surface.
Convection enhances the transport, resulting in thicker films. The convective flow reduces the
vapour concentration near the droplet surface resulting iowa vapour concentrationThus,

a flow away from the droplesiinduced. This flow is called Stefan flow and is responsible for

the increase of the film thickness
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Thevaporizationrate utilizing the Nusselt and Sherwood number reads

m=2g p,D,,Sh Inl B;) (7.1)

m=2r p_(l:—f Nu In(1 B,) (7.2)

©

where r, is the droplet radiusr,,D,,, |, the film density, the diffusion coefficient

between vapour and ambient gas, the heat conductivity of the film and the isobaric heat

capacity of vapour at a reference temperatiftesl concentrationrespectively.

The reference temperature/fuatoncentration are defined bgqually weighting the droplet

surface and the ambient g4%- rule }

=

T=T,

(T. F) and Y=Y  £(Y, ¥,). (7.3)

T
N

Sh ,NU are modified Sherwood and Nsslt numbers through correctiofactorsconsidering

the deviating gas film thicknessdsr spherical films

* N = 2
Nu =2 +(UF°—) with Nu, =2 40.552R¥* Pf (7.4)
H
* S = 2
Sh =2 % with Sh, = 2 +0.552R¥¢ S¢ (7.5)

M

the correction factorsk, , i, are calculated through the same function

In(1+ B
F(B)=(1 %)0-7% (7.6)
using B, the alding heat transfecoefficient
c, (T,-T))
g = (7.7)
Ql,d/m- [Db (-I;)
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and B,, the Spaldingnass transfer number

Yos~ Y
SEEATNEATRY 7.8
vy (7.8)

This leads to a nolinear system of 3 equatian(7.1), (7.2) and (7.7) for 3 unknowns

m, B, Qd which is solved iterativelto finally calculatethe diameter and the tmperature

change of the droplet from overall heat and mass balances for the droplet.

7.1.1. Multicomponent Modification of the Abramzon & Sirignan&vaporationModel

The multicomponentvaporationmodel applied in theAVL FIRE CFDcodewas developed
by Brenn et aJ5] andis based on the Abramzon and Sirignano matéscribedin previous
chapter. The mass transfeis represented bythe single component mass transfer rates
m, (i =1,.., N) , Wwhichadd up to the total mass transfer rate

m=3m, (7.9)

whereas the heat transfer remains glolfaéeFigure21).

Figure21: Mass andheat fluxesfor the multi-componentdroplet evaporation[52]

For the multi-component mixture it isassumed for simplification thahe components are

homogeneously distributed inside the droplet.
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Theproposedindividual mass transfer ratesn, result in individual gas fit thicknesses for

each species.
Similar to Eq7.1) the evaporationrate of the individual species reads

m =2¢ p,D,SH Inl B, | (7.10)
with the Spalding mass transfer numbier each component

yis_ yiu
B, =-2= -~ 7.11
M,i 1_ yi’s ( )

Variablesy, ., y;. denotethe mass fractionsfahe species i at the droplet surface and in the
ambient gas, respectivelyy,  is calculated through the vapodiguid equilibrium at the
interface of theevaporatingdroplet.

With the original model of Abramzon and SirignaaoulQ & f Déltork i Rafelusedo

describe the vapouliquid equilibriumyielding for thevapourmole fraction of component i

at thedroplet surface

(7.12)

Brenn et al[5] integrated the UNIFAC method to describe state of equilibriuntaking into

account the activity coefficientg,

|:i)S
is =i gE (7.13)

This approachieproduces the vapouliquid equilibria for an arbitrary number of nedeal
liquid mixtures reasonaplwell for pressuredelow 510 bar as already mentioned %2

Binary Mixtures

The general #@ration algorithm forsolving the heat/mass transfaf the presented modeis

depicted inFigure22.
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1. Evaluate y; at the droplet surface

