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The NILU aircraft plume model: A technical
description

Abstract

The lrlll-U-atrcraft plume model combines the chemical and physical evolution in
an aircraft plume. It describes the plume within a day after emissions. This report
gives a detailed description of the plume dispersion, the diffusion within the
different layers of the plume and the tropospheric chemistry scheme used in the
model.

I Introduction
The Nll-U-arcraft plume model describes the dilution of the emitted species due
to plume expansion, diffusion within the plurne ancl chemical transformations in
the plume. It is based on a model originally developed at NILU to stucly
dispersion and chemistry of plumes in the boundary layer (GrBnskei et aI., 1993).
The rnodel has been further developed to describe conditions in the free
troposphere by including a chemistry scheme for this regions and a dispersion
approximation for aircraft plumes at cruising altitude (Konopka, 1995; Schumann
et a1.., 1995). In addition, a model version also includes a chemistry scheme for the
stratosphere. The plume is divided into several cross-sectional layers in order to
resolve the inhomogeneous distribution in the plume, and mixing within the
plume is described as diffusion in the model (Figure 1). The model thus consists
of the following modules: Calculation of the horizontal and vertical dispersion of
the plume, calculation of diffusion between the layers, and calculation of a

detailed photo-chemistry for the free troposphere or the stratosphere in the layers.

L

q
t1

t,

C¡rcular or
elliptical

layers

Fígure I : The NlLU-øircraft plume model. The upper part shows the plume from
a síde víew at dffirent times (ts, tt,....tn).The lower panel shows a
cross sectíon of the plume. Ct to Ct indícate the concentration ín the
plume. (Only three of the eight layers are shown.) The amows indicate
diffusionbetween the layers in the plume.
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The tropospheric version was applied within the Pollution of Aircraft Emissions
within the North Atlantic Flight Corridor (POLINAT) project, where the main
objective was to study the chemical conversion of the emitted NO* to reservoir
species and the ozoîe evolution in the plume (Kraabøl et al., 1997). The
stratospheric version has been used within the POLINAT 2 project, where the
main aim was to study the chlorine activation in connection with particles that
might form in the plume (Kraabpl et al., 1999). In this report, only the
tropsopheric chemistry scheme is described. The stratospheric chemistry scheme
is documented in Fløisand (1999).

2 Dispersion of the plume

The plume behind an aircraft can be described in three regimes: the jet regime, the
vortex regime and the dispersion regime. The present model describes the two
latter, as calculations start at the end of the jet regime where the flow times are

between 1 and 10 s (Hoshizaki et al., 1975). During the vortex regime, the exhaust
gases are efficiently trapped by two trailing vortex pair. 'We 

assume that both at
the end of the jet as well as during the vortex regime, the aircraft wakes can be
replaced by only one plume with an effective circular cross section A. The
notation A(t¡ = 78ci(t)2 with o(t = 4 s) = o¡et and o(4 <t <124 s) = a,-(t) is used,

where o denotes the standard deviation of a passive tracer with Gaussian profile.
Here, 6,o, is a linear function of the time, /.

At the beginning of the dispersion regime, which starts after about 2 minutes
(min), the vortex pair breaks down. This phase, which lasts for about 1 min, is
characterised by a transition of the wake-growth from aircraft- to atmospheric-
induced dispersion connected with a rather sudden mixing of the exhaust gases

with the surroundings. We assume that the plume's cross section changes from
circular to elliptical during this process, with the horizontal and vertical widths
onft) and o,(t), respectively.

The atmospheric-induced plume dispersion (sometimes called diffusion regime) is
dominated by atmospheric turbulence. Here, we describe the plume dynamics in a
frame of reference moving with the mean velocity of the plume determined at the
centre of the plume cross section. Furtheffnore, we assume that the plume
dispersion can be divided in to N periods ts 1t1 1...1t¡¡ = /, during which all the
parameters of dispersion are held constant. Note that these intervals do not
correspond to the time steps of the plume model,

In each time interval 0( = 1,...,N, the plume is distorted by both the wind shear, s*
perpendicular to the plume's axis, and the turbulent diffusion with an anisotropic
diffusivity tensor D. This tensor is described in terms of horizontal, vertical, and

skewed components Dhot, Dr* and D.ro with

Do,' D'* ) o' (1)

If the plume concentration at the beginning of the diffusion regime can be
approximated by a Gaussian distribution, the analytical solutions of the
corresponding atmospheric diffusion equation can be derived (Konopka et al.,

D:" ( Dh.D,,
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1995). These solutions can be written as Gaussian functions with a positive-
definite and symmetric variance matrix

ô(t)=

olo*, = 1r'ro",at3 
+ (rroo." + slo]" brt *

2(roô,- * Dno þt + ofr",

ô,o*, = soDuoÂt2 + (r"o1" + 2D." þt + ô.",

o?o*,=2Du"Lt¡o?,,

Àt := to*, - tü, c[ = 1,..., N - 1

ôn (t) ô, (r)

ô- (r) ô, (r)
(2)

After N + 1 steps of dispersion, the components of this matrix are given
recursively, i.e.

ô oQ) = oîQ): a7,,, ô" (r) = ô"",

ô,(,)-- olQ)-- o1r,
(3)

with

where a¡o and ov, are horizontal and vertical standard deviations at the beginning
of the dispersion regime, respectively. Furthermore, we assume that the skewed

standard deviation, ôru = 0 This implies that during the aircraft-dominated

dispersion the plume cross section can be viewed as an ellipse with vertical and
horizontal principal axes.

In the dispersion regime, the wind shear and the skewed diffusion component
cause both a rotation and a deformation of the plume. The rotation of the plume
has no impact on the chemical conversions or the diffusion within the plume. It is
important to take the skewed deformation into account, since it has an impact on
the cross-sectional area of the plume. Instead of describing the plume size in terms
of o¡, or, and or, it is more convenient to describe the plume in terms of a minor
and a major axis. These axes follow the plume rotation and take into account the
off diagonal diffusion and the wind shear.

The elliptic cross section of the plume is thereby described in terms of the
principal axes. Using these axes as a new frame of co-ordinates, the variance

.,
matrix,o, is simplified to a diagonal form

(4)

(s)
0(,)mûtof

0

with

ô(r)=
ot

o'*r,r(t)

NILU TR 4i99
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2
minor (õ,*ô"-JÃ)

(ô,*ô,-JÃ)
and

(8)

Hete, aminor and o*o¡o, denote the shorter and larger principal axis, respectively
Note, that the effective cross section of the plume is defined by

A = fio 
^,no,o ^o¡o, 

= n(oioi - ô?'Ì'' (e)

To describe the dispersion of the plume in all regimes, the notatioÍt o^o¡o, ãrrd

aminor is used. In particular, amajor and o^¡no, coincide with ouo, during the vortex
regime and correspond to 6n and o'" in the transition phase between the vortex
regime and the atmospheric induced dispersion. The rate of dispersion during the

different regimes is given in section 2.1.

