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SECTION I 

INTRODUCTION 

Nuclear weapon effects codes such as the Air Force Weapons Laboratory (AFWL) 

WORRY optical-IR systems code require the repetitive and fast computation of non¬ 

equilibrium atmospheric chemical behavior at numerous points in a disturbed 

environment. Such computations necessitate the solution of a set of nonlinear 

coupled differential equations, often stiff, which describe the kinetic behavior 

of the chemical species of interest. The algorithm which is chosen for solution 

of these differential equations must be fast in computational time, reliable, and 

versatile in handling various initial conditions of species, temperature, and 

density. 

At the inception of WORRY in late 1970-early 1971 a limited but adequate set 

of chemical species, table I, and their reactions, table II, were chosen to describe 

the terrestrial atmosphere from an optical/infrared viewpoint under both ambient 

and disturbed conditions. Several reliable algorithms were available for numer¬ 

ical integration of the differential equations defined by these species and their 

reactions. However, none were fast enough even in the most favorable situations 

and under adverse conditions e.g., at altitudes below 30 km, they often become 

inoperative. The answer to the need for a better algorithm was found by devising an 

analytic solution to the set of differential equations. 

An analytic solution requires the making of simplifying assumptions that 

decouple the differential equations to a degree which leaves the remaining equa¬ 

tions amenable to analytic solution. These assumptions obviously limit the 

generality and applicability of the method. The key to choosing a useful 

algorithm lies in defining a working range for the solutions and balancing uncer¬ 

tainties - in reactions, reaction rates, and solution assumptions. The analytic 

3 
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algorithm for WORRY was so conceived. Since the chemical behavior to be des¬ 

cribed by the solution was limited by the structure of the WORRY code to points 

outside any fireballs, the two basic limiting assumptions of the analytic 
i 

algorithms, (1) the molecular temperature does not exceed ~ 1200°K and (2) the 

fractional ionization does not exceed ~ 0.1 percent, were acceptable. • 

The continued development of the WORRY analytic algorithm has required a 

standard against which to judge its effectiveness. Therefore, a total chemistry 

package was developed for WO^RY, containing both the analytic algorithm and a 

numerical algorithm to solve the same set of differential equations "exactly" 

and serve as a check on the "correctness" of the analytic solution. To ensure 

the comparability of outputs, both algorithms share the same inputs and the 

same subroutines which calculate initial conditions and reaction rates. 

The analytic algorithm to be described in section IV is undergoing continual 

change. The description in section IV and the code listing (with external 4 

driver) found in section VII reflect the status of the chemistry package at the 

time of the writing of this document. 

4 
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Table 1 

WORRY SPECIES 

H, Li, Be, Mg, Al, Si, Ti, Fe, Cu, U 

OH, LiO, BeO, MgO, AlO, SiO, TiO, FeO, CuO, UO+ 

NO+, NO, N02, N20, CO, C02, 03, H20, CN, e" 

n2, n2(a), n2(b), n(4s), n(2d), n(2p), 0(3P), 0(^), 0(^), 0 

N2+, 02+, N+, 0+, N2+(A), N2+(B), 02, 02(XA) , 02(½). 02(3I) 

H2, UO, NO(A), NO(B) , NO (C), NO(D), CN(A) 

5 
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SECTION II 

CHEMISTRY PACKAGE STRUCTURE 

The WORR1' Chemistry Package is structured as shown in the flow chart of 

figure 1. A requesting program calls DECAYR which either executes the analytic 

algorithm or transfers control to the numerical algorithm executive, DECAR, which 

employs subroutines FUNG and EVIL. The three routines and one entry point shared 

by both analytic and numerical solutions are ENTDEP, ENQDEP, RATE, and RRCRT. 

ENTDEP calculates the initial distribution of ions and neutrals produced by prompt 

energy deposition (ergs/cc), while the entry point ENQDEP partitions the continu¬ 

ous energy deposition (ion pairs/cc/sec) among the same set of ions and neutrals. 

For a given temperature and total density, the RATE subroutine fills the R array 

with the first-order, second-order, and pseudo-second-order reaction rate constants 

of the set of reactions in table II. RRCRT stores the speci.-s destruction rates 

and transforms the species formation rates as calculated by either algorithm into 

vibrational level formation rates to be used in the WORRY calculation of chemil¬ 

uminescence. The remaining entries in figure 1 are functions used by DECAYR in 

its analytic solutions and will be elaborated in sections IV and V. 

The chemistry package requires the following inputs for a problem: 

1. The time, tc, after instantaneous energy deposition for which the cal¬ 

culation is to be performed. 

2. The initial, preosposition temperature (°K). 

3. The instantaneous energy deposition (ergs/cm3) at t » 0. 

4. The continuous energy deposition (ion pairs/cm2/sec) at t . 
c 

5. The time of calculation, as day or night. 

6. Concentrations for any metals present. 

10 
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7. An initial set of species concentrations at t 
0 for arlient or pre- 

viously Insulted conditions. Anblent Inltlnlltstlon nay be eccoapllshed by a 

prior call to the che.nl.try package with ambient Inputs £or 2, 3, and 4, a large 

value for and values for the concentrations of S2, °2. 0, 03, NO, C02, H, 

and OH. 

The inputs as well as chemistry package outputs are accomplished through 

either the DECAYR calling arguments or COMMON blocks. The energy depositions 

(inputs), temperature (input/output), and time of calculation (input), are found 

in the DECAYR calling arguments. The variable DAY (input) is found in COMMON 

BURST and the DYMETL array (input) holds the metals concentrations (to be added 

to any preexisting concentrations). The CMD array (input/output) in COMMON XUX 

holds the concentrations of all species while the outputs of subroutine RRCRT 

are found in commoned arrays RR and RCRT. 