2. Get the average physical properties [5, fp:l, Cos k.1 .B;

3. Calculate Nup .Sho

4. Get B,.F,;.Sh™,m

5. Guess the value of By by using the value from the previous iteration or time step
6. Calculate the modified Nusselt number Nu*

7. Caleulate B by

- p:D,,Sh;
B;= 1+B,,) -1 ith .:M
H H( M_l) wit W, T Nu

8. if | By — B |< € continue with step 9. else continue wit step 5

9. Calculate the heat transfer by

Figure22: The final algorithm tocalculate the heat and mass transf§s3]

7.1.2. Non-uniform Heatingof the Droplet Interior

As an alternative to the rapid mixing assumption causing homogeneous temperature and
composition inside thelroplet a simple approach to take into account a radial temperature
profleisav Af I 6t S Ay C[B]w This appldas!s calclilBst tiizdplet center
temperature from a series evaluation and provides an estimate for draplet surface

temperature (seesketched profiles 1 to 5 iRigure23).

This is especially important for cases where rapid mixing does not take place and a surface
temperature higher than inside tharoplet is established, which will affect the VLE

calculations.
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600

550 | Tas
500 | 5
4
V-] o —
= _3
400 |
Td,c
350 | ‘y
!
300 | . . . :

r/cm

Figure23: EvaporationDynamics of retradecane (C14H3@)roplet of initial diameter 70>m in air at normal
pressure and temperature of 573.15 K; Predicted temperature distributions: curve 1: t = 0 ms; curve 2: t= 5 ms;
curve 3: t= 14 ms, curve 4: t= 39.2 ms and curve 5:4 m5[53]

From the analytical solution for the temperature distribution inside the droptete can

describe the temperature evolution of the droplet center in time

Td,c:Td,s _Q(Td,s Td()a.( 1)T eXF& rﬁ‘za—ztp ) (714)

m=1 c I’.d
with the thermal diffusitya and m the integer series variable.

Frolov further found a relation between the center, surface and avedagplet temperature

that reads
T,°T 4§(T Tad - (7.15)
d d,c 4 d,s d,
With Eq.(7.14) and (7.15) the surface temperature can be calated by

(7.16)

7.1.3. Real Ga®odifications in the VLE Calculation at tHeroplet Surface

Using the UNIFAideal gas method to calculate the ligewapour equilibrium during a
compression cycle inside a combustion engine with gas pressures up to 18tapaot be
accurate enough, as has been shown in comparison of VLE calculations with expairothata

in chapter6.2Binary MixturesTaking into accouniteractions between the fuel and ambient
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gas moleculesear the droplet surfaceas wellasthe solubility of ambient gas inside the
droplet can beexpectedto improvethe evaporationmodel. The solubilityof the ambient gas
is most importantto the outermost layer of the droplet, as the gas diffusing towards the

droplet center does not affect thevaporationof the droplet[2].

As a simplificatiorit isassumed thathe ambient gas only consssbf nitrogen, to determine
the vapourliquid equilbrium a the droplet interface (i.e. oe droplet with a specific fuel
composition, temperature and pressuisesurrounded byts vapour components amgitrogen

as representative for the inert gas contents)

To achievahe vapourliquid equilibriumwe already knw that the conditions of E(2.10)

must be satisfiedTheseare
Xi (P T k) =X V[ PTX ks (7.17)

for N fuel components and component N+1 for nitrogen.

Overall Eq7.17) can besolvedwith the bubble pointsuccesive substitutioriVLEalgorithmas
sketched inFigure9. As an additional condition now the dissolved mole fractions of ambient
gas in thedroplet surface layer are calculated from the VLE condition for i=N+1, in such a way

that the given systemnessure is reached.
The algorithmconsists, at the time of this thesis, of following steps:

1. Read the ambient gas pressuR, the droplet/surface temperaturel and the liquid

composition of the fuek!
2. Estimate thevapour mole fractionx;

