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1. INTRODUCTION

In the process of evaluating various turbulent mixing models, the question kept
arising of how the turbulent flow differed from the laminar flow. A comparison of two
different turbulence kinetic energy models is given in Walker [4] and, in addition, the use of a

laminar viscosity model for comparison with the turbulence models is discussed. This was

accomplished for a reacting shear layer for which experimental results had been obtained.

Therefore, the techniques and results presented herein were utilized to make qualitative

comparisons.

Additionally the techniques presented in this work are directly useful in the chemical

laser program because of the fine scale mixing in the nozzles and the low pressure operation in

the laser cavity. The coding presented herein is applicable only for a N2, 02, NO, NO 2, and 03
system but minor coding changes will make these results applicable for any gas at low

pressure.

II. CUBIC SPLINE INTERPOLATION

In order to determine the laminar viscosity of the various gases involved as a function

of temperature, it is necessary to interpolation Table I for temperatures not given. This could
be done utilizing a simple linear interpolation scheme. However, a more accurate scheme which

does not take an excessive amount of computational time is cubic spline interpolation. This is

a piecewise cubic interpolation scheme that matches the function and its slope at each of the

known points given in Table 1. Cubic spline interpolation is currently very popular and will be

utilized here.

The only problem with this scheme occurs at the end points of the interval. The

requirement that the slopes be matched at this point between the piecewise cubic sections
cannot be met since no other point is available from which to calculate the slope. Therefore a

special treatment for the end points was necessary and the use of a Lagrangian polynomial was

chosen,

The Lagrangian polynomial is given by

: n

p(x) = (X f(xk) lk(x) (I)
k=o

3
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Figure 1. End points nomenclature.

For the end points shown.

p(x) =f(X 0 )1 0 Wx + f(X 1 )1 1 (X) + f(X k1)l kl(x) (3)

+ f(X k )lk(X)
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0k1X xk X 0 } {k-1 x. {0 ~ x k

1k(X 1 ={O} {Xk-} {X1 Xkl(4

Now

f(x k) const

xk - xi = const

hence

=f(x )1 Wx + f(x )1 1 W+(x) i

1(5
x) = + f(x0  x)i Wx k)(' k

1{O (X - x ) (x 1 xkl (x - X0
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hence

d 2*1 0 (W (x -x 1 ) ax-(x xxkl1 -XXk +Xk-lxk)

{(x0 - x1 ) (xo Xk-1) (x0  x xk)I + N(x - I (x x Xk)

{x 0 - x 1  (x0  Xk -) (xo -k)

10 1
0 (x0  x 1) NOx0  k-1) (x0  -

[(x -x) ( 2 x -xk-i -xk ) + (x xk-1) (x - xk)

and

.1,(X) N ~xx 1 )( 2 x -xk-1i XkI + (x x k-1 (x - xk) (6)
(x 0 -X 1 ) (x0 - X k1) (x0 - k)

1 11()= x 1  x 0 Hx 1 x~k1) (xl -Xk)

(x - x o )(x Xk)(x kt

a-xfx' Xxkl- I Xxk + Xk Xkl 1 + (x Xkl ) (x -Xk)]
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-x) x -ll() =(x I -Xo (xI _Xki (xI  Xk -T 0o

2x - Xk 1 - Xk}+ (x - Xk I ) (x - Xk)]

,(x - 0O ) (2x - Xk_ 1  Xk) + (x - 1~) (x - xk )0l(k-iX -Xo)(X + (x - X l ( - Xk) (7)

ik~1(X ) = (xk 1 x0 ) Nxk_ - x1) (xk_ - Xk) x - xo )

(x - x1) (x - Xk)]

x 1 (x - x 

lk - -(Xk_ - xo) (xk1 - x (x(Xk_1  xk) [ x )

-j {x2  - XlX - XkX + XlXk + (x - x k) (x - xk

1 2
ikllX) -- (X_ 1 - Xo k+_ _ _ _ k (x - xi o

'k-~x) (xkl-1 x0 ) (Xk- --x) (Xkl - xk) 0

(2x - 1 - Xk) + (x - x1 ) (x - Xk)]

Sox 0 ) (
2x - x1  xk) + (x - x)(x xk)

ikI (x)-xXl)(8)

lk1(X) (Xk-1 - xo ) (Xk_1 - x1) (xk- 1 - xk)

1i(x) I x -

kl N '(xk - xo ) - x 1 ) -x o0

(x - x1) (x - xk-1)]
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ik(x) = (xk  Xo) (xk x l) (xk-xkl) [(x 0 )_

ax-{ X2  XX 1  - X k-1 + X 1  Xkl} + ( x 1 ) (x - k 1)]

'k(X) =(xk - X0 ) (xk - Xl) (xk - xk-) x -xo

(2x x xI  - kkIl) + (x - xI1) (N - x k-_1 ) 1

(x - xO) (2x - x k-) + (x x) (x Xkl) 1(9)
(xk - x) (xk - x1 ) (xk - xk1)

Hence the end point slopes are given by:

df (x)

dx 0 (x0 ) 10 (x) + f(x1) l (x ) + f(xk-l) 1k-l(x)