« 

11 
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Figure 1. Flow Chart of Routines in WORRY Chemistry Package. 
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SECTION III 

NUMERICAL CHEMISTRY 

In DECAR, the numerical chemistry algorithm begins by calling ENTDEP to 

initialize the species concentrations and choosing an initial time step, DT, of 

105/CON, where CON is the total number density. The numerical integration is 

performed by a modified Kenneshea technique. The differential equation for each 

species is assued to have the form d[x]/dt - P - R [x], where [xj is the species 

concentration, P is the production rate in cc-1 sec"1, and R is the removal rate 

in sec-1. P and R are assumed to be independent of [x]; and if they are assumed 

to be constant over the time interval DT, the solution may be vrit.en. 

[>(T+DT)] - ([x(T)] - P/R)E * + P/R (1) 

P and R are evaluated at time T; [x] is then evaluated at (T+DT) and used to 

evaluate P and R at (T+DT). These values of P and R are thtn used with [x(T)] 

to re-evaluate [x] at (T+DT). It is required that |[x(T-rDT)] - [x(T)]|/[x(T)] 

be less than e for each species, where e = 10 ** at the present time. The above 

process of requiring convergence is repeated three times, and if the requirement 

is not met, DT is halved. If the requirement is met, DT is doubled for the next 

step. This process is continued until the desired calculational time, END, is 

reached. When END is reached, RRCRT is called and the algorithm is complete. 

The subroutine FUNG is used to evaluate P and R, and the subroutine EVIL is 

used to calculate [x(T+DT)] from [x(T)], P, and R. In addition to the species 

13 



AFVL-TR-74-204 

concentrations, the Internal kinetic energy of the gas is carried as a variable 

in the CMD array. The release and absorption of energy for each reaction is 

calculated in FUNG, and the energy is updated along with the other species. The 

updated energy is used to calculate a new temperature for each time step and a 

call to RATE is made to recalculate the reaction rate constants if necessary. 
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SECTION IV 

ANALYTIC CHEMISTRY 

As in the numerical chemistry, the analytic algorithm found in subroutine 

DECAYR begins by calling ENTDEP to update the CUD species array for the prompt 

energy deposition production of ions and neutrals at t 0. The resultant up 

dated temperature from ENTDEP is then used in a call to the KATE routine which 

fills the R array with all necessary rates constants for the reactions of 

table 2. As a final initialisation step, the algorithm calculates the total 

energy of the sample volume using a table of heats of formation, the CMD array 

of species concentrations, and the total internal kinetic energy of the volume 

as calculated in ENTDEP. 

The first assumption in the analytic algorithm is the separation of the 

fast-charged species from the slower neutral species chemistry. This separation 

and th„ following treatment ere acceptable under (and lead to) the two basic 

assumptions of the analytic algorithm listed in section I. The faster charged 

species reactions are treated first and the resultant heating is calculated 

before the neutral species chemistry is begun. The charged species— 

„+, 0+i „2*, 02+, and N0+ -react primarily through charge exchange and recombina¬ 

tion reactions as found in reactions 7-20 and 35. The following description 

tracks the computer coding closely through the chargtd species and neutral species 

chemistries. 

1. NITROGEN ION (N+) 

N+ is at the top of the charge exchange chain and has no production from 

other species reactions. Assuming, as will be done successfully in many case, 

throughout the analytic treatment, that the concentrations of the species with 

15 
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which N+ reacts are constant, the N+ loss mechanisms of reactions 13, 14, 19 and 

35 result in the homogeneous differential equation for [N+]. 

d[N+]/dt = - |k13[02] + k1A[02] + k19[NO] + k35[0] | [N+] (2) 

The sum of constant quantities multiplying [N+] is defined as ßN and 

the equation is rewritten as 

d[N+]/dt - - Bn[N+] (3) 

to which the solution is a simple exponential decay. 

-8 t 

[N ] - [N+]oe N 

The full differential equation for [N+] including the continuous 

source is 

(4) 

d[N+]/dt - Qn+ - ßN[N+] (5) 

where (3^+ is the production rate of [N+] from the continuous energy 

deposition. The particular solution to this inhomogeneous equation 

form is calculated in the Chemistry Package by FONCTION WQX, which is 

described in Section V. 

The final concentration of N+ at the calculational time is taken 

as the sum of the solution, [N+]t, of Eq (4) and the particular 

solution for Eq (5) where [N ]q in the later case is assumed to be zero. 

This procedure is general throughout the analytic treatment. Each 

species is treated twice - once without and once with the continuous energy 

deposition considered- and the results are either added or the maximum is 

16 
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taken depending upon the species and the specific mathematical treatment 

and boundary conditions assumed. 

2. OXYGEN ION (0+) 

0+ is handled in a manner similar to N+ except that the differential 

equation for [0+] includes a production term from the charge exchange 

of N+ with 0. Consideration of Reactions 11, 15, 16, and 35 leads to the 

inhomogeneous equation for the instantaneous solution. 

d[0+]/dt = - jkn[02] + k15[N2] + k16 [NO] I [0+] + k35[N+][0] (6) 

The equation is rewritten by defining the constants ßg and y. 

d[0+]/dt = - ß0[0+] + y[N+] (7) 

Substituting Eq (4) for [N ] gives 

“ß t 

d[0+]/dt * - ßg[0+] + y[N+]oe N (8) 

to which the general solution is of the form 

[0+] = ae 

"“B 

“e0t + [Y[N+]o/(ß0-ßN)]e N (9) 

The value of a is determined from initial conditions and the solution 

takes the form 

, , -ßnt -ßNt 

[0+] = |[<f]0 - YtN+]o/(ß0-ßN)( e + |y[N ]o/(ß0-ßN)|e (10) 

If y = y[N ]0/(ßo“%) form of the instantaneous solution is 

+ + "ßnt —ß».1 
[0 ] = ([0+]o - y)e U + ye (11) 

17 
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The solution for [0+] including the continuous sourc is found as 

for [N+] from the equation 

d[0+]/dt = Q - ß0[0+] (12) 

+ + 
where Q » Qq+ + y[N ]t and [0 ]o is assumed to be zero. 