In order to take into account the inhomogeneous concentration profiles, the plume
is divided into 8 circular or elliptical cross sectional layers perpendicular to the
plume centreline (Figure 1 lower panel, only three layers are shown). The axes

from the plume centre to the boundary of the different layers are given as

(7)

1

2

1

2
major

o

o

(6)

(10)

A,= (ô, - ô")' + aôl .

a¡ = f;6*o¡o,, b¡ = f¡6*¡ro,

õ
1

where .f, = ii, i = 1,...,8. L is the length of the plume, and is set equal to the
IJ

distance the aircraft covers during 1 s (Figure 1, upper panel). Consequently, the
plume is divided into cylindrical layers parallel to the plume centreline. The
volume of each cylinder with a length L can be expressed as

V¡ =fiL(a¡b, - a,-rb,-r), ao =bo -0. (11)

The volume of the cylindrical layers increase outwards in the plume, since the
radial distance between the layers is constant.

When the plume expands, the boundary of the layers are redefined and the grid
resolution is adjusted. The boundaries are therefore always in accordance with
equation (10, with cuffent values of o^o¡o, and o*¡ror. This redefinition keeps the
plume within the defined 8 layers. It is important to stress that this only
constitutes a redefinition of the gricl leacling to dilution in the plume, and cloes not
involve diffusion between the layers (section 3).

NILU TR 4/99
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When the boundary of the layers are redefined, the concentrations of the chemical
species are redistributed by volume weighting:

co,,(t + dt)= "0,,Q) V, -rr,-r)* r,,,*,Q) V, -r,) (12)
v,_,

where c¿¡ is the concentration in layer i for species k, Vi is the volume at the time t
for layer i, and t, is the volume at t : t +dt for layer i (Figure 2). Note that

to =0 and, csis set equal to the background concentration.

Fígure 2: The cross section of the plume. The solid lines are the boundaries at
time t, whíle the dotted lines are the boundaries at time t: t * dt.

2.1 I)ispersion parameters

In this section, the rates of plume dispersion in the different regimes are

described. At the start of the vortex regime, ouo,(to) is set equal to 6 m. This leads
to plume mixing ratios of the emitted species, which are in accordance with the
entrainment rates typically used in the box models describing the jet regime
(Kärcher, 1995; Kärcher et al., 1996).

The estimates of o-,(t) and the time at which the vortex structure breaks down,
were based on near field plume measurements of NO and NO2. A plume from a
8747 was chased on 13 November 1994 dunng the POLINAT measurement
campaign (Table 3). The measured parameter NO" is used, and is defined as

NO":NO*0.35NO2. NO was measured by using the conventional NO/O3 chemi-
luminescence technique. NO2 was obtained by converting it photolytically to NO
using broad band UV-líght (320-a20 nm) from a 500 W xenon arc lamp (Schlager
et al., 1997). The reason for introducing NO" is that the measurement technique
only converts 35%o of the sampled NO2 to NO. The observed values of NO. are
plotted in Figure 3 versus plume age (upper panel) and versus vertical deviation
from the mean track of the chased 8747 (lower panel). During four (approxi-
mately equal) time periods extending between plume ages 85 to 87 s (number 1),
94 to 96 s (number 2),100 to 107 s (number 3), and 123 to 126 s (number 4), the
measured NO" concentrations exceeded 5 ppbv. W'e assume that one of the
trailing vortex pairs was penetrated during these periods.

f,

c,(t) v,

NILU TR 4/99
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Figure 3. Upper panel: Measured NO, values (NO"=¡¡g¡0.35NO) versus
plume age. The numbers denote four time períods during which one of
the trailing vortex pairs was penetrated. Lower panel: The same NO"
data (>5 ppbv) plotted as numbers corresponding to the same four
time periods versus vertical deviation from the flight level of the
chased aircraft. The bold points and the bars (for which the vertical
axis is without meaning) denote the mean position and the mean
(Gaussian) vertical width of the vortex, respectively. The
corresponding plume ages are also shown.

Now, let us consider the vertical displacements h¡ from the flight level 370 hPa
measured for the NO, events during the considered periods. In each period, we
denote their mean value with hr,,, and their largest difference with dr,,, and assign
these quantities to the vertical vortex position and to the width of the vortex,
respectively. The turbulence induced by the aircraft and by the atmosphere cause a
meandering plume. Therefore we cannot assume that the vortex was centrally
crossed during each time period. Consequently, the measured NO. maximum,
c,,*,, does not necessarily correspond to the NO. values in the vortex core. We
take this effect into account by using an appropriate Gaussian fit. One obtains

oiäf = dro,l2!nk)t/2 withk=c,,'*1",,^u,cti*it =5ppbv' The results for the

absolute vortex positions (bold points), o;;,f (bars) and corresponding plume ages

are plotted in Figure 3. The absolute vortex positions indicate that the vortices are

subject to a vertical displacement downward from the emission altitude. From the
energy balance one can estimate the maximum vertical displacement of the
trailing vortex pair at a given stratification N by h, = w/N where w" is the initial
downward velocity of the vortex pair. For the aircraft considered, lus was
estimated as 1.85 m ,-t. With N = 0.014 s-t one obtains h, = I32 m which agrees

very well with the measured vertical displacements of the vortex pair (bold points
in Figure 3. During the considered periods, the highest possible NO'

422

4
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2+1þt

'H:u.$''

2^

4 - 124.

r tl¡31
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l..#
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concentrations were, probably not encountered. Consequently, the determined

experimental values of o",il, give only an upper limit for the vortex width, and

leads to o,o,(t = I24 s) = 20 m at the end of the vortex regime (see Figure 4).

200
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1 0000
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0 50 100 150 200 0 2345
plume oge (min) plume oge (min)

Figure 4: Temporal evolution of o^"¡o,ft) (solid line) and o*¡,olt) (dot-dashed

Iine). The bold points denote the values of ouo, estimatedfrom
experimental data and corcespond to the bars in Figure 3.

After r = I24 s the dispersion regime starts, characterised by sudden breaking of
the vortex structure. Here, we assume that the diffusion regime is reached after
/ = 3 min with o, = 50 m and on= I20 m (Schumann et al., 1995).