3. Check the droplet temperature and if available the difference between the old
temperature and the current droplet temperature

a. if the temperature or the temperature diffence exceed a limit, no VLE is

calculated a flag is se&nd the lastx;’ is reused

b. otherwise move to step 4

4. CalculateP, utilizingonly the fuel fractions without the ambient gas with the Antoine

Equation
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5. Check if there is a last calculation step available

a. If not available: use an initial ambient gas mole fracaowl the pressure oP,
for the bubble pointP, calculation estimate

b. If available: use thpressureand the vapour fraction of the last calculation step
for the bubble pointP, calculation estimate

6. CalculateP,

a. If successful go to step 7

b. If not successful use different x;’ conditionone time and go to step 6

c. If not successful and a different/ condition was already used, no VLE is

calculated, dlag is set and the last; is reused

7. Calculate withP, P,,P,,x} ,x;, through thesecantmethod x;, , the nitrogen
fraction solved inside the liquid droplet
8. The new mole fractior)('&NZ is considered which changes the fuel component fractions
accordingly
9. CalculateP,
a. If successful go to step 10

b. If not successful use a differemt’ condition one time and go to step 9
c. If not successful and a different/ condition was already used, no VLE is
calculated, dlag is set and the last; is reused

10.Either R, or P, is exchanged wit P, and x; ,, or x;,, with x;, respectively

11.While |[B,- P|> gotostep 7
12.Save the droplet/surface temperature and the vapour mole fraction

13.Output x!

The simplified algorithm is seenkiigure24 a) which represents the calculation of the vapeur
liquid equilibrium for the system decan@®)hexadecane(HD}nitrogen (N) with a given
droplet temperature pressureand compositionFigure24 b) c) represent the steps-111 and

Figure24 d) represents the step 13 of the algorithm.
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a) b)
Input: T, P, X
Estimate xv
Evaluate: P,
Evaluate: P,

c)

Secant-Method
Evaluate: ',

Y

Evaluate: P,

d)

Output: x"

Figure24: Ternarymixture VLE algorithmwith a secant method to determine the mole fraction of dissolved
gasat the surfaceof the liquid mixture.
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8. ApplicationStudies

This chapteiis focusedn presenting thedifferencesin predictionbetween the original multi
component MC) and the modifieanulti-component (hnMC) evaporationmodel The first
section showsoMC and mMC single drople&vaporationdifferences using a variation of
physical parameters. In the second section the behavith@bMC and mMC modd tested

in spraysimulations. The simulations acempared to experimental data if available.the
third section adiesel engine sectoreppmetry witha moving piston was considered and again

compared to experimental data if available.

8.1. Single Droplet

The mixtures studied are the octarmécosane and decaHeexadecane systeswith initial
parameters used for the simulation listed Trable7. The system octaneicosane has been
used to provide a system with very different volatilities of the components, while decane
hexadecane has been chosen since forfined blend experimental data from spy boxcases

are available. This allendirect comparability for singldroplet on spray effects using the

same fuel blend.

Table7: Initial simulation input parameters (single droplet)

Case Liquid Mass | init. Droplet| Droplet |Velocity| Ambient Ambient Nor

Fraction| Diameter | Temperature Temperature] Pressure |uniform

[%] [um] [K] [m/s] [K] [bar] | heating
la Octane 50 80 353.3 0 600 50 -
b Eicosane 50 80 353.3 0 600 150 -
c 80 353.3 0 900 50 -
d 80 353.3 0 900 150 -
2a Decane 50 80 353.3 0 760 73 -
b Hexadecane| 50 80 353.3 0 900 73 -
C 80 353.3 100 760 73 X
d 80 353.3 100 900 73 X

Figure25to Figure32 and Figure34 a) show thesurface decayf a dropletas a function of
time, in b) evaporation rates of the individual speciesare shown and c) the droplet
temperature as a function of timeThe solid lines represent trevaporationmodel with the

original vapouwiliquid equilibrium and the dashed linespresentthe evaporationmodel with
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the modifiedreal gadasedvapourliquid equilibrium.These models will be called oMC model

and mMC model in theemainderof this work.