The final concentration of 0+ at the calculational time is the 

sum of the instantaneous and continuous energy deposition solutions. 

3. ELECTRON CONCENTRATION 

Before proceeding with the positive molecular ions, an intermediate 

update is made to the electron concentration. The same calculational 

scheme is repeated after the positive molecular ions have been treated 

to give the final electron concentration. (At present, ne is considered 

as the total negative charge concentration in an equal a approximation.) 

Consideration of the continuous source production rate is posponed 

as usual, and Reactions 7, 10, and 12 define the electron concentration 

behavior 

(13) 

where the approximation has been made that atomic ions co not recombine- 

a valid approximation due to their very slow recombination rates compared 

to the molecular ions. An average recombination rate, a^, is defined 

k7^N2+^ + k10^02^ + ki2^N0+^ 
0 = ---—---T-T- 

r [N2 ] + [02+] + [N0+] + ro ] + [N ] 

and Eq (13) is replaced by 

dn /dt = - a n P 
e re 

(14) 

where P is the number of molecular positive ions, 

P » ne~([0+] + [N+]). Defining [A+] ■ [0+] + [N+], gq (14) is rewritten as 

18 
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« 

dn /dt “ - a n (n - [A ]) 
ß r 6 c 

(15) 

and If [A+] is treated as a constant the solution for ng is 

ne= [A+] + (no - [A+])/(l + ct^t) (16) 

where c^' = ar[exp(ar[A+]t)-l)]/(ar[A+]t) and no is the initial electron 

concentration at t = 0. This expression for ng is exact in the limits of 

[A+] equal to zero and infinity, and from comparisons with numerical 

solutions, Eq (16) appears to be valid over a wide range of [A ] values. 

The continuous source production of negative charge is handled simply 

by the solution of the equation 

2 
dn /dt = Q - an (17) 

6 r c 

where the ion-pair production rate, Q, has been added to Eq (14) and the 

approximation, P = ne, has been made. 

The solution to Eq (17) is 

n = /-0- (1 + ae )/(1 ae 

where a = (n -/^)/(n +/^). This solution is contained in the 
wuci e a \.t0 , ' o a 

r r 

Chemistry Package as FUNCTION WR. 

The final electron concentration ng at the calculational time is the 

maximum of the instantaneous and continuous source solutions. 

4. MOLECULAR NITROGEN ION (N2+) 

19 
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N2 is considered next in the charge exchange chain of positive ions. 

The differential equation for [N^] is derived from Reactions 7, 8, 9, and 

18 

dtN^l/dt - - k7ne[N2] - {kg[02] + k9[0] + k^NO]} [N^] (19) 

Equation (19) may be rewritten by defining &N * kgtt^] + k^IO] + k^gfNO] 

and substituting Eq (16) for ng 

d[N2+]/dt = - |k7[A+] + k7(no - [A+])/(l + a;not) + ßNJ [10 (20) 

If a’ and are treated as constants and Eq (4) and Eq (11) define 

+ + + + 
[A ] “ [0 ] + [N ], the instantaneous solution for N2 is 

[0 * [00 exp{" 6N2 t " k7((i0+]o"y)/ß0)(1‘e ^)t) 

- k7(([N+]0 + 0N ) +[k7/(a;no))[(-0+]o-y)eAl(E1(A1) - E1(B1)) 

+ ([N+]0 + y)eA2(E1(A2) - £^82))]! /(14^07°1 (21) 

where Ax - 1^/(“¿V ’ Bl “ A1(l+a^n()t) , A2 * V^'r1^’ B2 * A2(1+arnot), and 

T -x 
E^(A) Is the exponential integral / dx which is calculated by 

A 

FUNCTION EIF. Equation (21) has been modified during the development of 

the analytic treatment to assure the best possible agreement with numerical 

k7lar 
solutions. In particular, the denominator (1 + ^11^) has been 

replaced by (1 + » resulting in a more even performance of the solution over 

a wide range of a^. values. 

20 
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The inclusion of a continuous source term in Eq (19) results in 

the full equation 

d[N2+]/dt - Qn^+ - k7ne[N2+] - ^^2+] (22) 

which may be regrouped if ne is assume.; to be a constant 

d[N2+]/dt + - ß[N2+] (23) 

where E = k_n + . 
7 e N2 

The solution to Eq (23) is found as for N+ and 0+ using the FUNCTION WQX 

with [N_+] * 0. 
¿ 0 

The final concentration of N«+ at t is considered to be the maximum 
¿ c 

of the instantaneous and continuous source solutions. 

5. MOLECULAR OXYGEN ION (02+) 

Next in the charge exchange chain, 02 is involved in Reactions 8, 10, 

11, 13, 17, and 20. Of these, Reactions 8, 11 and 13 produce [02+] and 

are treated as increasing [02+] at t = 0 by an amount 

^ t[N2+]dt' + k11[02] J [0+]dt' + k13[02] 
(24) 

where I + = /" [0+]dt' and I + =/ [N+]dt’ can be found by integrating 
Q J o N ^ o 

Eq (11) and Eq (4) respectively. 