The diffusion coefficients for the diffusion regime are determined according to
Dürbeck and Gerz (1995). For the given stratification N = 0.014 s-t one obtains
Dr= 0] m2s-l for 3 < t < 13 min and Dv= 0.15 mts-l for 3 t > 13 min,
respectively. The horizontal diffusivity amounts to D¡= 16.7 m2s-t. Additionally,
relation D, = 0.5(D uDùt'' is assumed. The mean wind shear perpendicular to the
mean plume direction amounts to 0.005 s-1.

Making use of these parameters, an explicit description of the dispersion can be

given in terms of or*¡or(t) and o*¡r,,r(t). The results are shown in Figure 4. Note,
that despite the fact that o^¡no, decreases during the plume dispersion, the effective
cross section of the plume A (equation (9)) grows- ? Ò.

3 Diffusion between the layers

The parameterisation of the mean diffusion between the layers is described in the
following. The layers are divided into several sectors (Figure 5, marked area), and
the concentration tendency due to diffusion for each sector is calculated. The
mean concentration tendency in a plume layer for the chemical species is
estimated by the equation

(13)+=1, ,>Ír,,- 4",,)

NILU TR 4/99
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(r7)

Qi,;

e
i,¡+1

0 rJ

Figure 5: The plume is divided into several sectors. The marked area indicates
the sector j ín a layer i. The marked sector ís also shown from the
side.

where cn,¡ is the concentration of species k in layer i, the difference F¡; - F¡4¡ ts
the net diffusive influx of mass into layer i and sector j, j = I...,fl and V¡ is the
volume of each layer. The net diffusive influx through the boundary of a layer can
be expressed as

(14)

where K; is the effective diffusion coefficient in the sector j, r¡¡ is the distance

from the cenffe of the plume to the boundary of layer I for the unú" 
|@ , 

+ g 
,*r)

and A¡¡ is the surface area of the sector 7 for the Iayer i (Figure 5. This area is
estimated as

A¡,j = 7. ri.j(e,. - 0,\ (15)

dc,.,
F¡,j = K,fiA,,,,

and

a2

f¡, c-çi-

where e; is the eccentricity of the ellipse in the ithlayer

Ki is calculated as a weighted sum of the diffusion coefficients in the direction of
the major and minor principal axes. These coefficients are calculated for each
layer by the equations (Csanady,1973):

K-o¡o,=++, I d.az 
^¡,o,K*iro, = t dt

NILIJ TR 4/99
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The parameterisation of o*"¡-(t) and o*¡rnr(r) during the vortex and clispersion
regime was discussed in section 2. The effective diffusion coefficient K¡ for a

given sector is found based on the weighted sum of K-o¡n, and K*¡nor.

K j = K 
^ojor 

çosEi,j * K 
^i,,o, 

sin g¡,,, ( 18)

Here, g;; is the angle between the gradient of the ellipse boundary at the point
(r¡¡,(0¡ + 0¡.ù12) and the major axis (Figure 5. For an elliptic plume where the
major axis is much greater than the rninor, the mass flux in the plume has a larger
component along the minor axis than along the major. With the weighting given
in equation (18), e¡¡ will approach 90o and the term including K*¡nn, will
dominate.

4 Chemistry
The photochemical module has been developed based on a boundary layer rnodel
(Hov et a1., 1985), including a scheme describing both long ancl short-iived
compounds. It has been modified to simulate fi'ee tropospheric conditions by
including HNOa, HNO2 and some organic peroxides and organic nitrates. The
moclule is well suited to study ozone chemistry, sinse it insludes the precursors for
ozone production and the formation of the hydroperoxyl radical (HOz) and other
peroxy radicals (ROz) participating in the ozone production cycle. The following
odd-nitrogen species (NO, are included in the module:

Not = NO + NO2 + NO3 + 2N2O5 +

HNO2 + HNO3 + PAN + HNO4 +

CH3NO4 + CH3ONO2 +

C2H5ONO2 + C4HeONO2 (1e)

The model is therefore a suitable tool for studying the conversion of NO"
(NO+NO2) to less reactive nitrogen compounds like HNO3, HNOa, HNO2, PAN
ancl other organic nitrates.

The model calculates the concentrations of 66 ohemical species. The quasi-steacly-
state-approximations (QSSA) method (Hesstvedt et al., 1978) including farnily
grouping is used to estimate the time clevelopment of the chemical system. In the
initial phase of the plume, the temporal development is rapid, and the time step
has been set to 1 s. After 3 min, the ternporal tenclencies are smaller, and the tirne
step is increased to 30 s.

Photo-dissociation rates have been precalculatecl, and values are established from
look-up tables, using the function

(20)J=Ae
,[' -, 

l'
' 'cos(c.a)

NILIJ TR 4/99
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where o is the solar zenith angle. The factors A, B and C are calculated for
17 reactions for 10 classes of 5 parameters. These parameters are the optical
depth, cloud type and level, altitude, ground albedo, and total ozone column.
Table I lists the classes used for the different parameters. The factors have been
pre-calculated by Flatþy et al. (1995) based on a method developed by Isaksen et
al. (1977) and Jonson and Isaksen (1991). The gasphase and photochemical
reactions are listed in Table 2.

Table I: The clqsses of total ozone column, cloud type and level, optical depth,
altitude and ground albedo used to calculate the photo-dissociation
rates.

Total ozone
(DU)

Cloud type
(bottom-top)

Optical depth Height level
(km)

Albedo

225
250
275
300
325
350
375
400
425
450

fog/clear: 0-1km
convective: 1-3km
convective: 1-4km
convective: 1-6km
convective: 1-8km
stratiform: 2-4km
stratiform: 4-6km
stratiform: 6-8km
stratiform: 9-10km
stratiform: 12 - 13 km

0

1

2

4

8

16

32

64

128
256

1

2

3

4

5

6

7

8
o

10

11

12

13

14

15

0.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
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Table 2:

Reaction

1 O(3P) *Oz*M-+03+M

2 o"+ hu --+ or(D) +02

3 o"+ hv -+ o3(P) + 02

4 O(3P)aNO*M-+NO2+M

5 O(1D) * M -+ O(3P) + M

6 O(tD) * HzO -+2OH

7 Oz* NO -+ NOz*Oz

8 O¡*NO2-+NOs*Oz

9 Or+OH-+HOziOz

10 Os I HOz -+ OH + 2Oz

11 NOz * NO -+ 2NOz

12 NO + HOz -+ NOz I OH

13 2NOz -+ 2NOz * Oz

14 NOzl HzOz-+ HOz+ HNOz

15 NO¡*hu-+NO*Oz

16 NOt*hu -+ NOz*O

t3

The tropospheric chemistry scheme used in the NlLU-aircraft plume
model. The numbers in brackets give the references usedfor the
reaction rates: []l:Atkinson et aL (1997), [2]:DeMore et al. (1997),