+ f(xk) Ik(x) (10)

where:
,N( - xI 1(2x - x k-1 - Xk) + (x - x k-1) (x - x k )

10 (X) - (x 0 - x1) (x - Xk- ) (x - xk)

(x - x0 ) (2x - Xk 1 Xk) + (x Xk1)(x xk)
1 1 (X) = (x1 - x0 ) (xI - Xk I ) (x 1 - x k)

(x - xO )(2x x - X + (x x) (x xk)
k-1) (x k- 1 -k (X k- 1 - xI ) (Xk_1 - k

(x - x O ) (2x - x I 1 - xk-) + (x - x1 ) (x - Xk-)
1k(x) (xk - x) k - xI) (xk - Xk)
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Now When these equations are used to calculate the left end point slope

Xk 1 Becomes x2

Xk Becomes x 3

and when they are used to calculate the right end point slope

x Becomes Xk 3

x Becomes Xk2

as shown in Figure 1.

The special end point treatment was incorporated with a cubic spline interpolation

routine developed by Conte and de Boor [ I ]. The program listing is given in Appendix A. As a
test for this generalized routine, the viscosity function f1jA was interpolated at several points

including input points to determine how well the cubic spline interpolation program was

working. Table I gives the known input data for fl, as a function of KT/e.

The results of the use of the cubic spline interpolation program are given in Table 2.

Note that the interpolation scheme gives very smooth results. Also note that the input data is

under no restriction as to the regularity of the input function interval i.e., A(KT/e) varies from

0.05-5.0.

Ill. MOLECULAR VISCOSITY OF NO 2 AND 03

The reacting shear layer that calculations were made for contained the following

reaction:

NO + 03 - NO 2 + 02

Since the mixed stream includes a combination of these gases, it is necessary to know the

laminar viscosities of each of the component gases as a function of temperature. These have

10
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PT.NA*: 179 Xz PnflIoAPonF+AI F(Yt'9 I 1096?F.olPT.Pn.= AMO X: .?)ncpnnnrF.o FIY)= .fl57H)4PF#nlPT.0-1.= 11 4 -I. F(X)z. S1'60fl~flF0I
PT 11n.=IR im.; IA OA( *?3 1F.O FIX)= .I1 1401777E#I)
P?..P : = M3 Xz P *?A0Ao+0E FIX)= jjS?34cJ3FI~P7*pmifl* 114 yx P?130n1n0F0I~ F(X): .11,0SIQOF.0I
PT.'.= 1819 Xz Pj40A0e)oF+0I FK=~ j11fi'Pn3F~nIPT.Mn.= Isis xm Pisnn00E+AI FIX)m .114687?RF#nlPT.WI)l= 191? Is .PO6flflfE.01 FIX)=. 113110nrnFo1*
PT.Kin~* 184 YK *??31110o00Fn Ff1)m .11329#63E+1PT.Nfl.z 9~ X: .??4900n00E0 Fwi). *113!F.OPTrgcl* 190 X=.Pffllo~l FIX)= .11?97PA94F*01P?*PRfl*: 197 Xw PPOAnnooe*1 Ffin .11380000P7*01
*PT.1n.= .19? Y= P??TnnnooE#0I FIX) .*1363n7?I.F o IPT.wI%.= 193 x= Pp7~0fnnlo *01 Fma) .113463PPF#0PT.tf.= 1 X= I P30f0000 +01 FmX) .113?VOft6F+0I*PT Nn 15 = 7 Ku*? 3

llOOOE+01 Fma) .1110474)F#01P?.f0.: 196 X= .?5?flofodF#fl FIX).f .111196;401PI.K10.= 704 vo p.73ono~o1 F XY) .1IPA1747E.0IPT No.= 14 YI) K:P70AAl0000 FIX): .11?66311F+01PT.NO~x 199 X: P710000F4111 FIX') *112507113F#O 1PT*MCin. 7.? y: *pAOOo1 F(KZ I IP35371w.01
PY:jl om O9 po : YZ PonoooE*0I Fur): .1 10496odOF+01
PT.l* P0 Xx Y .71I1000100E401 FIX). .1104741F#01PT.N~z 03 ce ~pnpadFnI X) 110940F#01EPT.FiO.: 7174 W= %01.100000F+01 Fly): :1117431AE.01P7*Amni,* P S W: *'67nf00E0Io FIX): .11O'OTIF.oo
P Nl.=* ?OT Xu *P3000000E*0 F MX'a 1-1O2E?77'F*O1

