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Composition Alteration of Stratospheric
Air Due to Sampling Through a Flow Tube

1. INTRODUCTION

Sipee U7, the Nir Force Geaphvsics Toaboratory has been involved in a re

sear h oprogran i erned with crvogenic whole air sampling »f the strutasphere

o1 . ; .
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v~ 1ttan ol che S e 1 pas

. The roore tnoportant of these have beon exanined
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OF course, once the air sanple is rer oved from the e brent = ratosphere,
vhotolvtic mechanisms driving the in-situ steadv-state chereaster cese s The e

sultant relaxation of reactive and semi-reactive soccies Jduring their residerce i

in transit from the ambient atmasphere to the sarphing pornt has the notentigd o
modity the initial relative compositions Y minor and trace spectesc Inoebditin, the
concentrations Hf reactive spectex and those with <ignivic <ot proababihties Yor

hete rogeneous removal due toadsorption reaction on the walls of the draw -in tube
could be =igniticantlv reduced during their passage, The objective ! this repor:
is to assess the relative importance of <ampiing tube offects Hn the alteration of
the original combposition as sampled,

There ix a strong resemblance between the operating characteristios ol the
sampling tube and those of a tubular, continuous flow chemical reactor, ‘T'he cur »
rent analvsis makes use of this aralogy in its approach th developing a Jdiagnostic
maodel tor the sampling tube.  Fssentiallv, a generval - purpose, multi-reaction chen -
cal kineties code (CHEMSEN) was used to desxoribe the hohnmingeneous gns phise
kinetics, and, after suitable adaptation, heteropgeneous wall effects as well, The
Chemical kinetics effects in the sampled air were superimposed on a fullv - develone o

fariinar flow ficld, The development of this approach and some sanmiple results

from the resultant model are presented in this report,

e T

el Ko, gtk d
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2. MODEL DEVELOPMENT

2.1 Flow Field Considerations

® . . . .
The Bendway tubing that provides a constant flow of stratospheric air through

the sampling point (shown in Ligure 1) is about 6 m in Length with an L1, of 7.6 o

As shown in Figure 2, at the sampling location three 2,54 o1 O, D, tubes Gone tor

each crvo-sampler volume) are located radially, 120° apart such that thev ter

minate at the circumfe rence of a 2,54 -om diameter circle concentrr with the tube,

Thus, these tubes effectively sample the central 2. 54-cn divmeter core of the flow

in the Bendwayv tubing.

SAMPLING T
TUBE .
- ~ - - TRIWAS
~ 4 INLETS
P &
R )
/@)
M ’
2.54¢m

Figure 2, Schematic of the Crvogenic
Sampling Point Within the Sampling Tube

Flow through the main sampling tube is maintaine.d bv an axial fan CTRW, Type

VAXN-2MA Vaneaxial blower) rated at 40 CI'M, located downstrean: »f the =sar pling
. - . . . . 3
noint,  Flight data with the same tvpe of fan in another progran: (sce Sherman' )

indicates that the volumetric displacement of this fan remains relativelv constam

3. Sherman, (., (1983) private communication.




ar the rated value until about 30 km, where a reduction in capacity of approxi-

peately one ~thivd is indicated, Thus, at rated capacitv, the volumetric flowrate
4 3, . ) ) )
should be about 1,89 < 107 om’ /=sec, which in the 30 ke region drops to about
. 4 3,
1,206 « 10 ¢y Jsece,

2
Using these figures and a crosgs sectional arca of 45,4 »m

"he average velocity in the sampling tubing is:

u TER 16 crm sec (29700 omosec at 30 kmy
A=suming tvpical stratospheric conditions (UL S. Standard Atmosphere  ):

15 ki 216, 85K: 90,85 torr; 4.05 < 108 om ™
20 km: 216.67K; 41,47 torer; 1.8 = 1018 rmili ‘

1 B
30 kme:  231.24Kk;  8.9% tore; 3.7 < 10 em 3

The viscosity »f air at these conditions (from Bird et a],() pp. 16-17)s 1~ 0,015 ¢ .

)
Thus, the corresponding Revnolds numbers are:

Re Dan ! i
Re (15 km) 4110

Re (20 k) 1827
Re (30 km) = 250 .

Thus, even though the Revnolds number at 15 km i3 in the transitional flow regime,

under most sampling conditions the fullv developed flow field in the rube should be
laminar; that is, Re < 2100,

Taking the preceding into constderation, the c¢onditions in the sampled central
core (- RI r Rl) will be characterized bv an average velocity, HRI. and an :
average concentration, (‘m. R Averaging nver the familiar parabolic flow velo- ‘
city profile:; !

92
f u 1 -r~/R” rdr

= o 2 :
u - (n ;
Ry Ry f
f |
rdr

o !
i
) 1

4. T.S. Standard Atmosphere (1076) NOAA, NASA, USAF, Washington, D, C. A

5. RBirvd, R, B., stewart, W, F,, and Lightfont, E,H. (1060) Transport Phenomena,
Wilev & Sons, New York.




)
u 1 - l('{ . 2
1 ‘ —
2 R”

For the current situation, Rl .27 ¢m oant R 4.8 ¢, oand thus,

u u 1 - «1.27) -0, 944 i (3)

ﬁl‘ 0, 943 (2w 0,014 (24 16) T8 v osec (D24 o osec at 30 kv,
A}

‘

Thus, the ventral core travels at a mean veloeity of 785 o 'sec. The mean core

onventration s estimated in Section 2.4,

2.2 Axial Convection vs Radial Diffusion

In order to assess the potential importance of diftusional losses to the tube wall,
‘he relative time scales of axial convection and radial diftusion must be compared,
The ceneral problem of dispersion in laminar tube tHw has received considerable

6,7,8

wiention in the literature; the classic analvsis ol Tavlor "7 having been amplified

. . L 10 . . -
" onumerons occasions (for example, see Aris’ and Hunt™ 7). Referring to Tavlor

‘he characteristic time for convection through the sampling tube is given by:

T I.'u (4)
CONY Yy

where [.i= the san:pling tube length (6 m); while that for radial diftusion is given by:

;. 2.
T itr (R/3.8)" D, (5

where D) is the molecular diffusivitv and R is the tube radius (3.8 ¢m). A compari-

son of these time scales at three altitudes for NO in air vields:

(Due to the large number of references cited above, thev will not be listed here.
See References, page 39,)

11




Altitude “‘.,'\“) T lony, TR
(knt) tem™/sec) (5) (%)
15 1. 0.72 1.0

20 2. 0.72 0.5
30 10, 1. Ny .1

. . . . B . e
where the molecular diffusivities were estimated ron Bird et al” [Eq, (16,3 -1,

Do 905). Thus, ot hw altitudes 7 e and 7 e, are ot cor parable magnitude,
(SRR (RN .

However, with invreasing altitude 7 e, T ol Hue Uy the proportional inerease
(DR M LIV,

in D with deoreasing pressure (that 15, e 1 P, For purnoses of estirating the

possible mugnitude ot heterogenenus wall eects on alteration Hf *he © oopoition

of the sample §alr, Hnly cases where 7 Wi, Lot be ot interests However,
H DRI RN

as the preceding calealation shows, this situation prevails 'oroa <ionificant range
U stratospheric altitudes over whi-h san:pling nas been carvicd Hut,

For conditinons where 700+ 7 om, " & rethod was develaped tor estimating

‘he magnitwle Y heterogeneus wall effects,

.