21 
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The integral L, + =/ [Nj^dt* can not be performed exactly, therefore, an 
2 Jo 

integrable form is assumed 

+. -*> 
ÍN2 ] * [N2 ]oe /(l+arnot) (25) 

where ße is calculated by setting Eq (25) equal to the results of 

Eq (21) . The integral may now be evaluated 

A, 

V * [N2+1o(e ^(Vo^tW - E1(B3)] 2 V (26) 

N 

where = Se /(arno) end = A^(l + 3rnot) and Eq (24) is condensed to 

V = ^°21 i kllI0+ + ki3IN+ 
(27) 

The remaining Reactions 10, 17, and 20 define the differential equation 

for [02+] 

d[02+]/dt = - k10[02+]ne - k17[NO][02+] - k20[N][02+j (28) 

or substituting Eq (16) and defining Bq = k^fNO] + k2()(N] 

d[02+]/dt = - |k10[[A+] + (no - [A+])/(l+a’not)] + ßoJtO^] (29) 

Treating Eq (29) in the same manner as Eq (20), the final instantaneous 

solution for [02+] is 

[02+l - [°2''Vxp j -Bo '-'‘loV + k10/(<>;n0Hao+]0-y)e - EjÍBj» 

22 
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, A / 
+ ([N lo + y)e ¿(E1(A2) - E^B^)] ‘ /(l+^not) 

k10/ar 
(30) 

wbcrt IA+ = 

-ßnt . 
+ = (([0+]o-y)/ß0)d-e U ) + (ÜN ]o + y)/ßN)(l-e ) 

A^, Bj^, A2, and B2 have been defined; and [02 ]o includes 

The above treatment has been modified to take into account some of 

the errors introduced by the approximations made. Since [02 ]q is 

increased by an amount X.+ at t = 0 allowing that additional concentration 

U2 
to recombine from t = 0 and not from the actual time of creation, Eq (27) 

is modified to correct for the recombination of N2 by the factor 

CF = tN2+1o7 lN2+] + (k8[02] + k9[0] + kl8[N0]) ■^N + ! 
2 ^ 

(31) 

where the latter term is the N2+ lost to all processes except recombination. 

Equation (27) then has the form 

V j^vs^1'1110^1'131^! <32> 

Equation (30) has also been altered to improve agreement with numerically 

calculated solutions. If Eq (30) is rewritten as 

[°2+1 = [°2+]o exp ) ' k10(IA+ " I} I /U + 

the modification to Eq (33) is the denominator transformation 

k10^ar 

(33) 

km/01' k10^ar 
(1 + ajn^t) r (1 + a^not(exp(-k10(IA+ - I)))) 

r o 

The continuous source calculation for 02 is handled in a similar 

manner to N2+. The full differential equation for 02 
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d[02+]/dt = Q0+ + jk8[N2+] + kn(0+] + k13t>l+] J [Ojl 

-{k10"e + 602 }>°2+i (34> 

can be regrouped into the familiar form 

d[02+]/dt = Q - ß[0+] (35) 

where Q = +|k8[N2+] + kn[0+] + k13[N+] | [02] 

and 3 * k^one + ' Eq is solved in the usual way usin8 

FUNCTION WQX with [02+]q = 0. 

The final concentration of 0o+ at t is considered to be the maximum 

of the instantaneous and continuous source solutions. 

6. NITRIC OXIDE ION (N0+) 

The final species in the charge exchange chain, N0+, is involved in 

Reactions 9, 12, 14, 15, 16, 17, 18, 19, and 20. All these reactions 

except 12 may be viewed as increasing [N0+] at t = 0 by an amount 

^0+ = k9[0]IN2+ + V +kl5[N2]10+ + k16[N0]V + k17tNO1I02+ 

+ k18tNO]IN2+ + k19tN01V + k20[N]I02+ 

where Iq + * T [02+]dt', In analogy to the calculation of 1^ +, 

an integrable form is assumed for|02 J 

°2 
'ße C 

[02+] = t02+]oe /d+arnot) (37) 

0 
where 3 2 is calculated by setting Eq (37) equal to the results of Eq (30) 

e 
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t 

Thus 

where 

I0+ * [02+]oe A/(arn0)(E1(A4) - E1 (B4)) 

ße /(arno) and B4 = A4(1+arnot)- 
(38) 

This approach leaves the differential equation for the instantaneous 

solutions of [N0+] in the form 

d[N0+]/dt = - k12ne[N0+] 

Substituting Eq (16) for ne and assuming ^ a constant, the equation 

is integrated to give the solution 

([N+] + 
o 

where A^, B^, 

+ k12/<a;no)[(I0+]o-y)e- E^B^) + 

yí^íEj^íAj) - 12 r (40) 

A2, and B2 have been defined previously, and [NO ]Q includes 

• 

Again, as for [02+] , Eq (36) and Eq (40) must be modified to correct 

approximation errors. In Eq (36), all terms involving 1^ + are multiplied 

by the factor and all involving Iq +, by the factor 

c0) = [02+]o/([02+] + (k17[N0] + k20[N])I02+) (41) 

to correct for the fact that these concentrations did not recombine from 

t = 0. 
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Eq (40) is not only modified but is also passed through an iteration 

process along with the continuous source solution. First, if Eq (40) is 

rewritten as 

[NO+] = (N0+]o exp{-k12(IA+ - 1)} /(1 + a;not) 12 r (42) 

the denominator is modified to give the first iteration instantaneous 

solution form 

[NO+] = [N0+]o expj-k12(IA+-I)} /(l+^tiexpi-k^d^ - D))) d3) 

The first iteration continuous source solution solves the full differential 

equation for [N0+] which is analogous to Eq (34) and may be reduced to 

d[N0+]/dt = Q - ß[N0+] (44) 

which is solved using FUNCTION WQX with [N0+]o = 0 and ß = k^n^ 

The maximum of the instantaneous and continuous source solutions of 

Eq (43) and Eq (44) constitute the first iteration solution of [N0+]. 