2156x*P X: PlRfOnOOF+(o1 FIX)=:1099763F.O1.
*PT.Nfl.= ?I? X2 P14pnoon1 MIX). .14743h3F*01PTr. Fel.: 71a P = 4nflnA00E*I FIX)2 .)O1f79$64F*p)
pT.= PIP Y: P'4joflffooE.oI FI)m .11OS630AF*0p7 #an. *13Jew29POnORE.0l FIX): *104300AF01
PT*Ihifl 7? X: .7%lfonfe0F#01 FIX )z *101277 014Jy l: .= PSX= .7?fl 0o0) OF 1 FIX)a .1fl9O490170F:01
PT fvn*: P16 Ka P'~rl0000OF#Ai F( I) .1fl116?73F.01
-P7*rufls ?1? 12 *P'hAnoooo0E*A FIX): a 483$661F#01PT.tieO.= PIS X:a p77nOfooE*01 FIX). 3 .09 6467F*P
PT.Wn~1* 730 Y: P414(10fF#01 FI): l14456-f10..01p?.fur%.= ?20 Km .P49p0A00F4n1 FIX) a. .1081 OO7oOF.PT~,n. 737 X: *P90flnOnoF*OI FIX): .1019011F.#0PTF.* a 3 P2 : ."l,3nnoO FIX)x:. 91??i07E+0I'OPT.Anr.w P?14 Xy *76naAnF# FIX). .o790#7E#01
Pr.fMn.z PP37 Yz PQ;An000F.eI FfX)2 *10193765)E00PTk~ P3 pc&n *70OFnE41 F(Y). :1 07251?QEAk O1PTp.tf. = 3 77 =. *PA$OOnOOO.I) 1 Ftx)= . I A77) 1 ? 0110PT*if* oktn . 7900F pp07 98S9QF.0
PT.Ahn.x P;4 Y= *PrP0aAOF ' +6 FIx)= .1 fI9QfiOEP7*M0~. z7307*. *Pf7) OAflOOF 01 FIX)m .10641 EV#0 1p p.A1: - 3 1 70.1 X- W)a. 0 401140QF+01P?*pfl*. z244 y 1. *7730000F*0n FI)v .10 so? 3t.n #'

pt mnl* P3645 6r 41 1. +N.fi
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;:17A* X~ : *?7onO0OF~fl F(X)= *10611A40,401
OT mfla 74 Q Woo *p7m(1)000017#0~1 FIX) : 61601141P+O1
PT:NnA.: 750 Xlu ,7'ooflF.#A 0011; .1O0%lF*Il 1PTNonafz ;Psi woo *?Anfnno0Fn1 F(K)n .10"0O0011 nF# 0
p7.iIl:m P5? X= .7konnA0OE#0h F(X)= .)f056W,~43 .01
PT.WNn.a pc;1 f' p7n0A0~0E~nj F(y):.0%591#AE#0l
fT*Ml*~ 75~4 vE ,PP~loo0I)F40l 7I):.054$177F#01
P~T.No.= PS5 Yx *?P'4nrn00F+,ni aI) *15868E

-PT.MnA PSA YB *?%krjt'oflF.0I F(X)a i'bS28S93F~nl
kYl .B 757 yz fi * nnoE# nI F(Y)m 10% 1 0616F#01
PT Non z P5AR K: *P5A7Oflfl0fF+fl F(X:= .1008R76.0#1
P7.1.1'.. 'p%'# yu *~ppmi~fldF.bI FIX)= :104990V33E#01
PT .NOl ?a oO Yu *PR9telf00(P.OV F(K:= .i04b9&4Ee01
PT*1fl* 761fil .?fX ffmf~ FIX)=: *10OAAO00nnE.01
PT.NA1'z ;:,67 in *?Qlf10Q0F0F. FIX)z *0470705F.O1
PT.NO.u 263 X2.?*P0fl1000#) FIX)= .104615~411F#01
PT.N1'.w P64 Ya ,7Q3Pftn00E# 01 FIX *104S2481r~nll
PT.lo1noo ?AS.. ys *P940A1'n0F#Il FIX).: .10443504E*01,
07.81'.: P1.6 Ya *PQ'i~ft00OF#Al FIX)= . 0434%W4f.81
PT.1'.z P67 Xx *?P9fnno0Flf~nEI F(K)2 .10425(,97E# I
PT*NA.2 26 va *PQ7fon0FlfQlj0 F(Y)x .104 hiqoF.01
PT.N1'.u 769 ya *P~lfonAf0OE*Q F0 um .1 0 1 E
PT 140. 70 pB*QQ~npA00E*0I Fma) .103980095F#O 1
PT7.80.: '71 wr. .10PI~nAAf0E#1 FrY)z. *I 390noflE#01
PY.N.z 72 yB ,4Ajpnn0o.Fln FfYV:-*10380926E.01
PT.N0.u P73 y: *10?Annfl000 FIX);:1an371 742F.01
OT NO 7. 74 Ya .K1l30ftlOF.0l FIX)u .103621'?8E.01
PT:V1ln*: P75 :B *3O4Pn~n00IO FIX)= .1035340%)F#01
PT.11Nn P76 B ,'%nS'onfn0F~fni F(Ylz .103443PIF+01
PT*A:l P77 x K: *ffflfDF) FIX)z . 0335?341E.01