This anproach 1s baser unon the Ya b

that under theze conditions, the raaial concentration profile due to diffusion is
vapidly established. N species rass balance SHr this situation results in ne familiar

Bessel function solution fe ovlinvirical georetry Cor exarinle, oo Crank, b T2

2] 2
(tx i) Rz exn (- )

Clz, Y A
no n :

here b 15 the zeroath oreder Beszel functinn 7 the Virst king, tHe o are constants
) 1"

determined by the boundary  onditions, Aﬂ are (onstants elermine by application

S orthogonality of the RBessel functions, Uis time, and 2 - 1 R,

2.3 Heterogeneous Wall Loss Estimation Technique

B

In order to use the multireaction chemical kinetic code, CHEMKIN (Kee et all“\
to model the homogeneous reaction behavior in the sampling tube, and alsotoesti-
mate the effects of wall termination, the heterogeneous loss due to radial diffusion
must be estimated and transformed into an approximate pseudo~-homogeneous reac-

tion. The development of the resultant averaging technique follow s,

1. Crank, .J. (1975) The NMathematies Hf Diffusion, Oxford niversity Press, london.

12, Kee, R..0,, Ailler, (1, A, and . Jefferson, T, H, (1880 CHEMERIN: A General-
Purpose, Proble:n -Independent, Transportable, FORTRAN Chemical Kinelics
Uode Package, SAND 80-8003, Sandia National 1L.abiratories,
Avermore, Calithrnia,




At the tube wall (r = R, or z = 1), a steady-state mass balance vields:

9 C

N - O {

D dr l‘Lr*}{ o
r=R

where k is the heterogeneous loss rate constant (em/sec), NMaking use of g, (6):

8¢ ] 1 LS i
J v - R LJP2 ) g
r- R z= 1
. 2 1.2 1.2 1:2
s -0 e Pt R e VT 5 aspeal
ne 1 n o n I n n

where "1 is the first order Bessel function of the first kind,  Substituting this ex-

pression inw g, (7

< 172 12 102 -2
A D o gt B} R expr-o )
R n 1 N
n: 1
X 1/2 <12
= K N 0wy §] RY exp - t) . (e
ne i n"o n n

Approximating both sides of Egq. (9 by the first term in the series, (which becomes

a better approximation us time progressesd:

: 142, =172 2
i") JU‘(YI D RY
o, = — . 10
75 =173
1D ' uyll TR

The effective loss vate for a particular species in the central sumpted core,

-l{[ <r= R1 (l{l = 1.27 ¢m), due to steady~state wall termination is given by:
R 2
-D 8C o
3r 27:111 k (m.R] (tn
r= Hl

s . -1 . .
where k' is a pseudo-homogeneous first order rate constunt (sec ), und C m, it 1S
,
1
the mean concentration in the sumpled central core. LEqg. (11 effectively transforms
the diffusive loss rate at the boundary of the sampled central core to un approxi-
mate, pseudo-homogeneous loss rate based upon the meuan concentration in the core.

The mean concentration, ('m R is determined by averaging the concentration
s

protile over




1

f Ci{r) rdr

C 2 S— (12)

or, substituting Eq. (6) for C(r):

20
2 - 9
Rl > A J (o 1/"l) I/"r‘) expl-a _t)rdr
f n=1 n o n n
C = 2 . (13
m, By o R?

Solution of kEq. (13), once again using the first term upproximation, vields:

12 -1 02
b2y

J ) Y oex - \

g ., (1{ )\ oyl Y exp oot i
N L Bvaad I R . ;
m, R HI i (711 4 172

substitution of Eq. (14 into Eg, (11 vields:

k' = @, . 1M
IFor instantaneous loss ot the wall (= R,
x«
. “ co1 2 ~102 .
¢ = 0= X A Jla D R expr-a c1e
=R - n-o n n
n=1
or, using the first term and first root of JO,
2 -1/2
al”“u U2 pooy (amn
Substituting into kig. (13)
2 2
k' = (2,97 D/R 1y

which is the approximate representation of the upper limit, pseudo-homogeneous,
first order rate constant for heterogencous wall loss.
The rate constants representing wall loss can ulso be interpreted in terms of

a fractional loss of the upper limit value given by kg, 118}, Por complete waull

destruction:




Nowall flux) = - DI C
(5 r
r= R
Do /2, -1/2 172, =172
== Y A (« ‘D7 /'l()J ta 7D “Rlexpl~a t). 1W
R n= 1 n n 1 n

Substituting for «,, using lig. (17), und the first term in the summation:

1

N=DC 2.4J 2. H/R
(¢} 1

.\‘-.l)(‘UI.Z:")/I{, (20)

which represent the upper limit wall flux for complete destruction. 1if, { is the
fractional destruction at the wall, then combination of kgs. (7) und (16) with the

definition of f vields:

8 - 2
KCod a2 2y
P oo 1 (21)
D CO 1.257 R
or, upon rearrangement:
k = fl)1.25/RJo(alllzr)-l/zm. (22)

t:limination of k between Eqs. (10} and (22) results in:

1/2

1/2 fD 1. 25 -
o = . (23)
t R JI(OI I'T/ZD 172 R}

Thus, specification of f, along with the parameters D and R, defines 01l via solution

of kq. (23). However, Eg. (23) is transcendental in o, and thus requires an iterative

1
solution. An appropriate iterative solution scheme using Newton's method is formu-

lated in Appendix A. Of course, once &, is determined, then k' follows directly

1

from kq. (15); namely, k' = o A plot of the heterogeneous wall loss rate constant

in dimensionless form (k' I{Z/D) as a function of f is presented in Figure 3.




The corresponding rate constant values for specified f wre:

f 5
0 0
0« f <1 g, (23, k' - ar]
: 2
to1 204 h R®
24
2.0
//‘
pd
1.6 / Figuee 3. Dimensionless
1.2 L Heterogencous Rate Constant
k' R7D as u bunction of raction of
1.2 the Maximum Wall lLoss Rate
0.8
04
0. 02 04 06 08 1.0
1 {

3. COMPUTATIONAL CODE

The entire preceding development was undertaken with the objective of aduapting
an existing code bused on CHEMKIN (Kee et :1112), to calculate composition changes
along the sampling tube duc to chemical reactions. The particular version of this
code available was intended primarily for the solution of homogeneous kinetic prob-
lems without transport. Thus, the method in Section 2.3 was formulated in order to

transform the wall termination reactions into equivalent 'pseudo-homogeneous’ form,

3.1 CHEMKIN et al

CHENMKIN is a package of FORTRAN programs designed to facilitate general
chemical kinetic modeling of multireaction, multispecies problems. It was developed
at Sandia National l.aboratories, l.ivermore by Kee and associates (Kee et 3112).

I'ssentially, it accepts the definition of a chemical kinetic mechanism in familiar,

16




relatively "format-free’”’ chemicul notation, and transforms it into FORTRAN code,
which can then be muanipulated in ulmost uny manner the user chooses.  For the
current applications, CHIEMKIN wuas used in combination with a general ordinary

differential equation solver, [.5ODE, und appropriate subroutines to transtorm the

FORTRAN code from CHEMKIN into the corresponding mass conserviation equations
for solution by 1.SODLE, This purticulur combination wus availuble s SENSIT, o
sensitivity code packuge developed by Kramer et o, H that features the poserful
new ALM tanulytically integrated Magnus) modification of the GEN (Green's function

method) for sensitivity analysis of ODE svstems.

3.2 Chemical Kinetic Mechanism

The chemical kinetie micchanism formuliated for use with the C HEMBEIN SENSIT
code puckage wus, of course, essentially o busic stratospherie coerniceal Kinetie
model suns the photolvtic formintion and destruction resctions. Toe cotusl nechuanisn,
used was extracted primuarily from U The stroatosphere 198100, 7, 14 along with the
corresponding rite constants in appropreiste fore: and units for use in the CHEMRIN
SENSIT code, This mechimsm is presented in Tasble 1, wdong with the corresponding
rate parameters.

In order to model heterogencons wall rermination reactions, most of the species

were provided with o reaction of the forn: ;
S S0,

The pseudo-homogencous rote constants, k, for these reactions were estinaoted
according to the method presented in scction 209, The specification that aphears ;
in the mechanism definition input next to the + ) resctions is the negative of f, the
fraction of the total wall destruction rviste assumed {or thut species. 1 sing =f s
the input, the subroutine KPRINI flisted in Appendix B) returns the psceudo-

homogeneous first order rate constant, k', for use in the model.

13. Kramer, M.\., Kee, R.J., and Raibitz, H. (1982) CHEMSEN: A Conpater
Code for Sensitivity Analvsis of Llementary Che vical Reaction AModels,
SAND 82-8230, Sondia Nutional TLaboratories, L.ivermore, C alilornia.