Figure25shows the system octareicosare with amass fractiorof 50% eachvith an ambient
temperature of 600 K and gas pressure of 50 baa split up of the d? progression can be
observed as theolatilities differ stronglybetween the componerg The first slope which is
steeper representshe more volatile component thaevaporates first. The second slope,
which is mordlat, is defined by the less volatile component and is in the @etgrminingthe
droplet lifetime. b) the evaporationrates of the two componentare compared With the
more volatile component reaching a maximum value sooner, whereasvtigorationrate of

the less volatile componemnteaches its maximurtater. The differences evaporation rate
between the multicomponentevaporationmodel with the originaVLE(oMC) and the muli
componentevaporationmodel with the modified/LEmMC)of the more volatile component
are, at the case specificonditions minimal. While for the less volatile componetite mMC
model reaches higherevaporationrate. The increasén diameter at the first few timesteps

can either be explained through condensation or thermal expansion due to heat transfer into
the droplet andthe rise of its temperatureresulting in a change of the droplet density
Condensation would result in a gative mass flow rate, which does not ocatirshows that

the droplet temperatures are limited through the ambient temperature. Both models reach a

similar droplet temperature.
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0.2
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Figure25: a) Surface decapndb) evaporationratesc) droplet temperaturesfor Case 1§50bar/ 760 K)

Figure26 shows the same system with the gaessure increased to 150 bdn. this case the

differences irthe decrease of the droplet surface arbatween the oMC and mMC are severe.

Again two separate slopes can be seen separating the component that is more volatile, octane,

and the component that is less volatile, eicosa@i@nparing theevaporationratesin Figure

26 b) the enhancedevaporationrates due to the modifie@vaporationmodel can clearly be

seenasoctane and eicosane rea@hhigher evaporationrate. It is interesting to note that

comparing theevaporationrates at 50/150 bar especially for eicosane see that theyare

stronglyreduced using the oMC model, whereas tbeaporationrate changedo a much

smaller extend byising the mMC modellThe reason is the use of the low pressure UNIFAC

model VLE formula = x

B (M
P

dT,x) . As can be seen for theame temperaturethe

valuesg and P’ are the same as they arn-dependedon pressure With triple ambiat

gas pressure

4e-09 —

2e-09 |-

Caselb

T
— oMC
mMC | 4

Time, t[s]

L
0.3 0.4

0.5

O
=

Evaporated Component Massflow, dmdti [kg/s]

o
in
¢

o

2e-09

1.5¢-09

le-(

°

Se-10

octane

— oMC | |
mMC

eicosane

L L I
0.2 0.3 0.4 0.5
Time, t [s]

Grabner MatthiasBSc.

57



Application Studies Single Droplet
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Figure26: a) Surface decapndb) evaporationratesc) droplet temperaturesfor Case b (150bar/ 760 K)

and the droplet temperaturdimited by the ambient Emperature the x;' values can be

reduced up to 1/3 of the valuat 50 bar ambient gas pressure as the pressure influence on
the VLE is neglected on both the liquid and vapour phesseg the original multicongnent

evaporation model.
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Figure27: a) Surface decapndb) evaporationratesc) droplet temperaturesfor Case & (50bar/ 900 K)
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Figure28: a) Surface decayndb) evaporationratesc) droplet temperaturesfor Case @ ( 150 bar/ 900 K )