p Y.Nn*B P78 .E *3f7P0000F.81 FIX). *0326?31E#01
PT'.Ptn*: Pl'79 va in301000F#0I F(Y) z . 031T33AF*01
PT.r'l.z P80) Yu*f=f~f.)F F(wlm .10308Sf4%Efl1
Pl7.N0.: 741 Yz .3Iflflfflnfl+01 FIX)m .10300000OE#1
p m1' 2O 72 flE .11100f00V.01 FIX)= i10?91Anl?F*nl
PT7.80.. 783 XK: *i1P00flflOF#fl1 F(Y)= .102 33 7 F..01
PTlt, a 2.P4 XE .313Aftf00E2.0I F(X)m I0P?75P7AE*0j
PT7.10.a 2085 Ya *3)l&00fl0F*I F(Y)a.1*0267PA4lE#01
PT~.1J=~ 716 lyB .319flonfl00E.0l FI) .102593144E*01
PT1.10.:o 2h7 Xm .310 000fl0OE+f I Mz .1 ps51~pfF#01
a N80.z P88 KB *317Aft0)00F*0I FXS~ .1024368PF*0
P*Nol.= ;!A9 Kum .31Nfl000E#0j .FIK .1023584l1*0
PT*1inl* P90 YB .319nl00F.01 FIX): .102279".SF#0
07.fv0.. P91 Ye *37fl1'lfl'0V.0j FIX)l .1022 0000E.0,
PT.Nn.z "p? Ytt *1?11o7lo0AF*1 PIXI2 .1(0 119F
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PT.N.. 311. KB.3Wolf000 FIX) I .1 F081)
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T.%N.w 317 woo .34fn0f00 f. 01 I)...07?E0
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PT.1,fl~u 125 WE *3.4A0000F..O1 FIKX) : *QQ7147,4E-fl0
PT Nfl. a3746 YiX *3Ir(,0I0F.f) FIX)* 506710OF*00
PT : A1Po. 327 Yz *3",,0000j8 F X) *lQ580pf.5F000
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:a.Om 33E *AlflO(OOEF+Pl F(X~ e 99129779.0 0
T'.''- 33 E .3A000OE.01 F(Y)i :907?~0

PT.:ifl. 3347 1., Aflllfl,' F(X)- .49912984F*00

PT*~f ~ 33F'AOOO 01 FtxE .Q943h78F#00
PT..~ 13R We.167000OE1 F() .Q888233O~
PT I,)00( y1)2 334 We *.AMI~flOE0E.1 F W .Q AS?I ?88..:0O
PT:Nol c340 Ym .16Q0Oft0oF*0l FfE I's S760'"?3E00
PT knflw 341 We .37flAnnfoOF*f1 Fil M. :2700000F000
PT.P fl.m 34? y .1 *3nnflcOE#01 FE~ *Q8639AQR.O

PIvz 3431 Xx .37POPPOOonf F 1y') .VAl57906PR .010*
PT NO. 344 Em l3n3fnQAF*0fV. F(Y)z .QH519hlPF*00
PT.Nflm '34.5 we .3740A00E~ft1 FlY ' .Qk46P?71E.00
PT..hlMn 346 We .37rPif0nnE#O1 FIX). *9 840OP ??*00
PT.mnA: 347 We *376fflfl0F*fl FEYl: .0834 IO1E*00
PT*f~ 348 We .377t~0000F#01 FfX): *QAPA3514E4flO
P T.I~ 149 We .37MflOAPOE.01 F(X)m 0#4225? 7 q0 1
PT.Nnlm R50 Wit lT7QAf0A~0o:0 F(Em *Q8fhT44PE+00
PT.NOl~i 3 1 We. lAnnonFlDoo~i I ) .qfAI1000Efl0
PT NO R, 332 We *'PlffloOE#01 F I %) a+O#4fl2970f*00
PT:N60.m 333 E3t lA~?PlPA00F~nj F(Xim *Q?9963]0f*00
PT.NlA j54 Em jAR30nlfooE#0j FIE): .QT9390fO~
PT.tnfl: 39;5 We lA40Alf000~Fol FtE)u *97883P**.000
PT Nn z .1%6 Em lRS00400F~fnl FEYl: .97A?RO?3rE.E)0.
PT:l,^:* 3%7 Em *lAflflflOF~pj FEEI:Y Q777231TE.00
IPT.Ipf. ISA Em lA870AA00F*0l FEE): .977l6T13E*00
PT.NAm 159 va lAA00AOF+0j1 FEE): *976fi11'?E*0l