14. The Stratosphere, 1281, Theory and Mcasurements (19082) WAIO, NASA, | AL,
NOAX, Report No. 11, NASN7Goddard Space Flight Center,
Greenbelt, Murvland,




Table 1. Stratospheric Kinetic Model'

i
(A) Bimolecular Reuactions
No. Reaction k,
(b) l-“h)
220 il
3.-1 .
(s mol/cm™) (calimoll
1. O + ()3 = 20, 0. 900t + 13 1407,
2 _\'()2 + QO 2 NO + ()2 0.560L + 13 U,
3. (\3 + NO = .\'()9 + ()2 0. 2301, + 13 3150,
4. NO + IOy ~» ,\"()9 + 1 0. 3701« 13 -584.
5. NO + H()_) - N()z + HO) 0, 220k -+ 13 -377,
6. N()Z + ()3 hd N()S + ()2 0,720 - 11 1664,
T .\'()3 + NO =2 N()2 0. 1208 + 14 a.
8. IIN()_1 + HO = .\'()2 + 0+ 0, 0. 2401 « 13 0.
9. IIN()3 + HO - N(),5 + H,)() 0. 900E + 10 -1292,
10, HO, + HO =~ H,0 + 0O, 0,480 - 14 0.
11 ll()2 + H()2 Ind 1[2()2 + ()2 0. 1801 - 13 0.
12, HO, + O - HO + O, 0, 2108 « 14 0,
13. HO, + ClO = HOCL + O, 0. 2901 ~ 14 0.
14, H >2 + ()3 - HO + 2 )2 0. 8401 « 10 1152,
5. 0o+ o, 2 HO, v 0, 0.960K - 12 1568,
16, HO + O - i - €, . 1401 - 14 =200,
17, HO + O = L = CO, 0.8108 - 11 0.
18, HO + M, ~ 1 < L0 0.4601 ~ 13 4173
19, ”2()2 + O - llz() - Ht 12 0, 1601 « 13 288,
20. ¢l + O, Clo .0, 0. 170k - 14 511,
21, (‘l() + O = 1 -~ ()() 0,460k - 14 256,
22, N,O_ + A = NG, < NO o« ) 0, 1401+ 00 0,
25 2 i
23, () + H, ~ H - HO 0,211+ 14 1300,
24, HO, + 1 = O, < Hol 0, 2801, - 14 0.

o cniammcicia RN Nl i ot ot it




Table 1. Stratospheric Kinetic Modet© L ontdn

(B) Termolecular Reactions

No. Reaction R,
(el

{ _‘_\.U -y ! ﬁ

. 37

S0 sl ey J
25. O + ().{ < N H,‘ - M 0, 2001, « 20 -2.0
260 NO,~ O + A ‘\()'5 + M O, 300 . 21 -2.0
27, .\'()2~ HO 4 N~ H'\U‘S + DM 0,530k, « 25 =200
28. .\'(JZ + ll()z + M ll.\()_; + N 0,560 - 20 -5H. U
29, NO, + NO, + M = N,O_ - M 0, 1601, - 24 =200

3 2 2 5

30, i + O, + A2 O, - M 0. 54901, - 20 -1.4
31 ClO + NO, = M " ('l()\‘),) - Ml 0. 4601, - 14 -1.4

(Y Het erogeneous Reuctions

No. Reaction

32, NO =+ NO ()

33. .\‘()2 - N()Z ()

34, ,\'2()5 ind _\'2()5 )

35. .\()3 - ,\()3 [

36. lI,\J()3 d HN()B( )

37, Ii_\()_l - lI.\()_lt‘)

38. O ad (@) )

9, O, -

3 ( 3 ()3 [

40. HO hd HO [

41, H()2 - l{()2 ()

12, HZ()2 - HZ()Z )

43. Cl - (I )

44, ClO = ClO o))

45, H - H ()

16, HOCI =+ HOCL)

47. Hz() - H2(> ()

18. Cl(),\'()2 nd ('l()A\.'()2 ()

49, HCI = HCL )

(a) The Stratosphere 1981..., 14 lables AT and A2,

5 =1

(b) k? = :\o exp (-LE/RTY, (s mol'cm“g) tTable A1)

o -1
8 327 .
() k3 =A T F s tmoliem™) Table A2)
o

1o
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4. RESULTS AND DISCUSSION
1
4.1 Cases and Data ;

Fhreeo thfferent adtitudes, spanning the range of the stratospheric whole-air
samplineg progrann, were considered; numely, 15, 20, and 350 ki, The initial

. . . . . . 14
concenteations for most of the species were obtuined from the strutosphere 1081, .,

mnd Fabioan et ol t Fwo sets of NO wnd NO, values were used: averages of ull the
mid=-Latitude ARG kit and those of Toabiun ot of, 1 summiries of all values used
cve presented in Table 2,

The final "7 values used for the heterogencous will termination rewtions were
much more difficult to ussipa. Of course, values of =1 are probubly quite
appropriate for all the free radical species.  tHlowever, the procise degree of inter-
colton of semireactive and stuble species with the walls of the sanpling tube 13, for
the most part, unknown. Ultimately, "7 values for these species were varled in
order to assess their effect,

Characterization of the controlling processes of all the various heterogeneons
phenomenie that con oceur at the walls of the sampling tube reoians o impostant
inresolved issues As shown below, these heterogeneous processes adive ot least
the potential to alter both the vell five and ansolute concentrations of the Nt 'y HIN¢ )‘
spreies from those in the ambient. The following discussion 15 intended to highlight
some of the potentialfy more impertant processes thiat may oceur,

Iirst of wll, conditions ot the samplin tube wall were assunied o be ot stesdy-
stote when o sample is thken.,  This assumption 15 quite reasonable 1 view of the
fact that wle wos continuousty drawn througi the samphing tube, once ot altitude,
for at least o hall hour prior to the crvogenic samiple actundlv being tuken.  Thus,
it the ambient temperatures expected (sce NSection 4, 3, the tube vl 12 niost
probubly conted with o buver of condensed water,

NO, is known to be rapidly converted to NO by reaction with sdsorbed woter
lb)

tGrreene and Past . The requisite stoichiometey s beticved to be:

INO, + 0 2 HNO

- 20
9 “'\UZ{ . 24

2

1H. Fabian, Po, Pyle, JoA , and Wells, R.J, 10820 Diaenal verieoons of manor
constitnents in the stratosphere modceled as 0 function of latitude md
season, . Geophvs, Res. 87:498
~ AN

1. Greene, >N, and Pust, o (1958 Determination of nitrogen droxrde e pghns-
solid chromatography, Anal. Chem. 30:1039,
—_—————— Fata d

20




P
Table 2, lnitial Species Concentration
Species Concentration
rmol fraction)
1
Source 15 km 20 km 30 km
NO te, d 1.5k -00 2. 4E-00 5.7).-04
NG, te, 2. 1E-04 4. 31~00 10, 81.-00
NO, " 1.0k-15 2, 0k~ 14 1.01-13
H\()3 ) 1. 3L-0v 6, 0k-~00 fi, 0f.-09 )
HN()_{ (b) T.bk-11 4, 81-10 1.91.-10 ' !
Nyl Ry 2.01-12 1. 3k-11 1L3E-10 !
O b H.Th-14 1.1k-12 2, 20.-10 j
0, - 0. 200 0. 200 0. 20 |
N, - 0. 709067 {70067 0. 7106
O ) 5. 01-07 2, 21:-06 1. ul-03
HOY () B UDERE 2.00-12 SL0E-1)
H(’,, foh oik-1t L2401 Y PR RY
HA,‘-').) rah 1. o0 2, 01-04 b, Ot~
H;< 3 - 3001 =06 3. 01 -06 .00 ~08
( l~ ab 1.0k =15 b, Q- 15 CLOb -2
1o (it 1.0b-12 3. 0h=11 1.hk-10
H th) 3.0 -7 onli-0 T R U
[RTRI (b 1. 01-10 . ub-10 1. 0F-10 |
0 1h 1.0k -08 1. 0f.-00 1. 01- 08
oo, - 3. 20 - 04 B2 -0d .21 =04
H.)“ th) PR U PELEHN SL0b-0n 5. 0F-06
( TH\('A, ) H.0-12 2. 0t,-10 5. 0E-10
fic ) (h) 4. 0)k-11 Loali-10 2.01.-10
tar s Phe stetosphere 1951, Theory and Measurement s, WMO, NASA, :
EAY, NONY,) 18 port Noo b, Mas 1881, NASN Goddard Space ,
Phighit Center, Goeenbelt, Marviand., H ‘

thy 1 abian ot Gl 0
cor Nl b,
ulhy Phe corresponding values trom Reference (b)Y re:
15 K, NOOR 01 -1, NO 3,0k -1
20 Ky, NGOy 1.0 x i.-10, ;1 ', 4, 01.-10;
' 30 km, \NO 1.0 x 1-00, N ‘; - 0L 01 =00,
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U nde s conditions where nitrous acid 1s unstable (thuat 15, at room temperuture and

aboved, 1t would decompose secording to the storchionietey:

SHNO = HNO - 2NO) - 0. (2
- 23

Fhe net etffect o B and - R2Y s

i

o~ 3

INOL - L0 = 2N - NGO c2i

oroone NO For cuers 3Nt L, o cdo I thns process ts dnportont st stradospheric

)

condittons on the soanpling tibe w1, ubuior tre NO) NS Tt s Ve fhr0]

'

sapling point wonld be <ipnificantls Lorger

e s baent vl U s intade s wne

there 1s vepld diffosion o the s dis for exorn ple, 50w, ety however, -

possibility s quite unliselvs e conditions ovder which Geeene ool Pagt [RSETRRS

this conversion process mvolved o chronatogropne cobiann peoded st Dinde 00

tioleculn e sies

stoed with wnter, oond it N b, nen U oSENerIe bres s e,

the operating tenper ves of the s pling tibe an the stratospiere, ans nitro.s

cd oe nitere cdd torn cd on v tihe sl ould renon there 1 e condenseod

srthably ndsorhs coiots o thee U bhe w1

Woater moaterix, s, thongn \‘:) 10St

wath o by Coptlire coetlictent, e decon g ositon of gt s 0

should not oo o any ppres bl extent, Licrebs proconung te relenise o poeoed

Ny bk anto the ooes plieses T sty then, privos el

stothe Gibe sl the o=t consery s tive SR niion Lo
Specles CeXCept NNt venen the wndll e Tost teon
cociticient of i,

Nitrre oxide s norn st o noncondenschte soss T thern

tion ol ins Sspeci s ocones shen tee sressure exerted byotne gne clent Doow o

Specles egiiads the capor nresasnre of the condensed paser hrnooign i noos ot

SEEaatIors SO e supe s ture o die o aeteropenco s e ction 1 obserced o noy
1

exatple, see Boentles and m.\,l‘»‘ For tne sbient tovel= ol NO v s ey
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‘ 1y -2 -1 . L
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efficiently trapped by condensed water (most probably as mixed clathrate hydrates)
at relatively high temperatures, exactly in the range expected for the sampling tube
walls tthat is, 216 to 230 K}, Ruther than being true thermodvnamic condensation,
this phenomenon 15 4 complex kinetic entrapment process favored by high fluxes of
both the species aund wuter vapor. In the cuse of the sumpling tube, however, even

though the temperatures ut altitude are in the requisite range, the fluxes seen 1o be

. . " . a 2 -2 -1

too low for this effect to be Lmportant; thut s, 101 -10 0 m sec ! for hoth NO
. . . 1 Too-2 -

and H,O in the experiments cited, vs ~ 3 - 10 1 and ~ 2 - l(ll' 1 sec l, e

spectively, at the conditions in the sampling tube cuse. Based on these considers-
tions, it is judged that NO 15 most probably not removed to any significant extent
at the sumpling tube walls; that is, £0 0, would be u reasonsble assunption

Although the preceding discussion is intended to focus on the nost Hrels Tirst
order »ffects expected to occur ot the wbe wall, it is, perbaps, more ceshi=te to
think of the behavior of the tube ot high altitndes where roadind diffusivitie < e borge,
as approximating that of o chromatographie colummn,  The interoctions conong the
various species and the condensed phuse on the tebe wall con be gote cornles and
nonlineur, and thus, almost impossible to estinate & priori. Currently, the only
punner in which to obtain reclistic 77 values for the varions species nnder =sinpling

conditions and concentriations is experimenta s,

4.2 Model Results
.21 GENERAL

Sar-e model results for various cases of heteraseneaus= will hoss aee nre<ented
10 Table 310Gy, (b), and (o) for 15, 20, and 50 ki, respectively ], in terms of o -
o= of initial ambient concentrations ar the Onal cevoeenie sue pling noant, The
conditions for the varions caxes are included in the feogend for Table 50 The <
results are presented in Table J [, (b)Y, and (¢)] in terms of three NO \U\, atto-,

I he cases in both Tables 3 and 4 are the e,

Table 30 Ratios of Species Concentiatio s a0 the Sarvoling Point to the A bene,
GO 15 e, by 20 am, and ey B0 ki

I.egend

Case b t- 0 for species

Cose I, f 1 for 11l species except CO)y, Oy 0, \2 and H;3 oo
Cuse [, £ 0.5 tor all species except (O, OL, O N nd H of
Case §y, f= 1 for all species excopt NO), 00, ( O, O, Ny and H., of O,

Fhe following tour cases are similae to the preceding except thet NO and NOL valie s

. . 15
are taken from bablan et al,

Case v, Eguivident to Cuase |, Cose VL Faguivalent to € a-c i

Case VL, Fguivialent to Cose 11, Coese AL guivident to Coase 1V,




Table 3. Ratios of Species Concentrations at the Sampling Point 1o the Ambient,

(a) 15 km, (b) 20 km, and (c) 30 km (Contd)
(a) 15 km
Species
Case I 11 111 N v Vl v VI
NO 0. 995 0.737 0,919 0. 996 0,906 0.736 0,014 0. 946
N()2 1. 001 0. 836 0. 4931 0.761 1. 004 0.762 0,434 0.763
N()3 23.775 12.535 21,315 15.635 16. 52 16.000 21,790 15, 99§
}ll\"()3 1. 004 0. 845 0. 937 0.773 1. 000 0.771 0,434 0.771
H,\I()4 1. 000 0. 848 0. 936 0.778 0. 099 0.778 0.935 0.777
N2()5 1. 000 0. 854 0. 038 0. 7485 1. 000 0. 785 0,938 [UE
cOo 1. 000 1. 000 1. 000 1. 000 1. 000 1.000 1.000 i, 000
[ Q¢ )2 1. 000 1. 000 1. 000 1. 000 1. 000 1.000 1.000 1. 000
(@ ~0. ~0. ~0. -0, Q. =0, 0. -0,
()2 1. 000 1. 000 1,000 1. 0o 1. 000 1,000 1, 000 1,000
O, 1. 000 0. 637 0. 931 0. 761 1. 000 0,761 0, 931 0,761
HOY 0. 896 0,742 0, 81¢ 0, 537 [ANRUTI 0,668 Q, 863 0, unl
HOY, 1.252 0. 955 1. 151 0, 107 1. 210 0, 1A 1. 21n 0, vl
“2“2 1. 000 0, 825 0, 925 0. 74w 1, 000 O, 746 0, sl U, T
1{2() 1. 000 0.797 0,912 0. 7 0u 1. Q0 0.706 0,57y Q0. 700
.\'2 1. 000 1. 000 1. 000 1, 000 1. 000 1. 000 1, 000 U
('1(),\'()2 1. 000 0. 832 0, 937 (U 1, 000 0,783 0,93, 0, 7Ha
1 HC'l 1. 000 0, 823 0, w27y 0. 700 1. 000 0. 750 0,027 g, 750
Cl 12,280 10, 130 11,350 11,960 0,324 0. 245 0, 505 (AN
o 0, 0M 0, 831 0, 923 0. 755 [USRRARNY 0,763 0,430 Q, 306
H 0.103 0. 084 0. 004 0,073 Q.11 a, 077 0, 0uy 0,07
HOCL 1. 000 0, 834 0, n32 0, 765 1. 000 0. 839 0,132 0,765
“.’ 1, 000 1. 000 1. 000 1. 000 1. 000 1, 000 1,000 1. 000
24
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Tuable 30 Ratios of Species Concentrations at the Sampling Point to the Ambient,

) 15 Ky (b)) 20k, and (¢) 30 ki (Contd) '

Species

Cuse I Il 1 I\ \ A A \ ]