Figure27andFigure28again shovthe system octaneicosane butvith anincreasecambient
temperature of 900 Kand gas pressures 50 and 150 bar respectivelye increased
temperature reduces the dropleevaporation time with increasedand more similar
evaporationrates of both components such that different d2 slopean hardly be seerin
Figure27 a) the sudderdroplet in surface decay approximately 30 ms for the oMC model

is encountered due to reaching the critical temperature of the mixture and the conversion of
the remainirg droplet into vapourThis is not the case for the mMC model for which the
critical temperature of the mixture is not reached. Téeaporationrate for Figure27 and
Figure28 b) is againat the lower pressurgsimilar for the component octane and higher for
the component eicosam Octanewith the oMCmodelreaches a highenaximumevaporation

rate due to a highedroplettemperatureseen inFigure27 and Figure28 c). The kinks visible

in the diameter evolutions and mass transfer rates using the oMC appr@&ctue to the
mixing rules for the thermophysical properties applied at temperatures where one of the

components is already in supercritical state. In this case the property vatugritical state
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are used anyway. This causes kinks (e.g., in the gecalitulation of the liquid phase). The
new mMC avoids this disadvantage by using UGC VTPR Twas@tsSor the liquid density.

In Figure28for the elevatedgaspressureof 150 bar we experience the same sudden drop in
surface decay as the droplet tempéumge reaches the linear mixture of the critical component
temperaturesat approximately 1ns as theevaporationrate is reducedn consequence of

the highergaspressureand therefoe the droplet heat upsincreasel.

Again for theevaporationrate b) the enhancement due to the mMC model can clearly be
seen. The oMC model reaehthe critical droplet temperature sooneand thus the droplet

evaporates faster.

Next forthe cases 2a andb2the single drofet system decandexadecaneas simulatedwith

the same binary mixturef 50% mass$raction decane and hexadecamas used in the spray
box cases discussed belowigure29 and Figure 30 depict the surface decag) and the
evaporationrate b) using ambient temperatures of 760 an@®K atagas pressuref 73 bar.

No separation of slopes butparabolicsurface decay can be seérhe mMC leads to a faster
evaporationof the droplet liquid and again tsimilarevaporationrates for the more volatile
component, decane anslightlyenhancedevaporationrates for the less volatile component,
hexadecaneln the case of 900 K ambient temperature the oMC model reaches the critical

temperature of the mixture before the MC model resulting in a fastevaporation
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Figure29: a) Surface decapndb) evaporationratesc) droplet temperaturesfor Case2a (73bar/ 760 K)
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Figure30: a) Surface decapndb) evaporationratesc) droplet temperaturesfor Case2b (73 bar/ 900 K)

In additionFigure31andFigure33of system decane and hexadecane are shown with the non

uniform heating model and a normal velocity of 100 m/s.
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The single droplet cases 2c and 2d got similar initial physical condition aagbe 2a and 2b
respectively buthe non-uniform heatingmodeland a normal velocity of 100 m/s in cress
direction isadditionallyused. In the 760 K case (2c) the evaporation time is halved with a
similar quanitative surface decay. However differendedween the oMC and mMC approach
can still be seen ifigure31a). As the surface temperature deviatieom the mean droplet
temperature up to 100 KseeFigure32) the evaporation rates witthe non- uniform heating
model are enhanced for botlthe oMC and mMC approach. Again with higher evaporation

rates the mMC modeakeachedower surface temperature
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Figure31: a) Surface decaynd b) evaporationrates c) droplet temperaturesfor Case2c (73 bar / 760 K/
100m/s).
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Figure32: Non uniform heating model surfacedroplet andcenter temperature for Case 23bar/ 760 K/

100m/s).

Increasing the ambient temperature to 900 ¢age2d) only the oMC reaches the critical

mixture temperature of the droplet. The reasds the overall reduced evaporatiorate of

decane and hexadecar(e.g as was already seen in chap®@®B Ternary Mixture decane

reduces the critical mixtureemperature) As seen ifrigure33b) the oMC reaches the highest

evaporation rates for the component hexadecane. This is caused by the combination of two

effects:

1. a higher mass fraction decane inside the fuel droplet and

2. ahigher droplet temperature
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Figure33: a) Surface decaynd b) evaporationrates c) droplet temperaturesfor Case2d (73 bar / 900 K/
100m/s)
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Figure34: Non uniform heating modelsurface droplet and center temperature for Case Zd@3bar/ 900 K/
100m/s)