p T.Nn~ 160 E *3'ECf0fl-0plF FEX~w *Q7f,0S60AEf0,IT Nf.= 361 e *3Qf0ft8000E4OI FEE)= .*7550f)00E*00
PT P7*Al z362 Em 1 *~1 n A n 0 E * 0 FIE)x .Q7494304F*00
PT~i,-n*= 163 WE *30?fltflOOF*0l FEEW)m .c?438S7?2Efl0
PT .NO.m z364 Ea . 3E4Q100V.F01 FEE)x . Q 7 3 87-47.6F.0D0
PT .Nnl . 36S X- 3Q'O00n00F#0j FEXIu *973?7PP6E*00
PT*Mfl:: 166 WE .3QcPfl009F~fl1 FIX~ c Q77l74F*90
PT:Nnl~ - 107 we .196OfllO0E-01 FIX)= *07?16713E*fl0
P o.#= 36B Em .3Q7004 Fl0 #01 FEE)c .47161873E+00
PT.0I10.m 369 Em lQA8Pft0QE+A1 FEIE)m C0710 74?6cooo
PT.Nn.ct 370 Em *399000A00F*l Fly)= .7oS3445F.oo
PT.NA.2 371 Em *40E)OOOOOE~nl F(E)m .97E0000F+00
P7T.JO~u 372 Emt .4ftlpffooooF.0 FlEss *96q47143E*Gft
DT.mnf.z 373 Ev *40?O1)0oE*01 FEE)m *Q689I4PP40*00
PT.Nn.: 374 Ea *4Q3nP40F*0 FEXl: .96943039E.00
W.Nfl.: 375 Em .4*A08000E.D2 FIX)= Qft79l6A7F#00
PTtfl~m 176 E *40SOEIOOOF*Qj FIEIm *9b407?4 +f00
.PT NAl. 377 We .40tf000OF+.1 FEE)w *96690113F*00
PT.Nfl=u 378 We 40700400V.0 FEE) :4.66397M~kE#00
PT Nn a: 179 Em *40P4l0E)00F.o1 FEI : *96S89693 #00
PT.Nn~u 380 Em *400fl0000F,01 FEE)m .4fth397APEi00
PT.NOm 3Mi Ym *4Enlff00 1 FE~l q6490000E400
PT.NO:. 382 Em..h110flnooao0fl FEE): Q6440105 + 00
PT.Nfl.2 383 We *1?00nflfoF+P1 FEXl: *Q6390TATF400R
P Nol.= 384 Em .613lE)8E0F.E) FE~l .9fv341??AF.00

p7**4f~m 38 . : 41400lf000 *l1 E) 9?988ll
PT .1(1. 386 EX 41500)EODE.,01 FEE)*w .9674271E*E00
PT PJO.m 3A7 Xa *4160E)O0 El 3 F0
OT.lnA.: 388 Em *41d000V.O41 FeE): .961449PC;E#00
PT mif* m 19 Y Em *1 800080OF.01 FEE): *Q6096361Fofl0
PT.PNO~m 390 E .44000 lfnfF+01 FI(X 2 C604A046F.000

-,PT*MNO = 391 We *4?E0ftnP00E+fl1 F (Em *Q6000flOOE*00
PT .Nnb~ 392 Eu .4?IlAft0F#Pl FEMl c'r%5?~?3hF*00
PT Nfl~m 393 We *47?O000F.01 FEY.)m .9S904731E#00
PT.Nfl.n 394 Ew.*473P0f0ff*01 FlE)= q98s7,LslF.oo
P7*.fl.m 395 Em *4?400fl00F.01 FEE~z .9Sl4103fPF*00
PT.Nn z 396 Em .4?S0800*.fl FIXlm .95763413?F.00
p T :Fn. 397 Em *4?6P0000E*01 F(Em *9S7166??F*00
PT :Nfln 396 Em *4P7OlOFl~l* 11 F(Elm .95669915F*00
*PT Pon m 399 We 4?P0E)000E.01 FiE)- .Q5623PfPF*0G

PTKf~m40 E *?900ft0OF.01 FEE)x%:*95%76fi3SFE)0

PT NA:2=m 401? MF .61 06nF*f~101 FEE) * .00N3
PT*PlMn 403 Em 4.4 A0f000E*.E M: FE : 9S43h6689.00
PY.Nfl.a 404 X: *4130E0 OF#01 FEE~m .QS390100F#00O
PT*Nfl~m 405 We *43&010100F*01 FiX) .9534 6?4E#00
PT.Nfl.x 40Av6 Em *A3SfOonFl FEEIN U294MP F *00
PT.NO(.s 407 E *436APPO0F*0I FIE)a .9 P1iSplal 0
PT*NA.m 408 Em .OfAfhP00F*gll FEElm .4269000f0F#00
PT*Amnlz 409 Em *Af0n000F* I FEE): *89630fl00E*00
PT MnE.m 410 Em *7flifif000F.C01 Fim x *87?73,00E)O.0

PT.IkIO~ 411 Em *R0f0flfO00l0 F(W;m 00:300808.8~
PT 14A a 41? yu *Qf0lffli0lfE*flI "iE)m $8379Of0 S
PT.Nfl~m 413 EmloflflE)OFoop Fiu .8408(EP
PT*f. WY4 Em *11f8f00F*0? fEE)I: A1I9f.0
PT.E:-w 415, Em *flf0AP00F*0? FIE) .80 0951'OOF#0f
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PT Nn~ 416, X *)3f1I'A00F*APf F(K)u .791044403F*00PT*Nfl.2 417 xm .fAnnonfloF.#0? FIX)=~ .78213?94F#0V.
PT N~'fl* 41A yx .1flflaw~.fl MaX .77404'834.F#00oPT:.~au 419 X , *foA~lnF*P FIX)= 7h631P7F*00
D7*.Nnlu 4 20 Y. 170AAA00F*An? FIX ~z 7 60? ?11R F.flfl