Ny (. vy 517 0. 834 0,993 0, 994 0.517 0, 834 0, 993

AN 1. 005 0.554 0. 854 0. 355 1.002 0.553 0,857 0.554

\():), 2,156 1. 056 1.7785 1,041 1. 2075 0,647 1,100 0,696

“'\“.1‘ 1. 000 0. 570 0.8662 0.570 1. 000 0.570 0.862 0,570 i

FENC ' 1. 000 0. 580 0., 866 0.580 1. 000 0,580 0, 866 0. 550

,\2();_) 1. 000 0. 542 0,871 0. 542 1. 000 0.592 0, 866 0,502

CO 1. 000 1. 000 1. 000 1. 000 1. 000 1. 000 1.000 1. 000

O, 1. 000 1. 000 1. 000 1. 000 1. 000 1. 000 1.000 1. 000

O ~0 ~0 -0 ~0. ~0 ~0 ~0 0

0, 1. 000 1. 000 1.000 1. 000 1. 000 1. 000 1.000 1. 000

O, 1.000 0.554 0. 856 0.554 1. 000 0.554 0,856 0.554

HO 1. 124 0.512 0,012 0. 540 0. 965 0,446 0.776 0. 447

H()2 0. 968 0.515 0,819 0.510 1. 003 0.530 0.848 0.530

l[,)()2 1. 000 -.530 0,846 0.530 1. 000 0.530 0,846 0.530

HZ() 1. 000 0.471 0. 820 0.471 1. 000 0.471 0.820 0.471

.\'2 1. 000 1. 000 1. 000 1. 000 1. 000 1.000 1,000 1. 000

('l(),\l()2 1. 000 0.588 0. 869 0.588 t. 000 0.588 0.869 0.588

HCd 1. 000 -. 536 0.848 0,536 1. 000 0.536 V. 848 0.536 ‘l

Cl 14. 907 7. 845 12.582 14,430 0.622 0.328 0.526 0.604 |

Clo 0. 996 0.557 0. 854 0.555 1. 000 0.558 0.857 0.558

I 0. 007 0.003 0. 006 0,004 0. 006 0.003 0.005 n 003

HOCL 1. 000 0. 5360 0. 858 0.560 1. 000 0.560 0.858 0.560

t., 1. 000 1.000 1. 000 1, 000 1. 000 1. 000 1.000
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Tabte 3,

Ratios

VOSHedres Concentrations at the

Surpling

ot ot

the An brent,

tar 15 K, b 20 ke, and (o 30 g (Conted)

(o 30 K
S[)t'k‘l(‘.\’
Cuse 1 11 111 I\ \ A A VI
N 0,981 0.012 0, 254 —;) HHE) 0, v51 0.006 0.235¢ 0. 94g
NGOy 1.010 0,018 0, 346 0.010 1. 004 (0,010 0,20 0.010
\H,‘, 1. 338 0.023 0, 420 0.013 .1y 0.013 0, 340 0.013
HNO, 1. 000 0.022 0. 365 0.013 1.000  0.013 0.31% 0.013
IO, 1. 000 0. 025 0,377 0.015 1,000 0,015 0,327 0.015
,\._< )3 1. 000 0.028 0, 341 0.01% 1. 000 0.017 0.341 0.017
U0 1. 0ou 1. 000 1. 000 1. 000 1. 000 1. 000 1.000 1. 000
Co, 1. 000 1. 000 1. 000 1. 000 1. 000 1.000 1.000 1.000
(N ~0, ~0. -0, -0, -0, ~0. ~0. 0.
0, 1. 009 1. 000 1. 000 1. 000 1. 000 1. 000 1.000 1. 0070
Gy 1. 000 0.018 0. 348 0.010 1. 000 0.012 0,248 0,010
Ho 1.015 0. 006 0. 25¢ 0.003 0, 431 0.002 0.100 0. 003
HO, 0, bo 0. 013 0. 3175 0. 007 1.008  0.007 0.271 0. 007
Lo 1. 000 0.014 0,321 0. 007 1.000  0.007 0.273 0. 007
H,O i. 000 0. 006 0,260 0,003 1.000  0.003 0.214 0.003
N, 1. 000 1. 000 1. 000 1. 000 1. 000 1. 000 1.000 1. 000
('J(),\()Z 1. 000 0.027 0. 387 0.016 1, 000 0.016 0.337 0.016
HEC'L 1. 000 0.014 0. 327 0.008 1.000 0,008 0.278 0. 008
'l 0.030 0, Q0. 000 0. 005 0,005 -0 0. 002 0.010
10O 1,042 0.020 0. 368 0.011 1. 043 0.014 0. 316 0.011
H 0, 806 0. 004 0,204 0.004 0,734 0.002 0.156 0. 002
HOCL 1. 005 0. 020 0. 355 0.011 1. 004 0.011 0.305 0.011
l[2 1. 000 1. 000 1. 000 1. 000 1,000 1. 000 1.000 1. 000
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(a} 15 km,

(b) 20 km, and (¢) 30 km

Table 1. N()/NO\: for the Eight Computational Cases in Table 3,

{a) 15 km

Rutio Ambient i 11 111 N
NO) .\‘ux““ 0.417 0. 300 0,274 0, 2098 0. 354
NCUNO= NO) 0.417 0. 415 0. 386 0.414 0.483
NO'NO, 0.714 0.710 0.630 0,705 0. 935
Ambient \ VvV VI \ I
.\'n/.\u\{“" 0. 027 0,027 0, 026 0.025 0. 035
NO/INO = NO,) €.500 0. 198 0.401 0. 496 0.556
NOINO, 1. 000 P 0, 966 0. 984 1. 305
(b) 20 [N A]
Ratio Ambient 1 1 8¢ I\
NO x()\_‘“' 0. 181 0. 180 0. 169 0.177 0. 281
NOINO= NOG) 0.358 0. 355 0.342 0.351 0.500
NOINO, 0.558 0.550 0.521 0.542 0. f6n
Ambient \ VI V11 Vil
.\'o/.\'()\_‘“' 0.014 0.014 0.013 0.014 0. 0250
NO/(NO= NO,) 0. 250 0. 248 0. 238 0. 245 0.374
NO/NO, 0. 3434 0. 331 0. 312 0. 324 0.5




Table 4. MO/NO, for the Eight Computational Cases in Table 3,
(a) 15 km, (b} 20 km, and (¢) 30 km (Contd)

(¢) 30 km
Ratio Ambient i 1 i Ite
.\'()/N()x"‘“ 0. 248 0. 244 0.168 0. 195 0. 967
NO/(NO+ NO) 0. 345 0. 339 0. 260 0. 283 0. 981
NO/INO, 0. 528 0.513 0. 352 0.395 0.525
Ambient v v Vi \ il
_\Io/.\mx“” 0. 080 0.079 0.042 0. 068 0. 880
NO/(NO+ NO,) 0.167 0. 164 0.107 0. 14 0. 052
N(),«‘.\‘()z 0, 200 0. 195 0.120 0.175 14, 920

( + NO, - HNQ,

. : + 2N
) 3 HNO, + 2N,0,).

Ve
a NO/NO_ is taken as NO/(NO - NO X

Cases | and \ in Tables 3 and 4 show the effects of the homogeneous gus phuse
reactions only; that is, no heterogencous wall loss for any of the species «f:= 00,

The behavior of species in the sampling tube in these two cuses is, for the most
part, predictable. Due to the relatively short average residence time of the saumpled
core (0.76 sec ut 15 and 20 km, and 1. 14 sec at 30 km, only those reactions with
time constants comparable to or less than the residence time have anv appre-
ciable effect. Consequently, the most dramatic change in the ambient composition
is the rapid decrease of O atom concentration upon sampling, due to reaction 25

(see Table 1). The half-life of O in the sampling tube due to this reaction varies
from 1.7 > 10-41 sec at 15 km to 0,024 sec at 30 kmi.  The time scales of most of

the other reactions listed in Tuble 1 are significantly greater.

At 15 km, where diffusional losses to the sumpling tube wall are relatively
unimportant, the ambient composition is not seriously altered under almost any set
of assumptions regarding wall loss "f'' values (see Table 3a), especially with re-
spect to those species related to the oxides of nitrogen. This is also reflected in
the fact that the A\'()/A\'()X ratios in Table 4a remain relativelv constant for the eight
computational cases considered. At 20 km (Tables 3b and 1b), the potential effcct
of diffusional losses to the tube wall becomes evident, and at 30 km (Tables 3¢ and
4c) the effect can be quite severe, However, the relatively small sensitivity of the
absolute extent of wall loss to species identity shows that the variation in diffusivity
among species is clearly a second order effect., Alsu, as shown by Cases 1l and \
(f=0) in Tables 3a, 3b, 3¢, the homogeneous gas phase chemistry in the sampling
tube is generally incapable of asppreciably altering the sampled composition from

that in the ambient; the residence times are simply too short.