[3] :Wayne et al. (1991), [4]:Atkinson et al. (1994), [5]:Atkinson et aI.
(1990), [6]: Peeters et al. (1993), [7]:Lightfoot et al. (1992),

[8]:Bierbach et aI. (1994), [9]:Wirtz et aI (1994), []01:DeMore et al.
(1994), [] ll:Atkinson et al. (1992) [12]:DeMore et al. (1992)

I I 3 ] : Finlayson-Pitts and Pitts ( I 986)
Comments: nI: Surføce Pressure., n2: Assumed to be 4.Ixl}'to.
molec. cm-3s-r. (Lattuati, 1997)., r¿3; RNC¡H6regroups B-peroxy
nitrates which contain three or four carbons. OrgNitrates regroups

þ-ory nitrates. Roxyll ønd RNCsHs are the peroxy-nitrates from the
degradation of )-xylene and isoprene, respectiveþ (Lattuati, 1997).,
n4: Reaction rate assumed to be the same as reaction No. 66
(Lattuati, 1997), n5: Reaction rate assumed to be the same as reaction
No. 62 (Lattuati, 1997).

Reaction rate

(6.0x10-34[O2)

+5.6¿10-34[N2])¿("/300) -'? 8 
[1]

I2l

l2l

1.0ø10-312(?/3oo¡-to" tll

0.2IxJ.2x l0- l, 1¡¡67. I T

*0.79¿1.8r10-tlr!01'ro/r t1]

2.2cl}-to tll

L8xI0-12ecp(-I}70lr) tll

r.2x-13exp(-245017) tll

r.9xI\-12exp(-t000lr) tll

l.4xl0-taexp(-6001r) tll

t.8æ10-trexp(II}lT) tll

3.7æt0-t2exp(24011:) tll

8.5x10-tsexp(-2450 /:f) 12)

2.1ø10( - 15) l12l

t2l

[2]

NILU TR 4/99



Table 2, cont.

Reaction

17 NOz-tOH + M -+ HNOs+ M

18 NOz * HOz* M -+ HO2NO2+ M

19 HOIN02* M -+ NOz* HOz* M

20 HO2NO2 * OH -+ Oz * Oz * HzO

2L EOzNOz I hv -+ I{Oz * NOz

22 NOz* NOs -+ NO * NOz* Oz

23 NOz* NOs* M -+ N2O5+ M

24 NOz* hu -+ NO + O(3P)

25 NzOs* M -+ NOz+ NOB+ M

26 NzOs 4 H2O -+ 2H NOs

t4

Reaction rate

È¡ - 2.6c10-30 (T / 300)-2's N2

le* = 6.7x10- tt1ryl00)-o 6

F. = 0.43 tll

Ào = 1.8c10-31 æ(T I 300)-3'2 N2

k* = 4.7xI0-r2

F" = 0.6 I1l

ks = 2.2110-30(17lo6¡-s s

À* = 1.5c10- 12 (T', / 300)- o.7

Fc - 0.6 t1l

t.5xt\-12exp(360. l1:) tll

l2l

4.5x10- ra exp(-1260 / T) l2l

ks - 2.7xL0-30("/300)-3 4N2

ß- = 2.0æ10-t2 (T I 800)0 2

Fc = exp(-T/250)

+exp(-r\\s/T) lI)

12)

Às = 1.03c 10-3 (1: I 300)- 3.5 t

exp(-IßD}/T)N2

À- = 9.7¿1014(?/300)0 1ø

ecp{-11080/T)

Fc = exp(-T/250)

+exp(-105911:) lI)

2.\exp(-2r) tll

l2l27 NzOs*hu -+ NOz* NOz

NILU TR 4/99



Table 2, cont.

Reaction

28 OH+NO+M-+HONO+M

30 OH + HONO -+ NOz* HzO

31 HONO+hu-+NO+OH

32 OH + Hz* Oz.-+ HOz* HzO

33 OH + HO2 -+ HzO * Oz

34 OH * HzOz -+ HOz* HzO

35 HzOz*hv+OH+OH

36 OH * H NOa -r NOg * HzO

37 H NOs * hv --¡ OH * NOz

38 CO + OH(+Oz) -t HO2 ¡ çç"

39 HOz * HOz -+ HzOz * Oz

1Hz\ = 1. + 1.4210-2r H2Oexp(2200.1r)

40 SOz * OH * M -+ HOz* HzSOq

4l SOz +CHsO2(HrO + O2) -+ H2SOa+ HCHO + HO2

Methane chemistry

42 CHa,* OH(+O2) -+ CHB,Oz* HzO

43 CHq* Noa(+oz) -+ cVsoz+ HNos

44 CHsOz+ NO(+O2) -+ HCHO + H02+ N02

15

Reaction rate

&o = 7.4rlo-31(1/3oo)-2'4N2

/c* = 4.5c10-1¡

.Fc = 0.9 t1l

2.719r-rzrygzeolr t1]

Í21

7.7x10-t2exp(-2r00lT) tll

4.8x10-Lteap(250/T) tll

2.9x10-t2eæp(-t6Olr) tll

l2l

7 .2x1.0-Li exp(785 /T)

*1.9¡10-33e¡ p(725 lf)x

M / (t + 1.9e 10-33)øec p(7 25 I r)

x M / (4.1æt0- t6 exp(1440 lT)) tll

[2)

l.3cr0-13ø(1 + 0.6#(300/1)) I{

f H 20,, 2.2x l0- 13 
e xp(600./f )

* f H z0 xl.9 xll- 33 N 2exp(980. I T)

/cs - 4.0c10-3t(?/300)-3 aNu

k- = 2.0110-12

Fc = 0.45 tll

,.Ort'-zr ' [21

2.3x10-12enp(-1765 lr) t1l

4.0s l0- 1e 
t3l

4.2rt0-12ecp(t$}/r) tll
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Table 2, cont.