PT.NO.2 421 Y= .RItononolF'.n? F(X)z *754153PAE*00PT.NO.a 42? Xz jQP0AnF~foP F(Xj= .74AS1761E*00PT.Nn.2 4?3 Yu PnA0ftA00F~n? FIN~= .743,20nI)F#00Pt.No.= 424 Xz *?lflfl00FlOOr? F (X)zu. 7381063fFO00PT.Nfl.a 4?6. Yz PPR0OfnlAloflnf? Fly)= .7331?1 2f7E*OPT.Nn~x 4?6 X= plapoftooFoo? P(Y)w .7?8%1?%9F#0l
.PT*.'fl~u 427 Y= .?&00A00E+Q? F K)z .7239 977F+00PT.Knflz 428 Y=.?sonqnooF.n7 PrK~u .7 966i7P7F*00PT.pafl.u 4P9 Yxz ?~~0f~ Fly~ .7 1 SSIAL3e0#0PT.4n:l,, 43" Ku *77000A0Eon? F( I X .7j1S4~14?e~fl0PT.WnO 43 1 x= p?~foloo~ooFn? Fly)= .7076 4&20E#0f0.PT.Nfl.u 43? X *PQAnOOOO9#E0? F(X)= .7040?250E.00PT.mn~.m 433 yz .30AonA00F+.fl FK)u .70Q0000F~n0
PTN(~ 434 Y= .0C)oA~o(4? FIX).' .6971?00A!00DT.Nfl~u 43i -X= .1?nlfloFl00Ffl F(Ky) . 638?44jE#f0QPT.Mhf. = 436 Va 1*3V10nfl00Flfl? F(K~z .6907 5650F~OOPT*"fu 437 Y= *34flOAAOOFO? F(X)x A~A7?56AF*~00
0T.NA :f 438 X= .310flf80OE*0? FIX)= .6A44676c)E+00PT.Ni.m 4.39 Xu *3A6fflfO02 .01Q?0
PT.Nfl* 440 X= *37000000E.0? F(X)u .6793h973E#00-PT'Nn.u 441 X= .1RO00nft0OE*0- FIX )= *E7h7374F*00PT:NO~ 442 xu *349n00000 Fly)= .6742SAfflF#00PT.Kfn:,. 443 vu *&ooooffooF+fl? FfX~m .A7IA0000E+00PT.tnO.m 444 Ku *'10000F+0? FI) .66940l671F#00PT.Ai(n.z 445 K: *4?OflflfofE~l? Fly)= .AbT0?410t#00
PT..Jt) 446 X= .41no000OF*. FIX)= .6f.640l;?F 00O7*.Jfl.u 447 Ym .44000000F.00? Fix)m o~h?!;4??F+0V
PT.N0.m 448 Xz *4Sflofin0fF.0P FgX)= .6f)023I86F*0oO1*Jfl~u 449 Xc *460AAC100F.0? FIX)m f65SA317&9F+f00PT.NO%.* 450l Xu *470nOFlflfl F(X~m .65426357F#00PT KMn~m 451 Xu .4A000000F.0? FMM~ AVc426A44E400.Pr.:ifl.u 4S2 Ku .49oonflooE*02 F(Y)u' *A52306&7F*00P7*"O.' 4.3 Vu*00l0fF8 Fj~sx fkS040f000+OPT.NA.2 4%4 Y= q~1o0ftA00F+07 F(x)s 648S3430F#.0
PT.Ifla 455 Xz .97Ol~nAfO0F*A? F(X)2 *64A672?30E*00PT.Mn.m 456 X= SF3flonA00E+P? Fly)= .A4&446A4F+00
PT0t4fl.: 457 Xm c;4nfn0E*lI0?f FgK)2 *A43210.7%FopoPT.tinl a 45A Xx *'50flflf00oF+0P F(X).U A4]Sl I fkF#00
PT.Nfl: 459 X=:5Adn46lfl0F~an? F(X)*a A3984AP4F*00P1'*P58* 460 K= *%70flflf00F+02 F(Y)2 .638217300+00.PT rteflsu 461 Xx .*5AoflnoFlf00P M~xs .636i61fP9E#o(PT.Nn.u 46? Yx *9;900A4f00F.,0? FIX)= .635fl4SP4F#00PT Nnf.u 463 xu .4nnAAQ00E*0? F(V~s .63350000F+00
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TABLE 2. (CONCLUDED)
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been calculated by Svehla 121 for 02 and NO. However, a literature search did not reveal

viscosities of 03 and NO 2 at elevated temperatures.

A method for the calculation of the viscosity of gases is given by Bird, et al. [3]

e/k = 0.77Tc  (11)

a = 2.44 (T (12)

or

a=0.841 (V) (13)

where these functions are utilized in the Lennard-Jones potential

0r) = 4e 1 - (-y) ] (14)

For 03

Tc = 268
0 K Pc = 67 ATM

Vc = 89.4 cm3/gm mole MW 48.000

For NO2

TC = 431.0 
0 K PC = 100 ATM

MW = 46.008

Utilizing (I1) and (13) for 03 and (1i) and (12) for NO2 produced the following

potential functions for 03 and No 2:
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GAS e/k o MW

NO 2  331.8 3.97 46.008

03 206.4 3.76 48.0003

The viscosity for each of these gases is then calculated using:

= 2.6693 x 10- T (15)
o2 2

a2Q11

Utilizing the potential functions given in Table 2, Equation (15), and the program

developed in the previous section to calculate fl, gives the viscosities of 03 and NO 2.

A program was written to accomplish this called MUCALC and a listing of this

program is given in Appendix B.