28

O o i Bt i i 0 e ¢ i o —a et



Of the species examined, N()3 and (!l exhibit large increases in concentration
as a result of the homogeneous gas phase chemistry. N()3 is observed to increase
appreciably in Tables 3a and 3b due to production from i\.'()2 oxidation by vzone
{that is, reaction 6 in Table 1). However, NO, is also rapidly consumed by NO

3
(that is, reaction 7 in Table 1), Thus the ratio,

kg 103) INO,) -

‘

controls the behavior of .\'()3 in the sumpling tube due to homogeneous gas phuase
chemist y. In addition, a3 shown in Table 3¢, the N()3 concentration can be
severely affected by heterogeneous wall loss, to the point where production by N¢ )
oxidation is completelv overwhelmed, suchthat .\.'()3 decreases monotonically with
progress through the flow tube. In any case, the .\'()3 behavior should not have anv
appreciable effect on the total X(lx anulyvses, due to its relutively low expected
concentration.

The behavior of Cl is somewhut unulogous to that of NU.‘&' As can be seen from:
Table 3a, in Case | the Cl concentration increases by sbout a tuctor of twelve,
while for Case V it actually decreasces by upproximately two-thivds.,  PFron: the
legend of Table 3, the only difference between Cuses | and [l as the absolute values
of the ambient concentrutions assumed for NO and N( \2. Obviously, in Case [, (]
increases due to the reaction of ClOwith NOthat is, reaction 4 in Tuble 1y while
in Case \', (1l decreases due to the reaction of €l with H;), tthat 1s, reaction 20 in
Table 1. Thus, the primary result of whether ('l incresses or decreases during

passage in the sampling table depends on the ratio:

ky [NOJ [€10]

- . 128
K0 T <'>3|

&

At 20 km the effect 1s qualitativ Iy the same as for 15 km. At 30 km, however, ¢1
decreases monotonically from the ambient for both (uses L and V. The primury
difference ut 30 km is that the heterogencous wall loss becomes significant enough
to overcome Cl production via reactiond, for the NO concentrations assumed,

This sensitive behavior of Cl suggests an interesting experimentul approuch
for cither NO measurements or the assessment of heterogencous wall loss rutes,
Accurute values of the rate constants ond Cl messurements 43 s function of distunce
in a sampling tube tusing resonance fluorescvence, for exaniple) could be used o

determiune either, knowing something ahout the other,
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4.2.2 NO_/HNO
X X

As concluded in the preceding section, and as is evident upon comparison of
the three different NO/I\'Ox ratios for Cases | and \' with their respe-:tive ambient
values (that is, the ratios determined from the ambient concentrations assumed at
the mouth of the sampling tube) in Tables 4a, 4b, and 4:-, the homogeneous gas
phase chemistry in the sampling tube is incapable of appreciably altering the
fo)x," HN()x sample composition. Thus, the oanlv manner in which the sampling tube
can affect the sampled ambient compnsition is via heterageneous interactions with
the tube wall. [If this is the case, then the most severe effects Hn sampled compost
tion should sccur at the highest altitudes where the radial diffusivities are greatest,
Examination of the 30 ki results presented in Table 4¢, reveals that »f the cases
s‘tudied, only IV and VIII result in appreciable alteration of the three N(): .\'()x ratios
from the ambient. Reference to the legend in Table 4 reveals that in these cases
NO is assumed not to be lost at the wall (that is, f=0), while all the other .\'()){/H.\?()x
species are assigned f=1. As discussed in Section 4.1, this scenario is not totally
unreasonable in view of what is known about the behavior of these species, und
would explain significant relative enhancement of NO over all the other N()x THNC )x
species, as compared to ambient values. However, in order for this behavior to be
predominant in the sampling tube, the magnitude of its effect must increase with
altitude, and this is at variance with the data.

In general, the AFGL stratospheric NO and NO,, mixing ratios, determined by
Gallagher et al, 1o seem to be slightly lower than sodme other experimental observa-
tions at high altitudes, and slightly greater at low altitudes. The fact that the
absolute values are of the same order of magnitude as those determined bv sther
researchers with different experimental techniques, indicates that severe wall
losses of NO and NO2 at high altitudes, as exemplified bv Case~ 11 and \'I in
Tables 3a, 3b, and 3¢ (that is, for f= 1), are improbable. Also, the severe Jdis-
crimination against NOx in comparison to NO, as exemplified bv Cases IV and VI
in Table 3¢ (30 km, = 1) for NOX/HN()X and f- 0 for NO), seems to be just as im -
probable, However, a comparison of "averaged” 30 km values reveals that the
AFGL results are roughly one -third of some of the nther experimental results.
Thus, if heterogeneous wall loss in the sampling tube was the sole course of this
discrepancy, then an overall average value of = 0.5 wall loss (that is, Cases I
and VII in Table 2c) would explain the results relatively well. If this assumption
applied at 20 km, the sampled NO and NO2 values would be 83 and 86 percent re-
spectively, of the ambient values (that is, Cases IIl and VII in Table 3c¢), which

would place therm in approximate agreement with other experimentat

19. Gallagher, C.C., Forsberg, C.A,, and Pieri, R.V. (1983) Stratospheric
N2O, CF2C12, and CFCI,3 composition studies utilizing in situ crvogenic
whole air sampling methods, J. Geophys. Res. 88:3798,
Laad
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observations (assuming, of course, that the other observations huve no inherent
experimental bias with respect to sampled vs ambient values), The actuual case,
hovever, is that the AFGI. 20 km data are approximately a fuctor of two to three
times greater than other experimental values.

Thus, there seems to be no consistent pattern in the AFGIL. NO and X()2 results
that unequivocally implicate heterageneous wall interactions as the primary factor
contributing to experimental bias introduced by the sampling tube of the c¢rvogenic
whole air sampler. However, there remain some more speculative possibilities
that seem to be consistent with both significant heterogeneous effects and the ob-
served data. For exampte, there is the possibility that the lower altitude data,
which are relativelv free of wall effects, are, therefore, more accurate representa-
tions of ambient values. In this case, the higher altitude data might be significantly
affected bv wall loss, and thus be biased towards lower values, Gallagher et 3120
present some results of a more recent two-dimensional stratospheric model pre-
diction (Sze ct 3121) that seem to suggest this behavior; that is, the model predicts
higher NO and NO,, values than the AFGIL. data at high altitudes. (However, it also
predicts lower val::eﬁ than the AFGL data at low altitudes.) Of course, if this
scenario had any validity, this would implv that other experimental measurements
are, in effect, too low. However, this possibilitv is not totallv inconceivable,
given possible experimental biases inherent in the nther techniques, and natural
local and temporal variations of NO and NOx mixing ratios; either or both of which
can account for the lower values observed.

Another possibility that is, in a sense, the inverse of the preceding one, and
which also seems consistent with the known data, focuses on the operational charac-
teristics of the balloon-borne crvogenic whole air sampler. Issentially, all the
crvogenic whole air samples were taken on the descent leg of the balloon flight in
srder to avoid contamination from outgassing of the balloon and gondola. However,
this procedure exposes the sampling tube wall, at relatively low temperatures, to
the highest ambient concentrations of NO and NO2 at high altitude prior to collection
of the samples. Fxposure at high altitudes occurs for enough time at conditions of
high radial flux, due both to high radial diffusivities and high ambient mixing ratios,
to accumulate significant amounts of N()x/ HNOX. and even NO, if the actual capture
coeflficients are appreciable. ‘The descent of the balloon to lower altitudes creates

an unsteady-state situation with respect to wall accumulation due to decreased

20, CGallagher, C.C., Forsberg, C.A., Pieri, R.V., and kFaucher, G. A, (1983a)
Oxides of Nitrogen Content of Whole Air Samples Obtained at Altitudes
FFrom 12 to 30 km, submitted for publication,

21. Sze. N.D., Ko, M.K.W., Livshits, M., Wang, W.(., and Rvan, P.B. (1982)
A Research Program for Atmospheric Chemistry, Radiation and Dynamics,
AFGL-TR-82-0207, AD AT20407.