Having calculated concentrations at t£ for all the positive molecular 

ions, a new and are calculated and the formalism for the calculation 

of n in Section IV-3 is repeated to update the electron (i.e. negative ion) 
e 

concentration at tc> 

The second iteration on [N0+] then uses the new to recalculate the 

instantaneous solution of Eq (42) modified as 

1 ^12^ar 
[N0+] = [NOV exp j-k (1+ +!)}/(! + a;not(exp(-k12dA+ - D))) 

° ( Ä (45) 

with I not beir- recalculated. Likewise, the continuous solution is 

recalculated using the new ne. Finally, the maximum of the two solutions is 

taken to give the ultimate [N0+] concentration at tc- 
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7. SPECIES AND TEMPERATURE UPDATING 

Throughout the above treatment all neutral species concentrations were 

assumed to be constant. This approximation alone is insufficient, 

however, and intermediate updating of some neutral species concentrations 

is accomplished between the solutions for [N2+] and [02+] (i.e., Sections IV-4 

and IV-5). Likewise, the neutral species concentrations and the temperature 

are ultimately modified after the entire treatment to account for production 

by the fast ion chemistry. 

a. Intermediate Updating of NO, N, and 0 

Intermediate updating is accomplished for [N], [0], and [NO]. [N] and 

[0] created or destroyed by an ion-neutral reaction are accounted for by 

additions to their initial concentrations, [N]q or [0]o 

m0 = [Y]0 ± bk[x]im+ 

where Im+ is either 1^, 1^, or IN+, b is a branching ratio, k is the 

reaction rate constant, and X is the reacting neutral whose concentration 

is assumed to be constant. The increase in [N] due to the dissociative 

recombination of N2+ additionally requires the more complex integral 

k7 / Where neither term °f the product Can be assumed t0 be 

constant. This integral is calculated by substituting Eq (16) and Eq (25) for 

n and [N0+] respectively and solving. 
e ¿ 

N2 
+ "ee ^ 

[N2+]oe n rC tNo']„e ^ l . n - [A+] ) 

[’,2+I"edt’ ’Z 1+a n t1 - 1A 1 + dt' 2oo r o ( r o ) 

(47) 

N2 
+ -ße ^ tA ]e ,e_ 

1+a n t' 
r o 

dt' +J 
S o 

(n. 

N2 
-E 2t' 

[A+])e 6 
-dt'^ 

(1+a n t')(l+a'n t') 
r o r o 

(48) 
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The denominator in the second integral is approximated by (1 + yn t')2 

where the constant y * /ara^ • Integrating yields 

r11®^ r„ +, } ^o~y^ A5, ([N+] +y) I», + “ 1N„ 1 <-- fA 1 _ u /u \\ j._° - 0/ [N, ] k-- 
2 o I an 

r o 

N2 
■ße C 

e (E^Ag) - E^)) + ——°- e (E^A^-E1(B6 )) 

+ Y [(1 'Iñv) ' V ^(A^- E^B^)] - 
([°+]0-y) -6t 
-[(1 - 6 

Yn, i+ynot 

"O ([N^] +y) -ot A 

“ V " E1(B8))]-- t^î+^Tj) - V ^(A^-E.,^))] 

(49) 

where 6*ßZ+ßto=ß2+8 A = e Mo pm * Äe N’ J = 0rñ~ ’ B5 A5(l+Vot), A6 = — 

r ° r c 

ßN2 

B6 " A6 U+W*’ A7 * 7^" ’ B7 = A7(l+Yn0t), a8 = 4” ’ B8 ” A8(l+Ynot), 

A9 “ ÿrT » and B9 “ A9(l+ynot). 

n 

Having calculated , [N] can be updated using the recombination 

n 

term +. However, since several approximations were made in the 

calculation, a i^rther modification is necessary. The total amount of 

N2 that has been removed by the several reactions in which it participates is 

< * tN2+3o " tN2+]t <50) 

which if no approximations had been made in calculating I 4. and I ex 

V V 
would be equivalent to 

*N2 ’ ‘W + k9I0J + k18[N01)IN2+ + k7 INe+ (51) 
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Since the two terms will not be equal, the concentration of ^ 

which has recombined is calculated as the total change in [N2+] multiplied 

by the ratio of that which has recombined to the total that has reacted. 

Thus the concentration of N2+ which has recombined is 

V -iN2 (52) 

which is used along with the appropriate branching ratios to update the 

N concentrations. 

The intermediate updating of [NO] is accomplished in a very 

approximate fashion. Reactions 1, 2, 3, A, 2A, 25, 26, 28, and 31 involve 

[NO], but only the first four are considered, resulting in the differential 

equation 

= [NSPKl^^] - k3[NO]) + [N(2D)](k2[02] - k4[NO]) (53) 

where [NSP] = [N(^S)] + [N(2P)]. The number of variables in Eq (53) can be 

reduced by assuming that an increase in [NO] is reflected as a decrease 

in [Oj] such that 

[021 = [02]o - ([NO] - [N0]o) (5A) 

Substituting into Eq (53) 

[NSP] lk1([02]o + [N0]o) - (k^MNO] |+ [N(2D)] + [NOy 

-(k2+k4)[NO] f (55) 
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If reactions involving N(2D) are more rapid than those of N(4S) and 

N(2P), the two halves of Eq (55) may be solved sequentially. 