8.1.1. Summary

For the octaneeicosane systera clear linear surface decay for the ambient temperature of
600 K with different slopes for the different components can be sé@ée. enhancement of
the eicosanevaporationand the exaggerated reduction of tlegaporationrate with the oMC
model at high pressuresas beendetected With rising temperature, the oMC model is not

bounded by a low ambient temperature anymore and reachigher temperaturesat the

droplet surface

The nonuniform heating model describes the heating of the droplet more realisfizovides
three temperatures: surface (used for the VLE calculation), average droplet and center (see
Figure32 and Figure34). Which can be compared to tlkefault rapid mixing model which

uses the average droplet temperature for the VLE calculation.
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In general it can beoncludedthat the mMC model by calculatiarf the VLE with the droplet
surrounding nitrogemenerallyenhances the dropletvaporationespeciallyof the less volatile

component.

8.2. Spray Box

This section contains the descripti@md discussiorof the simulationsof spray box cases
under conditions typical for fuel injection in diesel engines. The simulation results are
compared with experimental data gained from tests with a modified single cylinder engine at
CMT Valencig54]. The modified Zstroke direct injectiondiesel engine (Jenbacher JW50)

allows for studies uder Diesel like thermodynamic conditions.

The research engine with its four orthogonal opemsiimgthe added combustion chamber with

an exampleof atypical Schlieenimagecan be seen ifrigure35.

Figure35: Optical accessible research engine JW54)

The spray liquid length was measured by Mie scattering (i.e. light scattered by liquid droplets
that isimagedby a digital high speed came|b]. Forthe vapour phase penetratn lengtha
transmission Schlieresetupis used56]. The experimentarrangemenis depicted irFigure

36.
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Figure36: Experimental setup spray penetration measurents[54]

8.2.1. Input Parameters and Geometry

For the computational domain ohe spraypbox geometrya cylindrical shape has been chosen.
Dueto the axial and radial symmetry of the sprfayally a 90degree cylinder sector has been
used for the computational grid (sdegure37). The cylinder dimensions are= 0.0858m, r=
ndnHoYXI T dnc Piss76080. ThenridiSrafihed Fear @8 ihjéction point.

Selection 1

Selection 2
Figure37: Computational grid of the sprapox
The boundaronditions
1 Selection 1wall with ® mand T, =T,

a,init
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1 Selection 2symmetry planes
The simulation time steft is 10°s.

Besides the Abramzon/Sirignano MC evaporation model in the simulations the aerodynamic
WAVE droplet breakup model, the Schildaumann drag model and the Gosmiamannides
model for turbulent dispersion of the drops has been used. More details abeutrthdels
Oy 06S F2dzyR Ay (35S CLw9u &aLINI & YI ydzf

The initial fuel conditions are presented Trable8.

Table8: Initial droplet parametersspray box cases

init.
Case Liquid Mass Droplet Droplet | Velocity| Ambient Ambient
Fradion | Diameter | Temperature Temperature| Pressure
[%] [um] [K] [m/s] [K] [bar]
la Decae 50 140 353.3 var 760 73
b | Hexagkcane| 50 140 353.3 var 900 73

8.2.2. Investigation of the VapourMass Fractions

Thefocusof the analysidies on the region where drople¢vaporationhappens.This is the
region between nozzle orifice and liquid penetration depth of the fuel droplets. iere
vapour massfractionis shown as colommap. Additionally radialcutsare shown at the axial
positionsz=510mm and 1020mmand furtheran axial cut along the spray centerline. These
will allow quantitative comparisons of theapour massgraction in radial and axial direction

respectvely.