31

PeL e o




radial fluxes of NO\(/HNOx from the gas phase as a result of both lower mixing
ratios and lower radial diffusivities. Ior example, NO and NO2 radial wall fluxes

near the sampling tube mouth, estimated from kEq. (19) (that is, for = 1) using

<

ambient mixing ratios from tabian et al, at the three altitudes considered here are:

Altitde N(NO) NINO,)
i - =" -

(km) (em 7 osec 1) {em 2 sec 1)
30 L2« 10" 6.2 < 10"
20 1.2 < 10" 3.4 4 108
15 5.3 < 10" 1.8 710

As the wall flux of these species from the gas phase lecreases during descent, sor ¢

Hf the accuriulated N()_\'"H.\()\_ will tend to evaporate due to the grevailing ansteady -

state situation created, thero@v producing a net tlux ! specices into the sar pled gas;

that is, the tube walls effectively outeas.  This etffect would tend 1o increase the NQ

and NO,, values over those 1o the ar hieat for all lower altitufes uring the course

of a pa;tiwul:n‘ flight until the wall accuroulation has beon sionificantly lissipated,
This hvpothesis qualitatively cxplains corr e oF the salient characteristios of

the AFGL data. FPirst of all, due to the expected low tube »all temperatures (e

Section b3y, the net effusion ey the walls at lower altitudes would be relative]y

=low.  This would tend to aceount for the =mall absolute difterences between the

NO and NO, roixing ratios deterciined by the AFGL o casurerments and tho=e frox

sther techniques,  An exarination of the AFGIL data reveals that although the NO

calues exhibit a dron-oft with decreasing altitude, the *otal NO - NO,, results e

rerrarkably constant as< oa function of altituwde (Gallagher et ulz I, 'I'Hhi.\' voan il

a4 conversion 5f NO) to NO, in the condenscd phase on the tube wall acearding o the

well-known stoi \1i'n~_w!rv_(t'r;r example, sec ('hiltnnzzl:

NO NOL - L0 - 2TINOY, Ry

The nitrous acid, which i< un=table in the sas phase, would then decoar nose unon

desorption ar o lower altinyde aceording to b, (250

[
2

3HNQ, - HA\'()", C2NO - HLO [N

22, Chilton, T.H, (1968 Strong Water,  Nitrie Acids Sources, NMoethads of
Mamtacture, and (508, AT Dréss, Can b Ioe, Rissa hnsoins,
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The net effect of i£gs. (29) and (25) is:
;
HNO2 + NO2 - HNO3 « NO 30) ;
|
or, reduction of NO,, to NO on a one -for-one basis. Thus, although NO woul.
decrease, the total &O + NO, would remain relativelv constant, since I\()2 is
produced at the expense of NO.
As a rough, order-of-magnitude estiniate of such a process, assume that by
whatever mechanism, the tube walls become saturated with N02 at 30 km due o
pre-sampling exposure. Upon descent to 20 km, the unsteady -state situation credte
therebv, would produce a net tlux into the gas phase ol approximately
(6.2 X 100 - 3.4 1()8) = 5,86 ~ 10” wm:z sec . For a tube wall surface area of
600 ¢y ~ (7 7.6 em) = 1,43 ¥ 104 <'n‘2, the net molecular flow into the sampled pas
would be 8.4 <« 1013 molecules s e, Using a mixing ratio of 3 < 10 10 At 20 ok
(Fabian ot Lill:)). and the number density and volunietric flowrate in the =suar . oling
i tube, the total inflow of NO,, under these conditions would be:
3 <10 1% (18- e B e 1ot e seo - 10 ecutes s o
course, the estimated outgassing vate of 8,4 « Ill” tnolecules seo awll ten g to
decrease with time, its instantancous value Jdeterrcined in oa oo ples ta<hiion by
in-flight operating factors and tube wall exposure history, and it will not heoarn -
stant over the entire sampling tube length as assumed, so this i< anly a very annrasy
mate value, Nevertheless, the obvious implication of this estin ate 15 that the ont
gassing rate can be of the same order-of-magnitude as the swmpled anbient rnte,
therebyv lending some credence to this hypothesis,
This "outgassing’ hvpothesis mav also be consistent with the ARG ceveo -
sampler data on nitrous oxide (N,O) and Fluorocarbons 11 and 12 tGallagher ot o I“'.
These species are known to be H[jll)l(‘ and their mixing ratios decrease Wil altorange
in the stratosphere. Thus, the expected effect of the tube wall, consistent aith the
preceding, would be qualitativelv quite Jdifterent, At hieh altitudes the toral woall
flux would tend to decrease with altitude, primarily due 1o lower warbrent - s N
ratins.,  ‘Therefore, the sampling tube wall would experience incpre: gowall Sudes '
during descent, which effectively inhibit outgassing, Thus, for these inert <pe.ies, |
the snly possible role of the tube wall is as an adsorber or sink, which would tend i
‘o decrease sampled compositions from those in the ambient at hiph altitudes where ‘
vadial diffusivities are large.  Although this trend is evident in the data prescented ’
bv Gallagher et alw for NJO, and Fluorocarbons 11 and 12, when compared with ;
some madel profiles {that is, good agrecement at lower altitudes with increasing :
short -tall uthigheraltitudes), it is by no means unequivocal sinee the data also <how l
extremely good agreement with other model predictions (see Gatlagher et :{11“).
33
/ :
-
e
, ’ d




Of course, there are both in-flight and laboratorv procedures and experiments

that can be utilized to investigate this hypothesis and its potential impact further:

for example, sampling simulation experiments through a flow tube in the laboratory;
in-flight operational changes such as intermittent thermal desorption of wall deposits
and re -equilibration prior to .ampling, and/or sampling at lower altitudes INnrst tor
NOx; and so on. However, the feasibility of carrving out any »f these ¢fforts must
be evaluated within the context of current and projected activity »f the sampling
program,

I~ addition to the two preceding scenarios involving the possible effects of
heterogeneous phenomena at the sampling tube walls on the total cryvogenic sample
co. 1position, there are probably others that can be formulated as well that are in
qualitative agreement with the known data. Without additional experimentua] evidenoe
regarding the precise nature of the processes at the tube wall, however, these must

remain conjectures only.

4.3 Effect of Tube Wall Temperature

In considering factors that could signiticantlv change the roavnitude of the rate
constant values assumed, the possibilitv of radiative solar heating »f the Ben s av
sample tubing was examined. Although no temperature measurcicents ot the
sampling tubing were made direvtlv,* both the aiv temperature and the external
surface temperature of the TRIWAS unit (at a point midwav between the tap an i
hottom) were recorded. This surface temperature should be rouchiv cpuvalent 1
the sampling tube wall temperature. As shown in Table 5, the terporature {ifer -
ences between the surface and air were both positive (8°C rraximuwn ) and
negative (-%°C, maximum). Thesec differcnces in termperature should not be laroe
enough to cause anv serious increase (or decrease) in air sample tenmperature due
to heat transfer through the wall of the sampling tubing.,  An estin-ate of the potential
magnitude of this eftfect tollows,

Assuming a constant tube wall terperature, '1'“. an energv balance on the

sampled air is:

i
|
27 RL h AT WO T, - T 11
avg po2 1

|

|

* )
Note added in proof: Since this report was written, a balloon tlight package using .

the same sampling tube was fitted with thermistors placed at various locations and
flown in the lower stratosphere., The maximum surface ter perature throuaghout

the 18-13 km sampling range was <172 C, Thus, clearly all the conclusions
‘arrived at in this report are supported, and, indeed, mav actually be conservative,

R




i
I tareinar flow wall heat transfer coetticient, cal/cimn™ secs K,

A1 = Jogarithmic vean tereperature difference between the tube wall andt

average bulk ten perature at the inlet and the san pling point,

W\ e onass thow rare, ufsec,

( N specific heat capaeity o the gy, calyor K,
T, bulk termperature at =annling point,

l—l bulk remipecatnee at inlet,

The Nusselt number (2hRk 0 k= thermial conductivity of air) for laminar tube flow
L [ -

with constant wall temperature is well known (for exan iple, sce Bird et al'), pe 4069,

For the three sampling altitwdes considered here and the flow conditions in Sec-

ton 2, 1

Altitude by W Nu* " 5

(Km) (efem™) (o sea) - (cat/ony 7 sec)

15 1Lo5 0D 5,64 5.5 5.5 < 100

20 HOBT <10 1. 64 15 200 1077

40 1,78 - 10 0,224 3.8 247 107

Table 50 Pypical Sampler Air Temperature Data
Sampler Air
Time Altitude Temperature  Teoermperature At =1 A
fro (') [ (I