Table 3 gives the results of these calculations for NO 2 as a function of temperature

while similar results for 03 are given in Table 4. Finally results for the other gases of interest

that have been taken from the literature are presented in Table 5. These gases are N2, NO, and

02. These results are given over the narrower range of temperature of interest for these
reactions.

IV. COMPARISON OF RESULTS OF THIS METHOD WITH OTHER
METHODS FOR CALCULATING MOLECULAR VISCOSITIES.

In order to determine the accuracy of the technique utilized to calculate molecular

viscosities that were presented in the last section, a calculation was made for C0 2, results for

which can be found in the literature. Hence, the properties for CO 2 were introduced into the
program presented in the preceding section and the molecular viscosity for CO 2 was

calculated. The program listing for this is presented in Appendix C. Note that this program is
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TABLE 3. MOLECULAR VISCOSITY OF N0 2 AS A FUNCTION OF
TEMPERATURE
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TABLE 4. MOLECULAR VISCOSITY OF 03 AS A FUNCTION OF
TEMPERATURE

T=30(0.1) gWA K YvtII .17PI4317-03 PAJSFs

T= 500.0 ()F S K Y,4() :2 hs nI 6E-n3 POISES
T= 60O0.0 DEr( K X 'tJ .30SQ33E-o3 onJsFs
T=700,n DFtA K XtMu= .3&3465E-n3 POISES

~ ~Mt- - 378~76E.-03 - POJSFS-
T= oo.nOrrl, v~)~1 .41200i---03 POISES
T=000o.0 DFC- K NYIJ= *44.3%'3~...3 P0rc-.
T= 00.0~ flFf K yMl- -1 .473715e-0n3 POISFS

-4---- --. 1O0o.l- n fF rL - )(%LJ= - !02723E-03. POiISFS
T= 1300.o flF'- v Yvtj= .53074-&F-03 POISES
T= 1400.0 DFG W *MU= .551Pb7E-n3 POIS;7S
T= 1500.0 nFlA v yv-il= .5841,,5E-03 POTSES

T= 1700.0 nFGE K Y"U= 60*466E-3 POISES
T= ipon.nfl~r IF k X'-I1= af ,4ni -n 3 POISFS

T= 1900.0 nF(S r )MtJ .6?SqIaE-A3 Pr'T5S
-T=- ---- ?0 0 n. 0- rOcG. .~ -!(ki= 7n(%301E-03 PO0I1q FS

T= 2100.6. DFl K Yrf'II= *7?9279c-f3 0fl!qS
T= ?200.fl n-r K ymtJ= .751907E-03 POISES
T= ;?3onf. f) ii e K 7MA1 .77A.1qtE-o3 0 015FR

-T- ?40fl.f .I)FG--K xmU= .. 796152E-n3 PnOISES
T5=. PEA K YmU-= .8177F1E-03 POIRSS
T= ?(,nli.0 r-EO v Y--ti= .83QOFIE-03 POTqgSl

T= 2700,n 'DFG, K )(%01= .86r00RE-fl3 PnIqS
.T .... 2R0.fl.0 DFA K YMIJ= .88076bE-fl3 POIFES
T= 2900.n nFA r! w mI= .90114 W*-O3 POlI SE 5
T= 3000.0 O)F G X&IJ= .921239E-03 POI,-S
T= 3100.0 PFC,- V X-11= .9&1044r-03 POISES

-.. --- 3?00.0 O)F G..X XMIi= .9E60573E-n3 POISFS
T= 3300.0 rorrv K w~U= .079836E-fl3 PrOrSF.S
T= 3400. pr rG Kc xmij= 099SP45E-03 Po I qgS

T= 3500.0 nEA v xmo .IOI7hlE-02 POISES
-T. __ 3h00.fL-., Frl--K -XMU= -. 103615E-02 P0,1 S E S
T= 3700.0 F 97 K %,411 .10Sj447E-fl? POISES

T= 3A00.n nirC- K XMU= .OT260E-02 POIsES
T= 3900.0 PEG K XMIi= jn4o5F-n2 POIsEs
.--- 4000.11 PFG-K- XMUI .110R31E-fl? POnISRES5
T= 100,0 f)ES K )fM kqj 11259'4E-02 POISES
T= 4200.f Ur', v Yi= 114344F-n2 POIRSS

T= 4300.0 nE', K YAI1 .1IE.0?E-02 POISES
U~e09~oaPOISES

T= 4500.0 rr V Y"II= Ilq52*E-n? POTSES
T= 4600.0 nFG7 K XuIJ .1?17?E-n2 POiSFS

T= 4700.n nFlA K lrAj 27970E-02 DoiTSFr
T=.- 4800.0 DF 51: X'10i= &124602E-02 PnTSFS
T= 49100.0 P~ Ir r- Y41= .l?.'?73E-n2 PnlqsF%
T= 5000.0 nEAl v xmu= l27q3lE-nl2 POISFS

IXXXEQ

21

7W



uii
co

0- C- CY NC) Cl) 0o

> U)

Z~ 0C) N

-z 0 ci .&cy

Up Z - - N~ N N) M)

0x
u

cc 4c

U.m0 LDNO No McV

0 ) SoCD ju)t

+ x

00
02

w
So f V)oo,

Au 0
ZZ

a.

w

22

t

_ M IA P.I
low I



identical to the program presented in Appendix B except for the input conditions which are

shown highlighted.