Reaction

45 CH3O2+ NO2* M -+ CH3NO4+ M

46 CHsNOq* M -+ CHsOz* NOz* M

47 CHyOINO2 * hv -+ CHaOz

48 CHzOza NO * M -+ CH\OzNO + M

49 CHsNOz+ OH(+O2) -+ HNOy+ HCHO + HO2

50 CHtNOz j hu -+ HCHO + HONO

51 CHsOz+ HO2-+CHsOzH +Oz

52 CHzOzH *OH -+0.65[I{CHO+OH + H2O]

53 CHTO2H *OH -+0.351CH3O2+ HzOl

54 CH3O2H t hv -+ HCHO * HOz*OH

55 ÍICHO + OH(+O2) -+ CO * HOz * HzO

56 HC HO + Nq(+Oz) -+ CO * HOz * H NOs

57 HCHO *2HOz -+

0.4H 20 + 0.4H COO H + 0.6H OC H 2OO H (+Oz)

58 CH2O + hu -+ H + CHO

59 CHzO * hv --+ H2 + CO

Ethane chemistry

60 CzHa * oH (+o2) -+ CzUsoz * Hzo

61 CzHe * NOI(+OI) -+ C2H6O2 + H NOs

62 CzHaOz + NO(+Où -+ CHaCHO + HOz* NOz

63 CzHsOz a NO * M -+ CzHsONOz* M

t6

Reaction rate

À¡ = 2.5c10-30(r/300)-5.5N2

k* = 7 .5xL0-12

Fc = 6.36 tll

Ào = 9.5ø10-5(-9690/")N,

k- = 1.1ø1016 exp(-L0560 lT)

Fc = 0.36 t1l

l2l

0.005 À44 t4l

1.0 x 10- ra exp(1060 l :f)

12)

3.8c10-13eøp( -78017)

x2.9 x l0- 1 2 
e x p (19 0 l ar)

x2.9 xl}- 12 
e æp (190 I :f)

t2l

8.6110-12etp(2017) tll

5.8c10-16 tll

t4l

t1l

t1l

[1]

2.!4n10-atexp(99251r) [11]

l2l

t2l

7.9x10-12exp(-1030/") tll

8.0ø10-18 , t3]

8.7nL0-12 tU

0.014 kø,2 t4l

4.4x10-raexp(1060 l:r) t4l64 C2H¡ONO2 + OH (*Oz) -+ H NOs * C HsC HO * HOz
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Table 2, cont.

Reaction

65 CzHsONOz+ hu + CHzCOOz+ HONO

66 C2H5O2* HOz + Oz* CzOsHzO

67 CzHsOzH * OH -+ 0.7CzHsOz -l HzO

68 CzHsOzH I OH -+ O.\\CHúHO + OH + H2Ol

69 CHzCHOaOH(+Oz) -+CHzCOOz+ HzO

70 CHyCHO + Nq(+O2) + CHzCOOz+ IINOJ

7I CHzCHO ! hu -+ CI{zO2+ COH02

72 C HzCOOz + H02 -+ 0.67C HyCOOzH

+0.67 02 + 0.33C H 3C O O H + 0.3303

73 CHBCOO2H * OH -+ CHzCOOz* HzO

74 CHyCOO2+ NO2* M -+ PAN + M

75 PAN+M -+CH|COOz* M*NOz

76 PAN + OH + (Oz) -+ NOs + HCOOH * COz-l HzO

77 PAN + hv -+ CHyCOOz* N,Oz

78 CHsCOOz+ NO(+Oz) -+ CHsOz+ NO2+CO2

79 c2H|oH + oH(+o2) -+ cHscHo + Ho2-t Hzo

80 C2HîOH + NO3 -+ C2H5O2 + H NOs

n- butane chemistry

81 nCaH¡ + OH(+Oz) -+ secCaHsO2 * HzO

82 nCaH¡+ NOI(+O2) -+ secCaUsO2+ HNOB

83 secCaHsO2 * NO -+ 0.65CH3COC2H5+

0.35C H3C H O + 0.35C2H 5O2 + 0.65H 02 + N 02

t7

Reaction rate

l2l

6.5c10-1lecp(6501:r) tll

2.7 rL\-t2eæp(2001T) [10]

2.7 r10-12exp(20017) [10]

5.6x10-12eæp(3rc1r) t1l

r.4xL\-r2enp( 1560/:l) tll

[13]

4.3x10-t3exp(10401:f) t1l

2.7 xl\-12exp(200 lT) [10]

ks = 2.7 cr0-28 . (T lSoo)-7 
| N2

À* = 1.2s10-11.(?/300)-o e

Fc = 0.3 tll

À6 = 4.9ø10-3 erp(-12l00 I T) N2

À- = 5.4ø1016 exp(-I3830 lT)

Fc = 0.3 [1]

l.lxr}-13exp(-65011:) t4l

t2l

2.0ø10-11 tll

4.rxr}-12exp(-70ltr) t1l

9.0r10-16 t3l

I5xl0-18xT2erp(l}}lT) t5l

5.5c10-17 t3l

4.0xro-12 [6]"'
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Table 2, cont.

Reaction

84 A HBCOC2HI I hv --> C HyCOO2 * CzH - 5Oz

85 secCaHsO2+ NO + M -+ C¿HgONOz -l M

86 C4H|ONO2+OH(+Oz) -+ RNC3H6+ H2O

87 C4H¡ONO2 * hu -+ CH3COC2H5 + HONO

88 secCaHsO2 * HOz -+ CaHsO2H * HOz

89 CqHsOzH + OH(+Oz) -+ O.SICHsCOCzHsI OH + H2Ol

90 CqHsOzH + OH(+O2) -+ 0.TlCaHsOz* H2Ol

91 CHtCOCzHt + OH(+Oz) -+

C&COCH(OùCHs* HzO

92 CH3COHCO * hv -+ CHzOz* CO * HOz

93 CfuCOCHOzCHs* NO(+O2) -+

CfuCOCOCHs+ HOzT NOZ

94 CHyCOCOCHI* hv- > 2CHBCOOI

95 CH|COCH(O2)Cfu* HOz -+ CH3COCH(O2H)CH3+ 02

ethene chemistry

96 CzHa,*OH(+O2) -+ CH2(O2)CH2OH + M

97 CzHa,*03-+2HO2+CO

98 CzHa, * N q(+O2) -+ C H2(O2)C HzO N Oz * Oz

99 CH2(O2)CH2OH + NO(+O2) -+2.HCHO* HOz* NOz

100 CH2(O2)CHyOH + HOz -+ HO2CH2CH2OH + 02

101 C H2(O2)C H2ONO2 + UO(+Oz) -+ OrsNitrate * NOz

propene chemistry

18

Reaction rate

[13]

fro = 1.94¿10-22.erp(4. . 0.97)

À- = 0.826(7/3OO¡-a't

Fc = 0.411 141""

9.0¿ 10- 13 
t4l

12)

7.5rt0-13eæp(7001r) [10]

2.7xI0-t2exp(2001:f) [10]

2.7ær0-12exp(2001r) [10]

3.24x10-tsaTz æxp(4l4lT) t4l

[2]

4.0xLt_12 16) ""

0.036. J"oz

7.5x10-r3eæp(700 l1:) [10]"'

ko = 7.qxro-2e' ("/3oo)-3'1N,

&- = 9.10ø10-8 1

Fc = 9.7 tll

9.ret}-rsexp(-25801r) tll

2.0c10-16 t3l

g.7 xLl-12 [10]"t,"u

7.5x10-r3exp(700lir) [10]"'

9.7 xl}-12 [10]"n
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Table 2, cont.