First, the solution for (N(2D)] is assumed to have the form 

[N(2D)] = [N(2D)]oe ßlt (56) 

where ß1 - k2[02Jo + k4[NOJo. And the solution to the second half of 

Tq (55) is 

[N0]1 = k2([02]o + (NO]o)/(k2+k4) - |k2([02]o + [NO]o)/(k2+k4) - tNO]o| 

exp {-(k2+k4)[N(2D)]o(l-e | (57) 

The result of Eq (57) is then used as the initial condition for [NO] in 

the solution to the first half of Eq (55). Thus, the intermediate updated 

concentration for NO is 

[NO] « k1([02]o + [NO]o)/(k1+k3) - |k1([02]o + [N0]Q)/(k1+k3) 

- [N0]1 { exp { (k1+k3)[NSP]o (1-e ^)/6,,1 (58) 

where ß2 * ^^[^2^0 + and the time dependence of [NSP] has the 

form of Eq (56). 

b. FINAL UPDATING OF N AND 0 

After completion of the fast ion chemistry, the concentrations 

of N and 0 are updated to account for production by the reactions of 

02 and N0+. Procedures similar to those for the intermediate updating 

are followed. In particular for the recombination of 02+, the integral 

is needed 
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-6°V 
a ft (ft r*+i ~Pe ^nn 

Io2+ ' L10^’ ' ««k1'1 ät' +^° ~ 

»2 
-ß Zt' 

t (n -[A+])e e 
dt' 

(l+Yi^t') 

(53) 

which can be solved in analogy to N2+ in Eq (48) to give ^solution of 

Eq (49) where [02+]o is substituted for [N2+]0 and ï* for ß/. A similar 

integral for [N0+], however is not required since the only loss mechanism for 

N0+ is recombination and the integral is simply 

/.t + 

knj = AN0+ ” tN° ~ lN° ]t 
(60) 

Again in analogy to the N2+, the recombination integral for 02+ 

is corrected for the approximations made throughout the calculation and the 

final concentration of which has recombined is calculated as 

R0 + =Â0Î ík10inoVA02")a02+]ò/l02+]o) 
(61) 

J2 - - '2' J2 

where a second correction term ([0^/t02+]o) has been added to account for 

the effects of [02+]o having been increased by XQ+, Eq (32), and the 

. W mmi1 irlv the final concentration of NO which 
approximations made there. Simi^, ly, 

has recombined is calculated as 

= AN0+ ([N0+](;/[N0+]o) 
(62) 

, has been added to account for the approximations 
where the correction term has been aoaeu 

made in updating [NO ]o with X^o+" 

The branching ratios of Reactions 10 and 12 are used vith “"d 

respectively, to update the K and 0 concentrations. 
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c. FINAL UPDATING OF TEMPERATURE AND REACTION RATES 

The final step in the fast ion chemistry treatment is the recomputa¬ 

tion of the yas temperature and reaction rates. For the temperature calcula¬ 

tion, the specific heat of the sample volume is recalculated as is the total 

heat of formation for all species in the volume. The internal energy of 

the volume is then recalculated as its former value plus the change in the 

total heat of formation for all species. This new internal energy is 

finally converted to an updated gas temperature using the new specific heat. 

The new temperature is then used in RATE to recalculate the reaction rates 

for all reactions of Table II. 

8. NEUTRAL SPECIES CHEMISTRY 

The slower neutral chemistry is much simpler in its mathematics, but 

is intricate in the ordering of species and reactions for solution. The 

subsequent discussion, therefore, follows the programmed logic rather than 

segmentation by species. 

In general, the treatment follows four steps. In the first, the 

3 
continuous source production rates are neglected and [0], 1» 1^1» 

[NO], and [03] are addressed. In the second the continuous source rates 

are included in the solutions for most species. The reactions involving 

[OH] and [H] are treated separately in the third. And the metal/metal 

oxide chemistry is handled in an uncoupled manner in the fourth, 

a. Decay of Oxygen Excited States 

Reactions 33 and 34 involve the decay of [0(½)] and [0(½)]. 

The 0(½) decay is simply expressed as 

[0(½)] = [0(½) ]0 e"1^ (63) 
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VteM'irit.'KFin, 

and the differential equation for O(^D') 

« -k-JO^D)] - dlOi^Jl/dt (64) 
at jh 

has the solution 

"“1c t —[q ( 

[0(lu)} ' {[0(^)1^3310(^)1^(^-^3)1 e 34 +k33[0(1S) ]o/(k34-k33)e 33 

(65) 

where the initial values [0(1D)lo and [0(½)^ are those updated at the 

3 
end of the charged species treatment. At the same time, [03( £)] is 

decayed according to Reaction 23 

~ 3 -k23[02]t 

[02(3£)1 = [02(3£)loe ¿i (66) 

b. Nitrogen-Nitric Oxide 

The interplay of [N] and [NO] is handled by dividing the solution 

for [N] into two parts separated by an updating of [NO]. 

The first set of nitrogen Reactions 1, 2, and 32 are faster and do not 

2 
involve [NO]. N( P) decays in a simple exponential manner according to 

Reactions 1 and 32, in analogy to 0(^S) in Eq (63). The differential 

2 
equation for N( D), derived from Reactions 2 and 32, is solved as for 

1 4 
0( D) and the solution is of the same form as Eq (65). And N( S) is 

expotentially decayed according to Reaction 1. 

For the updating of [NO], the pertinent reactions of Table Hare 

divided into two groups: Reactions 1, 2, 3, 4 and Reactions 24, 25, 26, 28, 

and 31. The solution to the first group of four reactions is found in 

Eq (57) and Eq (58) as used in Section IV-7. The second group of five are 
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divided into a formation term, F = k26 [0][N02] + c,1[N(4S)][03], and 

a destruction term, D = + ^[0] + k2g[KJ, for [NO] and FUNCTION 

WQX is used to evaluate [N0]t. Once both solutions have been found, the 

maximum of the two is adopted as the final value of [NO] at t 
c 

With [NO] updated, the second set of nitrogen Reactions 3, 4, 27, 28, 

29, and 31 are considered. Each atomic state of nitrogen suffers a simple 

exponential decay with exponents derived from: Reactions 3, 27, 28, and 

29 for N( P), Reactions 4, 27, 28, and 29 for N(¿D), and Reactions 3, 27, 

28, 29, and 31 for N(^S). The total change in [N] over the two part 

treatment is calculated and added to [0] since the major reactions in the 

nitrogen treatment involve production of atomic oxygen. 