The comparison of the results from this method and that of Svehla are shown in Table 6
for C02. The differences between the results range from 1.4 percent at 200 degrees K and

increase monatonically to 3.3 percent at 5000 degrees K. Hence the conclusion is that the

calculational method results in small deviations from accepted results for gases for which the

more vigorous treatment has been exercised.

V. INTERPOLATION FOR p, = Ai(T)

Having now established an interpolation routine for specie viscosities and having

calculated specie viscosities for NO2 and 03 plus estimating the general magnitude of the error

involved it was necessary to establish that the interpolation procedure was working correctly

for individual species. This was accomplished by programming MUSPEC which is given in

Appendix D. This program utilizes the viscosities of N2, 02, NO, NO 2, and 03 as input and

calculates the viscosities of these species at various temperatures between 500 degrees K and

600 degrees K.

The results of these calculations are shown in Table 7. These results can be compared

with the data presented in Table 5. This comparison shows that the calculations are

consistent and reasonable. Hence, the procedure for the calculation at the individual

viscosities has been verified before proceeding to the mixture of these gases given in the next

section.

VI. CALCULATION OF THE MOLECULAR VISCOSITY OF A

MIXTURE OF GASES

Having established the calculational procedure for individual viscosities of gas species,

the remaining task is to calculate same for the mixture resulting from the chemical reaction.

The viscosity of the mixture of gases is not simply a mole fraction average of the individual

viscosities but depends on the individual species in a more complex manner. The

mathematical model due to Wilke is given [3.1 as follows
4k, n

1'mix i i (16)il n
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TABLE 6. COMPARISON OF THE VISCOSITY CALCULATED BY THE PRESENT
METHOD AND THAT OF SVEHLA.

MOLECULAR VISCOSITY OF CO 2 AS A FUNCTION OF TEMPERATURE
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TABLE 7. pj,sI(T) FOR N2 , 02,NO, NO2, AND O3
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where

1 + 1 + (17)

Equation (16) has been shown to reproduce measured values of suw. to within 2 percent

for certain gases. The dependence of pmx on composition is extremely non-linear for certain
gas mixtures, however.

Nevertheless, it is the best available technique and will be utilized here.

A test program was written to compute the viscosities of various mixtures of gases. The

listing of this program is given in Appendix E. This program utilizes subroutine LAMVISC
which performs the mixture calculations for the laminar viscosities according to the technique
of Wilke given above. It also utilizes the subroutine MU SPEC which is a variation of Program
MUSPEC discussed in an earlier section.

The results utilizing these methods are given in Table 8 for various mixtures of N2, 02,

NO, NO 2, and 03. Comparing Table 8 and Table 5 will convince one that the results are
reasonable.

VII. CONCLUSIONS

A computer code has been generated to determine laminar viscosities of gases as a

function of temperature. This method is approximate but it provides results useful in making

engineering analyses. The specific gases for which laminar viscosities were determined
included NO2 and 03, but the method is applicable for other gases.
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TA11LE 6. ;tmlx =;&mix (T) FOR VARIOUS MIXTURES OF N2, 02, NO, NO2, and 03
(MOLE FRACTIONS)
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APPENDIX A
PROGRAM LISTING FOR TEST - A ROUTINE TO CHECK THE

ACCURACY OF THE CUBIC SPLINE INTERPOLATION ROUTINE
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APPENDIX B
PROGRAM LISTING FOR MUCALC - A ROUTINE TO
CALCULATE THE MOLECULAR VISCOSITY OF NO 2

AND 03 FROM 200 DEGREES K - 5000 DEGREES K
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APPENDIX C
PROGRAM LISTING FOR MUCALC SPECIALIZED FOR

CALCULATION OF THE MOLECULAR VISCOSITY OF CO2
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APPENDIX D
PROGRAM LISITNG FOR MUSPEC - A ROUTINE WHICH

CALCULATES A = A(T) FOR N2, 02, NO 2, NO, AND
03 AT TEMPERATURES BETWEEN 200 DEGREES K AND 1000

DEGREES K
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APPENDIX E
PROGRAM LISTING FOR LVSCTST - A RkOUTINE TO

CALCULATE /Smix = I.Lmix(T) -FOR MIXTURES
OF N2, 02, NO, NO 2, AND 03
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SYMBOLS

AA- Viscosity potential function of (KT/e)

e - Characteristic energy of interaction between molecules, erg/molecule

r - Intermolecular distance, cm

0
o - Collision diameter of a molecule, A

T": - Critical temperature, degrees K

P. - Critical pressure, atm

V. - Critical volume, gm/gm-mole

K - Boltzman constant, 1.3805 erg/molecule-degrees K

0(r) - Lennard-Jones potential, Equation (14)

MWi - Molecular weight, ie" specie, gm/gm-mole

- Molecular viscosity, i
'
h specie, poise

x- Mole fraction, ith specie, dimensionless

- Viscosity weighting function, Equation (2)
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