Reaction

102 CzHa * OH(+Oz) -+ CHeCHOzCH2OH + M

103 CsHe * Oz -+ 0.50C HzC H O + 0.40CO + 0.3IC HzO2+

0.30 H C H O + 0.09C H sC OO H + 0.150 H + 0.065CI{4

+0.07 Hz + 022H2O + 0.325 + CO20.|85HCOOH + 0.28H02

104 CsHe * NO{+Oz) -+ RNCsHe

105 CHzCH(O2)CH2OH + NO(+Oz) -+

císcHo + HCHO i Hoz* Noz

106 CHsCH(Oz)CHzOH + HOz -+

c H3c H (o2H)c H2o H

107 RNCIHI * NO -+ OrgNitrate ! NO2

oxylene chemistry

108 oxylene + OH(¡ZOI¡ -+ oxyll

109 oxylene + NOs(+2O2) -+ rorylL

II0. oxyll + NO(+2O2) -+ CHzCOCHO + HO2

+CH3COCH = CHCHO* NOz

111 oæyll ¡ HOz -+ oxgLhl ¡ H2O

tI2 C HICOCH = C HC HO * OH(*Oz) -+

CHsCOCHOHCHO2CHO

113 CHtCoCH(oH)CH(Oz)CHO + No(+oz) -+

C HyCOC H O + HCOC H O * H Oz -l N Oz

114 CHOCHO * hu --+ HCHO + CO

115 roxylL ¡ NO -+ OrgNitrate ! NO2

Isoprene chemistry

116 CsHe*OH(+Oz) -+ HOCsHeOz

19

Reaction rate

Ào = 8.oc1o-27 .(Tl3oo)-3rN2

À- = 3.0ø10-11

Fc = 0.5 tll

5.5xt0-15erp(lS80/?) t1l

9.45æ10-15 [3]"t

4.0xl0-r2 [6] "'

7.5x10-13exp(650ltr) [10]"n

4.0x10-r2 f61"2,^s

13.7 xt0-t2 t5l

3.7ø10-16 [3]"',

4.0rt0-12 l6]]',

7.5xr0-13exp(65011:) l2l"o

5.6c 10 - 11 
t8l

4.0xr0-12 [6]"'

l2l

4.0x10-12 [6]"2,"3

25.4x10-t2exp(4101:r) tgl
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Table 2, cont.

Reaction

LI7 CsHe * NOz + RNCsHa

118 HOCsHsOz*NO -+ CHBCOCHCH2+ HO2+ HCHO + NO2

119 HOCIHBO2 ! HO2 I perox

120 CHBCOCE - CHz+ OH(+Où -+ CHyCOCH(OH)CH2O2

I2I NO +CH3OHCOCHCH2Oz(+Oz) -+

MGLYOt + HCHO -l HOz+ NO2

t22 RNCsHs* NO -+ OrgNitrate * HOz

ROz * RO2 reactions

t23 2C HyO2(+O2) -+ A\2.HC HO + 2.HO2l

r24 2CH3O2(to2) -+ (t - A)[C&OH + HCHo]

A = 25.etp(-l 165/T) (1 * 25.exp(-r165 /T)

L25 2CzHsOz * Oz -+ Bl2.C HBC HO + 2.H 02)

126 2CzHrOz*Oz -+ (1 - B) ICHBCHO *CzHsOHl

B = I0 .2exp(-533 l:r) I $. + 10 .2exp(-533 /T)

127 2C HzCOOzOz -+ 2.C HzOz * COz

RO: * R'O2 reactions

128 C H 3coo2 + C H zoz(+oz) -+ JeW c H o * c H soz * H o z r C o zl

r29 C H3C OO2 + C H|O2(+O|) -+ 1/ (t - C)ÍH C H O + C fuC O O Hl

C = 4.4. 105eøp(-391011:)lG * 4.4.t05exp(-3910/"))

130 C2H5o2 + CHzOz(+Oz) -+ aIlCHsC HO + HCHo + 2Uo2l

131 C2H5O2 + C HsO2(+Oz) -+ aï[C H"C HO + CHyOH]

r32 czHsoz+cI{so2(+oz) -+2[czHsoV + HCHoI

aL - ^/¡B

a2= (L- A)(L- ar)lQ- A- B)

o3 = (1 - B)(1 - at)l(2 - A - B)

Reaction rate

7.8ø10-13 [9]"t

I .4x10- \r erp(180 lf)

7 .5r10-r3exp(700 l1:)

4.LxL\-12exp(453 l1:)

2A

tel

[10]"4

tel

L4x70-lrexp(L8}lT) [9]"t

L.4xI0-rlexp(-L9}lT) t9l

t.terL\-13exp(36517) t1l

r.rerl\-t3exp(3651r) tll

t7l

9.8110-t2exp(-10011:) tll

9.8æ10-12exp(-1001:r) tll

t7l

2.8xt0-12exp(5301.r) tll

5.r. r0-r2exp(27217:) t1l

5.1. t0-12erp(2721r) tll

t7l

(2\/kn3kr25) 17)

2.,/En;Fr* 17)

2,/Fl:,"çuu t7l

t7l

t7l

t7l
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Table 2, cont.