Besides the standard assumption of homogeneous droplet temperature (raping mixing
approach) also thenodel for non-uniform droplet heating of Frolgudescribed in chapter

7.1.2 was activated ants compared with the rapid mixing model

Figure38a) b)shows theevaporatel mass fraction of decane fothe spray box caseatfor
the old and modified real gas MC evaporation mo@atly marginal differences in the mass
fraction can be seeim the colomap representation This coresponds to the findings in &
correspondimg single dropet test shown inFigure29 b) and Figure30b), where no significant

differences occurred for thevaporation rate of decane.

Grabner MatthiasBSc. 67
calculated from the injection rate diagram, needle diameter and fuel density



Applicaton Studies Spray Box

Highest mass$ractions are observednear the injection axislecreasingn radial direction.
However, looking into more detail at the axial evolution of the decane vapor fractiéigume

38 GC, it can beobserved that the decane massction is higher at the beginning for the
mMC modelThis is consistent with the finding Fiigure29, Figure30, Figure31 andFigure33

for the single droplet test case$hrough the activation of the neaniform droplet heting

we expect higher temperatures at the droplet surface resulting in a higliaporationrate

and therefoe higher mass fractions in vapour. This expectation was satisfied as the decane

mass fraction is higherAlsowith the Frolov modetifferences letweenthe oMC and mMC

modelare small
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Figure38: Colomap for the decane vapour masdraction a) of the mMC andb) of the oMC model with cut
planes z= 10 mmA(CA), z= 20 mmE-B), x= 0 mm GO at 760 K and 7®ar

In Figure39a) b) the hexadecane madsaction is depicted for theame spray box case. The
colomap representation of the relevant region shows a change that is dtlestasage of the

mMC model. Especially in the cuts-AA BB, GC) the overall higher madsactions of
hexadecane can be seen. This is again similar to the single droplet cases where the less volatile

component evaporation rate is significantly enhandedr the nonuniform heating model the
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differences between the oMC and mMC are significantly increased with even higher mass

fractions of hexadecane in vapour.
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Figure39: Colomap for the hexadecanevapour massfraction a) of the mMC andb) of the oMCmodel with
cut planes z= 10 mmALA), z= 20 mmE-B), x= 0 mm GC) at 760 K and 7®ar

Figure40 displays thedecane mass fraction for the spray box case 1b with an increased
temperature at 900K. It can be seen that the mafsactions are higher as generally the
evaporation rate rises with incread temperature. InFigure40for the cuts z = 5 (A) and 10

mm (BB) the decane vapour mole fraction of the oMC model is higher thanof the mMC
model. With the noruniform heating model for both decane and hexadecane withrtidC

approach the vapour mas#action is higher than with the oMC approach.

Furthemore, in Figure41 a) b) we can see the coloap of the mMC and oMC approafdr
the hexadecane madgactions It is clearly visible that the hexadecane magaction is

elevated for the mMC approacong the direction of injection of the liquid fuel.
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Figure40: Colomap for the decane vapour masdraction a) of the mMC andb) of the oMC model with cut

planes z= 10 mmA-A), z= 20 mmE-B), x= 0 mm GC) at 900 K and 7®ar

Hexadecane Hexadecane
: mMC oMC
. (R R AR RERRERRRRERRNRENRRNRDNHN]
. -
.
.
—_ ’ EEsEsEEEEEEEEEEEEEEEEESN
1S .
E |5 B-B
—- -
N
0 05 1 15 2 25 3 35 4
X [mm]
0.14 e 0.14 s
+-- OMG+FROLOV =~ oMC+FROLOV
- 0.12 mmC - 0.12 mMC 012
by mMC+FROLOV || ‘T . mMC+FROLOV s
3 - 3
o 041 o 041 Q 01
Q
2 A-A | E B-B |3
2 008 0.08 > 0.08
= < 3 o
S 2 &
- b i o
© 0.06 © 0.06 \ S 0.06
© & -
g £ £ C-C
@ 0.04 ® 0.04 @ 0.04
o MC+FROLOV
Z 0.02 - Hexadecane 0.02F Hexadecane 0.02 Hexadecane :-m;
z=5mm z2=10 mm — N x=0mm mMC+FROLOV
% 1 2 3 4 "o 1 2 3 a N 2 4 R a0 a2
x [mm] x [mm] 2z [mm]