C. Ozone and Atomic Oxygen 

Ozone is involved in Reactions 5, 6, 21, 23, 24, 30, 31, and 

photo dissociation. Neglecting Reactions 21 and 30, the differential equation 

for [Oj] may be written 

d[03]/dt = - [03] jk6[0] + k24[NO] + k31[N(4S)] + i k5[02][0] (67) 

+ k23[02][02(3E)] 

where 4> is the photodissociation rate constant for ozone and Eq(66) can 

3 
be substituted for [0^( £)]. The value of [0] in the second term is replaced 

-k5[02]t 

by [0]e and Eq (67) is solved to give the final value for [03] 

[031 = -jl 03]o + y[02(3E)]o/(y-8) + 6[0]/(6-ß)| e"ßt - |y[02(3I) ]o/(y-8)} e"Yt 

- {$[01/(6-8)} e"6t (68) 

where 6 - k6[0] + k^fNO] + k3l[N(4S)] + ¢, Y - k23[02], and 6 » k5(02]. 
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With Reactions 33 and 34 already addressed, atomic oxygen is 

involved in Reactions 5, 6, 23, 25, 26, and 29 for which the differential 

equation is = - [0] + + k25^N0^ + k26^N02^} 

+ |k29[N02][N] + *j+ k23[02n02(3j;)] (69) 

If [02(3I)] is replaced by Eq (66), the solution to Eq (69) using the 

updated value for [O3] is 

[0] = |t0]o + y[02(3Z)]o/(y-S)| e_ßt + 6/ß(l-e'ßt) - j Y [02(3E) l0/(Y-ß) } e Y 

(70) 

where ß - k5[02] + ^[03] + k^NO] + k26[N02], Y * k23[02], ^d 
3 

6 = k29[N02][N] + <(). The above solution is applied to [0( P)] and the 

values of [0(½)] and [0(½)] are adjusted in proportion to the resultant 

change in [0(½)]. 

d. Inclusion of Continuous Source Production 

The second step of the neutral chemistry includes continuous 

energy deposition contributions in the species time dependent solutions. 

The species and their reactions from step one are addressed again here. 

. -1 , / "J- 
For each species, formation rates (sec ) and destruction rates (cc sec ) 

are calculated using the continuous source rates from ENQDEP and the 

appropriate reaction rate constants and current species concentration values 

Then, in sequence, the solutions for 0(3P), 0(½). 0( S), N( S), N( D), 

N(2P), 02(3£), and 03 are systematically calculated using FUNCTION WQX, 

with the calculaiional time, tc, and concentrations at t » 0 assumed to 

be zero. The final value for each species concentration at tc is computed 

as the sum of the solutions from the first and second steps of the neutral 

species chemistry. 
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e. N02, N20, and O^A) 

The N02 and N20 concentrations are calculated using an approach to 

equilibrium with the FUNCTION WQX. NO,, is formed in Reactions 24 and 25 

and destroyed in Reaction 26, 27, and 29. N,,0 is formed in Reactions 28 

and 29 and destroyed in Reaction 30. Appropriate formation and destruction 

terms are computed for each species and FUNCTION WQX is applied to calculate 

their concentrations at t . 
c 

Having updated [N20], 02 (1A) is now addressed. It's only source of 

production is from the continuous energy deposition and its only form of 

destruction is by way of Reaction 30. FUNCTION WQX is utilized twice to 

solve for [02( A)] and the final value of the concentration is taken as 

the sum of the two results. In the first, both production and destruction 

terms are considered and [(^A)^ ±s set equal to zero; and in the second, 

the production term is deleted and [O^A)^ is its initial value. 

f. Hydrogen 

The final neutral system to be addressed before the metal oxides 

is the H, OH equilibrium of Reactions 21 and 22. Again the FUNCTION WQX is 

employed in an ad hoc fashion to solve this cyclic set of equations. In 

this case, the value of [OH] at tc, is calculated using the production 

term k21[03] j[H] + [0H]| , the destruction term k2l[03] + k22[0(3P)], 

and the initial value [0H]o. The value of [H] is then taken as that free 

hydrogen which has not been converted to OH. 

g. Metal Oxides 

The metal and metal oxide reactions are uncoupled from the rest 

of the analytical algorithm. The light metals such as Li, Be, Mg, Al, Si, 

Ti, Fe, and Cu, presently carried in WORRY, are treated in the same manner; 

therefore, in the following discussion the symbol X will be used to describe 
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any one of these eight metsls. The resctions snd rste constants for the 

formation of the metal oxides are 

X+02 * XOfO. (kx) 

X+OhM > XOfM (k2) 

X+03 ^ XO+02 (k3) 

The reactions and rate constants for the destruction of the metal oxides are 

XOK> -> X+02 (k4) 

XOK)3 X+02+02 (k5) 

The differential equation for [XO] is 

= |kit02] + k2[0][M] + k3[03]^ [X] - [XO] {kA[0] + k5[03]| (71) 

But the total number of metal atoms does not change 

[X] + [XO] = A (72) 

and A is a constant, whose value is [X]o if all metal atoms are unoxidized 

at t = 0. 

Thus Eq (71) can be rewritten as 

= F(A-[X0]) - D[X0] (73) 
at 

where F = k^O^ + K2[0][M] + k^] and D = k4[0] + k5[03J. F and D are 

computed for each species using the final values of [0], [02], and [03] , 

which are assumed to be constant. 