HOBUI8T 042 (LI 65, 700 -29 31 -2
1310 47,500 -49 45 -
1410 38, 800 -43 -38 -h
61 %1 1124 96, 600 -5 -10 B}
1331 41,200 11 S 10 sy
1526 64, 600 27 220 2
B 0150 56, 620 =27 27 0
1232 44, 380 -4 -40 Ny
1253 48, 140 -46 30 7

x -
Assurmming k-4 4 < 10
.

caloome

2

secco W, a0 = A 073 cal ol for air)




Due to the relatively small temperature differences expected, AT will be
avy
apoproxtreoate §as the arithmetic average,  Substituting into . (31) vields:

[A20 WIS R & S SR )
TS N --l,, R (42)
2 T ,‘rﬂ_ﬂ -

where 7% DER/WC , Using the extren:e values of the temperature differences

nresented in Table 5, together with the basic data fron Section 2, 1;

or, - [ U A
Altitude 2 1 1 2
(k) i (heated wall; max, - 8K) (cooled wally max, -uk}
15 0,020 0.15 -0, 18
20 0. 037 0.30 -0, 43
30 0.026 1.62 - 1,83

Another method of assessing the magnitude of (e heat transfer effect ix to
estimate the tube wall temperature required to increase the alr sarmple ten nera-

ture by 10K

Altitude Wall Temperature Requivei
(K to Heat Air Sambple 10k AT Above Arbient
(k) (K
15 721.6 (4348.5°C)
20 Ju2, (218, 8°() e
30 280, (7.3°C) 10,2

Thus, even at 30 km,* there is no reason to suspect an air sar.ple temperature
increase (or decrease) even approaching 10RK; that is, the 44, 2K temperature differ -
ence required is significantly greater than the - 8K or so suspected, The conclu-
sion of thix analvs=is is that the effect Hf temperature on processes within the sampling
“ube s completely negligible,  In addition, =ince the tube wall temperatures are
cxpected to be within 10K of ambient, heterogencous interactions should also occur

at approximately ambient tempervatures,

5. SUMMARY AND CONCLUSIONS

A numerical moadel of a sampling tube used to conduct stratospheric air to the

sampling point of a balloon-borane crvogenic whole air sampler, has been developed

* ) . . . .
The clfect of altitude is reflected bv the ratio, 3. Both the heat transfer coefficient,
h, and the mass flow in the sampling tube, W, decrease with altitude; however, h
decreases more slowly than W,




in order to assess the potential effects of passage through the tube on alteration of
species mixing ratios from those in the ambient. This model is based on the applica-
tion of a general purpose, haomogeneous, multireaction chemical kinetics code
(CHEMSEN) to a 31 reaction (49 reaction with heterogeneous wall loss), 23 species
(12 species with adsorbed or "ost" constituents) stratospheric kinetic model,
modified to take into account heterogencous interactions with the tube wall., [ssen-
tially, the heterogeneous loss rates due to radial diffusion were transformed into
equivalent pseudo-haomogeneous reactions. This technigue exploits the difference

in time scales for radial Jdiffusion and convection in the sampling tube, 'The re-
sultant model represents a useful general tool for estimating the potential absolute
and relative effects of the tube wall and homogeneous chemical reactions in altering
the composition of complex flowing and reacting mixtures in atrmospheric or labora-
tory applications,

The effects of the homogeneous sas phase chemistry and heterogeneous wall
loss were estimated at three different altitudes: 15, 20, and 30 km. It was foun
that the gas phase chemistrv was generallv incapable of appreciablv aitering the
sampled composition from that in the ambient, This result is primarily due to the
short average residence tinie in the sampling tube. On the other hand, depending
in the particular set of assumptions used, heterogeneous wall loss was found
capable of imposing significant alterations on the sampled gas composition, parti-
cularly at altitudes above about 20 kmy, rue to fast radial ditfusion. The tube wall
temperature was shown to have a completely negligible eftfect on the homogeneous
gas phase kinetics,

Currently, definitive quantitative assessments of the impact of the heterngenesous
interactions at the tube wall on the final sampled copnposition are hampered by lack
Sf knowledge concerning the precise nature of the complex processes (o! all those
possible) that actually oceur to a significant extent at stratospheric conditions and
compositions,  In this revard, the behavior of the tube wall with respect to anv
single species mav range from that of a simple sink (o7 varving effectiveness, as
reflected by the capture coefficient), to that of a complex chromatographic chemical
reactor, However, two scenarios involving heterogeneous wall rffects were sug-
gested that at least qualitativelv explain some trends observed in comparisons of
various other data and model predictions with the AFG L crvosampler data. The
"outgassing hvpothesis in particular, whereby NO_ species collected at hiah alti-
turdes could be released at lower altitudes, seems deserving of further studv,

In order to iniprove quantitative predictive techniques tor the effects of <amopling
network walls on sample:) compositions, good experimental data dare needed to be
nsed in conjunction with a practical numerical model. This report provides an
approach and the rudiments of an appropriate model. However, the controlling

heterogenenus phvsicochemical processes for species of interest at stratospheric
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conditions remain to be unequivocally identified. Once this information is available,

accurate parameter values can be experimentally determined for the model. In

this regard, a chromatographic approach involving stimulus -response transient

techniques is suggested and recommended.
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Appendix A

Newton's Method Sosution for a, [Eq. (23)]

Application of Newton's method to find the roots of kXq. (23) can be expressed

as:
G _ o 4D ., o i)
o, = o, - gl )/;1(011 ) (A1
where (i) represents the current estimate fora,, gl lm) is the value of the function,
(M 2 D (1.25)° M
i . 2 i
gla ) = Y — - o (A2)
i };ZJIZ(“ ‘(1 IITD T]Zm t

and g'(a 1(1\ is the derivative of g (& 1(1)\.

[a W2 =12, Ly /a]
{ o 1

2 3
R™J 1

(A3)

g M= - 21,2520

. Ry
UH/ZD 1! zm.

lterative application of Eq. (A1) to convergence, using some predetermined

wherein the arguments of all the Bessel functions are (@

criterion, will vield the value of a ) for the parameters f, d, and R.
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Appendix B

Subroutine KPRIME

SUBRCUTINE RPRIME VAL Dl Fin A4.8¢57K

SUBRO! TINE KPRIME (AA BB.EE WT,
REAL MuiB5J1,MM85.J0

DATA EFPS]/1.0E~4"

pata 1,P/0.0,0.0/

TEST=31UNI1.0,44)
IF(TEST .GE. 0.0) RETURN

IF {B3 .NE. 0.) T:=BB

1F (EF . NE. 0.) P:=EE

IF (T .NE. O. .AND. P _NE. 0.) GO 710 10
PRINT ¢ . *T= " T, Pz *,P

STQPY

FzABStAL)

D1=22.20(40./(760.¢P))s{{T/220.)9°1.5)
D271, 29.)+1L1./4T)

D3=(1. 29.)1+¢1./30,)

D=D1%(D2++0.5. D3+0.5)

IF (F AT, 1.) GO T0 20
PRIMK ((2.4+¢2.1+4D}/(3.87°2.)
GD TO ©ng

IfF (F .GT. 0.) GO 10 30
PRIMK-O,
G0 TO 999

\F (F .GT. O. .AND. F .LT. 1.) GO 10 40
ERINT +,"Fs ",F

570P2

CONGT-11.25/3.8)¢:2.
AOLD=(12.8+42.1+D1/(3.8+v°2.)

IPASS-0

ARG={ADID*+0.51¢(D*+(~0.5))*3.R
1PASS 1TASSe)

RS VARG TER)
#3100 ARG LIER)

TOPa(t re2.1°LONST D

BOT2BEG1 e,

G=(TOs 8OT1- A D
Xy={=tf-e2, ) CONSI D)/ (BEST1ee],)
X2=(A L0ee(-0.5))+(Dee(-0.5))¢3.BBESO
¥3=X14a2-(BES'/AQLD))

GP=X3-1.0

ANEW=/0t D=1 G, GP)

DELTA Ali>(AULD-ANEW)

1F (DFLTA LT, EP5I) GO TO 299
AQLD=ANEW

GO YO 201

PRIMK: ANEW

AA=PRIMK
B3=EE:0.0
PRINT 100,.wT,AR,B0,.EE
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