Reaction

133 C2H5O2 + CHBCOOI(*O2) -+

^/E[c 
n"c no * Hoz + c Hro2 + co2]

134 C2H5O2 + CH3COO2(+O2) -+

(t-JE)lctucHo+ctucooïl

135 CqHsOz + C HBO2(+Oz) -+ a4[0.65C HICOC2H;

+(1 - 0.65)CH3C H O + (r * 0.65)C2H5O2

+0.65HO2+ HCHO + HOzl

136 CaHsO2 + C HzO2(+Oz) -+ a5[0.65C HsCOC2H;

+(1 - 0.65)CH3C HO + (r - 0.65)C2HsOz * C HtO Hl

137 CaHsO2 * C HsOz(+Oz) -+ a6[0.65C HtCOCzHs

+(1 - 0.65)C¡13C HO + (r - 0.65)C2HsOz + HC HOI

138 CqVsoz + cHscoo2(*o2) -+ ,/oP.ascn"coczHs

+(1 - 0.64)C¡13C H O + (r - 0.65)C2H5O2

+0.65H02+ CH3O2 + CO2)

a4 = t/DA

¿5 = (l - D)(1 -,/en¡¡çz - A - D)

o6 = (1 - ,4)(l - /îÐttz - A - D)

D = 50exp(-1t65 l:r) I 0 * 50exp(-r165 lT)

139 caHso2 + cHBCoo2(*o2) -+ (1 - /D)[0.65cHzCoC2H;

+(1 - 0.65)C.n3C HO + (r - 0.65)C2HsOz r C H|COOH)

140 CH2(O2)CH2OH + CH3O2(+O2) -+

A[2HCHO + HCHO +2HO2]

r4I CH2(O2)CH2OH + CHzOz(+Oz) -+

(1-A)l2lzHCHo+ctuOHl

142 CH2(O|)CH2OH + CH3O2(+Oz) -+

(r-A)|2\LHCHO+HCHOI

21

Reaction rate

2^/Firçuu [7]

2JËrr?n1r5 t7]

z@tzl

z@Vl

z@ttj

2@ t1

t7l

t7l

17l

t7l

2@l7l

2@tzl

2@lll

2@l7l
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Table 2, cont.

Reaction

143 CH2(O2)CH2OH + CHzCOOz(+Oz) -+

^/Ã¡zn 
c n o + H 02 + C HzO2 + Cozl

144 CH2(O2)CH2OH i CHzCOO2(+O2) -+

(r - ^/A)[c 
Hrc H o + c Hscoo Hl

145 C HaCOC H (Oz)C H" ¡ C HyO2(+O2) --+

a4lC H 3C OC OC Hz I H C H O + 2 H O 2l

146 C fuCOC H (Oz)C H" 4 C H|O2(+O2) -+

aí[CHyCOCOCHz* CHÐH]

r47 C HsCOC H (O)C n3 ¡ C HzOz(+Oz) -+

a6lCfuCOCOCHs+ HCIIOI

148 C HyCOC H (Oz)C Hs * C HzCOOz(+Oz) -+

,/ olc n"c oc oc H3 + H oz * c H3o2 + co 2)

149 C HBCOC H (Oz)C Hu ¡ C HzCOOz(+Oz) -+

+(t - J DIC tuC OCC H3 + C tuC OO Hl

150 CHyCH(Oz)CHzOH + CHyO2(+O2) -+

a4lCHsÇHO +2HCHO + 2HO2l

151 CHzCH(O2)CH|OH + CHzOz(+Oz) -+

*aSlCH3CHO + HCHO + CHBOHI

152 CHzCH(Oz)CH2OH + CH|O2(¡O2) -+

a6lcHscHo +2HCHOl

153 CfuCH(O2)CH2OH + CHsCOOz(+Oz) -+

,/Dlc u"c u o + H c H o + H 02 + c Hso2 + co2l

154 CH|CH(O2)CH2OH + CHBCOO2(+O2) -+

+(r - \/ Dtc &c H o + H c H o + c tucoo Hl

155 CaHnOH = Oz * CHIO2(+O2) -+

a4[CH3COCHO + CH3COCH - CHCHO + HCHO +2HO2]

22

Reaction rate

2@tzl

2Mt7)

2JEtnt2tto:rl tzl

2Jk\"mL-î=rs l7l

2\/k .¡r.-r6=rs î71

2l/Filz;10=rs t7l

2r/nrutlxn=n t7l

2^/î:JF.5Ãî=r4 t?l

2,/EÃ3.5tTl=r4 t7l

2JErã5iTõ=r4 l7l

zJF;rsE¡A=a t7l

2",/Ftrrs"Srn=14 t7l

2\/F;JZ;t0=ts 17)
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Table 2, cont

Reaction

156 CIHßOH -Oz*CHsOz(+Oz) -+

aSlC H3COC H O + C HzCOC H = C H C HO + C fuO Hl

157 CeHnOH = Oz * CHzOz(+Oz) -+

a6lC HyCOC H O + C HyCOC H = C H C HO + H C H Ol

158 CsHnOH - Oz * C fuCOO2(+Oz) -+ 
^/D[C 

A"COC HO+

CHTCOCH = CHCHO + HO2* CHsOz+ CO2l

159 C|HßOH - Oz * CH3COO2(+Oz) -+ (1 - ,FO)ICV"COCHO

+C HyCOC H = C H C H O + C H,COO Hl

160 CHsCOCH(OH)CH(O2)CHO + CHyO2(+O2) -+

a4ICIftCOCHO + HCOCHO + HCHO +2HO2l

161 CHaCOCH(OH)CH(o2)CHO * CHsOz(+Oz) --+

aí[C fuCOC H O + H COC H O + C tuO Hl

t62 CtuCOCH(oH)CH(o2)CHO + CH|O|(+O|) -+

a6lC H3C OC H O + H COC H O + H C H Ol

163 CHyCOCH(OH)CH(O2)CHO + CHsCOOz(+Oz) -+

,/D[c n"coc H o + H coc H o + H 02 + c H3o2 + c oz]

164 CHyCOCH(OH)CH(O2)CHO + CHzCOOz(+Oz) -+

(t - \/D)lc tucoc H o + HCoc H o + c Hscoo H

165 OHCsHaOz + CHyO2(+O2) -+ a4l0.3CHz= C(CHz)CHO

*OsC HsCOC ll = C Hz * l,6H O H o * 2H Ozl

166 OHCsHeOz + CH3O2(+Oz) + ø5[0, 3CH2- C(Cfu)CHO

+O.ïCH3COCH - CH2+O,6HCHO +CfuOHI

167 O H CE HsO2 + C H zO2(+Oz) -+ 6[0.3C H z = C (C H s)C H O

+0.3c H3coc H - c H2 + t,6H C H Ol

168 o H C;HB)2 + C H rC oo2(*or) --t 
^/D[o.sc 

u, = C (C Hz)C H o

+0.3C HiC OC ¡¡ = C E z + 0.6 II C H O * 0, 6 H Oz I C H soz + C O2l

Reaction rate

2Jlra2tTl-3 t7l

2,/EÐrto-ß tzl

2,/F;rtZ;to=ts t7l

2\/kn7t.,;lzlo=s tzl

2'/EæSrm=n t?l

2'/EæSrId=14 t7l

2l/EÃ38¡10-14 t7l

2\ßtnîStTî=îq t7l

2^/kp73.Btn=r4 t7l

2'/F",8Í;to-"ra [7]

2l/f;*ßtro-ø I7l

2r/krßï.,åî,"lT-r4 17)

2.,/E;îßÃõ=r4 17)
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Table 2, cont.