Reordering Eq (73) gives 

37 



AFWL-TR-74-204 

dfXOl 
FA - (F+D) [XO] (74) 

which may be solved for [XO] at tc using FUNCTION WQX with a formation 

term of FA, a destruction term of F + D, and [XO] 

Because of the unique chemistry of U, only the following reaction is 

treated and in a simple exponential fashion: 

U+0 ->■ U0+ +e 

With all species concentrations now calculated and stored in the CMD array, 

the analytic algorithm is complete and new formation and destruction rates 

for all species are calculated where needed, to be used in subroutine RRCRT. 
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SECTION V 

ACCESSORIAL SUBROUTINES AND FUNCTIONS 

1. ROUTINES SHARED BY BOTH ALGORITHMS 

a. ENTDEP and ENDQDEP 

The routine ENTDEP calculates the initial distribution of ions and 

neutrals produced at t = 0 by the prompt energy deposition, while its entry point 

ENQDEP partitions the continuous energy deposition (ion pairs/cc/sec) among the 

same set of species. ENTDEP also calculates the specific heat of the sample 

volume, the internal kinetic energy of the gas, and adjusts the gas temperature 

accordingly. 

ENTDEP requires inputs of the gas temperature, the total density, and the 

total number of ion pairs produced by the prompt energy deposition. The latter 

two are converted to a fractional ionization and ionized fractions of [N2], [O2], 

and [0] are calculated. Then the concentration for each of the following species 

is adjusted for its production or depletion by ionization of N2, O2, and 0: N2, 

0?, 0(3P), 0(^), 0(^), N(4S), N(2D), N(2p), 02(^), 02(3E), N+, 0+, N2+, 02+, 

and e . 

ENQDEP l.'-ewise calculates the continuous ionization rates of N2, O2, and 0 

and converts these to formation and destruction rates for the same set of product 

species. 

b. RATE 

The RATE routine simply calculates the rate constants for the reactions 

of table II and stores them in the R array. RATE requires inputs of the gas 

temperature (°K) and the total density (cc-1). All three body reactions are 

provided with pseudo-s^cond-order rate constants by including [M] in the constant. 
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c. RRCRT 

This routine stores the necessary species destruction rates in RCRT and 

transforms the species formation rates into vibrational level formation rates 

which are stored in the RR array and used by the WORRY calculation of chemilumines¬ 

cence. Because the product vibrational level branching ratios for the various 

reactions are not known, equal partition to the highest accessable level is 

presently assumed. 

2. FUNCTIONS OF THE ANALYTIC ALGORITHM 

a. FUNCTION WQX (A, B, XO, T) 

This function solves the differential equation 

“A - B[x] (75) 

to give [x] at time, T, with [x]q = XO. 

b. FUNCTION WR(A, B, XO, T) 

This function solves the differential equation 

(76) 

to give [x] at time, T, with [x] = XO. 
o 

c. FUNCTION SHXOX (X) 

This function evaluates the expression 

x i e - 1 
x 

d. FUNCTION X1IGL (A, B, C, T) 

40 



This function evaluates the integral 

- Bt 
dt 

(1 + ACt) 

FUNCTION X2IGL (A, B, C, T) 

This function evaluates the integral 

- Bt 
dt 

(1 + ACt)' 

FUNCTION E1F (X) 

This function evaluates the integral 



AFWL-TR-74-204 

SECTION VI 

COMPARISONS OF ALGORITHMS 

Figures 2, 3, 4, and 5 demonstrate the agreement between the analytic and 

numerical algorithms. A large number of such comparisons were presented at the 

DNA 1973 Atmospheric Effects Symposium at San Diego (ref 1). The problem 

definitions for figures 2, 3, and 4 were taken from Ory and Gilmore (ref 2), 

while that for figure 5 was taken from Scheibe (ref 3). 

f 
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lOOKM NIGHT 

TIME (SEC) 

Figure 2. Comparison of Numerical (-) and Analytic (symbols) Algorithms 

(Altitude of 100 km, energy deposition of 108 ion pairs/cc during 
the night). 
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6ÜKM NIGHT 

or 

09 

NO 

N6 

TL 

NOS 

ND 

3 

Figure 3. Comparison of Numerical and Analytic Algorithms (Altitude of 60 km, 

energy deposition of 1010 ion pairs/cc during the night)- 
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6ÜKM DAY 
SPECIES NUMBER DENSITY VS. TIME 

Figure 4. Comparison of Numerical and Analytic Algorithms (Altitude of 60 km 

energy deposition of 1010 ion pairs/cc during the day). 
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4ÜKM NIGHT 

Figure 5. Comparison of Numerical and Analytic Algorithms (Altitude of 40 km, 

Energy Deposition of 4 x 1011 ion pairs/cc, and continuous ionization 

of 10' ion pairs/cc/sec during the night). 
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SECTION VII 

CODE LISTING 

This section lists the chemistry package as it is run outside WORRY. The 

first two routines constitute the external diver which decodes the users 

problem and prepares the necessary inputs for a chemistry package calculation by 

either the analytic or numerical algorithms. The diver also uses two plotting 

routines (not listed) to prepare comparison plots between the two methods. Since 

the external running of the chemistry package requires diagnostics which are 

otherwise unnecessary, the routines as listed contain some statements which are 

not standard in the operational version of WORRY. These statements are identified 

by a CH prefix in columns 73 and 74 of the card containing the statement. 

When the chemistry package is used within WORRY, explicit phenomenology cal¬ 

culations provide a description of the continuous energy deposition as a function 

of time. When running in an external mode, the chemistry package as listed must 

assume a form for the time dependence of the continuous energy deposition. That 

form is 

Q = QI*(1 + t)** 1.2 

where t is the time after prompt energy deposition and QI is the energy deposition 

rate at t = 0. 
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