Figure41: Colomap for the decane vapour masdraction a) of the mMC andb) of the oMC model with cut
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8.2.3. PenetrationLengths

The liquid and vapour penetratisrfor the two caseglaand 1b)with the oMC and mMC
modelare investigated. The experimental datee taken fronmspray boxests at CMT Valencia

[57]. The threshold value for the vapour penetrationys, ,,..=0.001 for Figure42 and

Figure43. The liquid penetration in the simulatios defined as average progression of 1% of
the total mas at the leading edge of the spray cloud. The experimental data are gained from

Schlieren andMie-Scattering techniques for vapour and liquid respectively.

Figure42 and Figure43 showthe liquid and vapour penetration for 760 R00 K chamber
temperature and 73 bar chamber pressusspectively The experimental datare compared
with the two models, oMC and mMQ@Jp to 250>s after the start of injection the liquid
penetration starts to deviate from the experimental data. The difference between the oMC
and mMC model is minimal but still visiblBue to the overall higheevaporationrates the
liquid and vapour penetration lengths anginimallyreduced The simulation overpredistthe
liquid and vapour penetration lengthd-or the non uniform heating model the liquid
penetrationmatches the experimentalata,although again the differences between the oMC

and mMC approach are small.
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Figure42: Penetrationof liquid and vapourof oMC, mMC modefor 760 K and 73 bar
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A possible reason for these small differences is the integral nature of the penetration data,
which levels out the local differences seen e tanalysis of the vapour magsctions close

to the injector.

In Figure43, showing the high temperature case ¥ 900 Kit can be observed that the
simulation still overpredicts the experimental liquid and vapour penetration dai# the
deviation is reduced fothe liquid penetration.As the noruniform heating is enabledhe
simulationunder predictghe liquid penetration of the experimental datkor both cases the
vapour penetration length is only minimally influenced, as the vapour penetratioraisly

dependent on the injection pressure/injection velocity which is the sdanéoth cases.

80 ‘ ‘
— oMC

. -
vapour penetratlon /r"

| |+ oMC + FROLOV A "

mMC ey o

mMC + FROLOV "/"

= |

o
S
T

=
S
I

Liquid/Vapour Penetration [mm]

S e e e W i e e
II!“IIII[’II‘III}\TI!IIIIIxx:JI[lIIIII’I‘II T
oy 2. . 4 el g oie FRCh P

e
o o
~ T
NG
.
g
f\mw N\
{
<
\
{
L >

| 1 |

0 / 0.5 1 ' 1.5
Time [ms]
Rt adnuiaiat el W R i N
IIIIIIIIIIIIIIIIIII\III IJT II==33z JITI T3] gi="1%] X
bor® @ @ B e L gt e T RN Y

liquid penetration

Figure43: Penetration of liquid and vapouof oMC, mMC modefor 900 K and 73 bar

8.2.4. Summary

The results seen in the vapour magaction distributioncorrespond to thébehavioras found
in the single droplet simulatio® The evaporationof the less volatildhexadecane islearly
enhanced. Thevaporationof the more volatile component, decaneaspecially influenced

by the higher droplet temperatures reached using the oMC mo@esulting in higher
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evaporationrates for decaneHowever,overall the effects of the mMC modekeem to be

reduced in comparisowith the single droplet simulatias

8.3. Engine Sector

This section contains the description and discussion of a simulation conducted under realistic
engine conditionsAVolvo passenger car engine 15D with five cylinders operated at TU Graz

(IVT)(seeFigure4d) is used

Figure44: Experimental setup Volvo I5D

Engine cycles for a single cylinder have been simulated under various load conditions and for

various real diesdlels and surrogate fuels.

The calculations are made wietbinary andasixcomponentdiesel surrogatéuel determined

by the CEET institute TU Gezzen inTable9.
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