Reaction

169 OHCsHaOz* CHyCOOz(*O2) -+

(t - \/D)lo.3cHz= c(cHs)cHo

' +0.3C HyCOC H = Ç fl" + 0.6H C H O + C fuCOO Hl

170 C HyCOC H(OH)C HzOz + C HyO2(+O2) -+

a4lC HsC OC H O + 2 H C H O + 2 H O 2)

t7L C H|COC H (O H)C HzOz + C H|O2(+O2) -+

taSlC HyCOC HO + H C H O + C fuO H)

172 C fuCOC H (O H)C HzOz + C HyO2(+O2) -+

la6lCHyCOCHO +2HCHOl

173 C HBCOC H(OH)C H2O2 + C H3COO2(*Oz) -+

'/nlcnucocHo + HCHo + Ho2 * cHzoz+ co2l

174 C fuCOC H (O H)C H2Oz + C H|COO2(*O2) -+

+(I _ \/ D)TC H3COC H O + H C H O + C fuCOO H]

Reaction rate

2Jfnñß;TÍ=E t7l

2'/F'ÃÍ¿0=n t7l

2^ßræîlñ=14 t7l

2'ß;ÃErTo-ø 17)

2^/E;?Tîlß=r4 t7l

2.,ß;?TîrTÍ=r4 t7l

5 Experimental setup

An example of aircraft emissions from a F747 arc listed in Table 3. The emissions
are calcuiated as g kg-l, which in this case gives an NOx emission rate of 37.05 g
s-1. At the start of the vortex regime, the horizontal and vertical standard deviation
of the plume is set equal 6 m (section 2). The horizontal and vertical radius of the
plumo is set to 3 . or, and 3 . ov, respectively. The emissions are homogeneously
distributed within the 6 inner layers of the plume, while the 2 outer layers rapidly
will be influence by emissions due to diffusion within the plume. The distribution
of the hydrocarbon emissions is based on suggestions from Pleijel et aL, (1993),

and is listed in Table 4.

Since we start the calculations at the beginning of the vortex regime, some of the
emitted NO" is already converted to reservoir species. The amount converted is

dependent on the NO" and OH emitted at the engine exit. Based on Kåircher et-al.,
1996 (Figure 10a, 10b and 12) we assume that l.S%o of the emitted NO was
converted to HNO2, 4Vo of the emitted NO2 was converted to HNO3 and that2.3o/o

of an OH value of 6.2 ppmv at the engine exit was convoftod to H2O2.

NILU TR 4/99



25

Table 3:

Table 4 Specification of the hydrocarbon emission based on suggestions from
Pleijel et al. (1993).

Species Vol. Frac.-(7o) Mass Frac.-(7o)

Alkanes:

methane

ethane

butane

Alkenes:

ethene

propene

Aromatics:

o-xylene

Oxygenates:

formaldehyde

acelaldehyde

glyoxal

methylglyoxal

34.83

0.19

9.58

23.56

5.67

1.32

14.08

7.29

2.41

1.08

17.87

0.1B

17.82

21.16

7.68

4.49

13.55

10.29

4.48

2.49

The formation and evolution of particles are prescribed in the arcraft plume
moclel. The particle evolution is calculated with a model which is developed to
analytically describe the nucleation of an aerosol driven by the condensation of
condensable vapour (Ford, 1996). The calculations performed here, use an initial
soot aerosol with a number density of 2.4x106 crn3 at the engine exit, taking the
form of a lognormal size distribution with a mean radius of 30 nm and a
geometric standard deviation of two. Figure 6 shows two examples of the particle
evolution in the plume when the temperature was 214 K and the relative humidity
was 42Vo and 62Vo, respectively. (Only results after 10 s of simulations are
shown.) In the first case, the air was not supersatüated with respect to ice. At

Emissíons of the consídered 8747. True air speed is the speed relative
to the wind speed. The given emission indices The value of
EIINOJ=12.5 g kg-L was based, on nearfield.plume measurements
(Schulte et al., 1997).

Parameter Units Value

Engine type

True Air Speed V

ErlH2ol

E

E

E

E

E

COeI

SOzl

col
NOrl

HCI

Fuelconsumption

¡m s-1, Ma¡

lg kg-'l

lg kg-'l

lg kg-'l

lg kg-'l

lg kg-'l

[g kg-']

[kg km-1]

cF6-80c281F

247.0, 0.84

1242.0

3153.0

1.0

1.5

12.5

0.2

12.0
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about 0.1 seconds into the simulation, the particles are activated, which is to say

that a large amount of water condenses on to the particles. The aerosol melts after
an activated period of about 10 seconds, and stabilises at a radius of about

0.09 pm with a highly acidic composition. The soot particles were assumed to be

coated with a layer of H,SO4/FI2O (Kåircher, L997). In the second case, ice
particles started to grow in the plume. The number and radius of the particles

formed in the plume were used to calculate the surface area density of particles.

104

1o'2

101 102 'I O'

Time (s)

1oo 1ou

Figure 6: Evolution of meøn radius, number density ønd area density for soot-
based aerosol, for two cases with 42Eo and 62Vo ambient relative
humidity.

The reaction rates for heterogeneous reactions are calculated as

k T' A'c (2r)
4

where y is the reactive uptake coefficient, A is the particle surface area density

and c is the molecular velocity. In the tropospheric version of the plume rnoclel the

following heterogeneous reaction was included;

NzOs + H2O -+ 2HNO3 (22)

The uptake coefficient for sulphate aerosols recommended by DeMore et al.

(1997) was used for coated soot. When ice particles form, the uptake coefficient
reÇofirmended for so called PSC type 2 particles was used. These particles consist
of a core of NAT (nitric acid trihydrate), and an outer layer of ice. Since the

heterogeneous reactions on PSC 2 particles are surface reactions, it seems

reasonable to use these uptake coefficients for heterogeneous reactions on ice

particles in the plume.
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