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NO2 Chemiluminescent Wake Radiation
RICHARD L. SCHAPKER* AND MORTON CAMAC*
Avco Everett Research Laboratory, Everett, Mass.

A flowfield and chemical kinetics model is presented for calculating the NO + O —*• NO2 +
hv chemiluminescence wake emission. Numerical results are compared to the wake measure-
ments made by Reis in a ballistic range. The wake NO2 chemiluminescence intensity tends
to peak at several hundred body diameters, decreasing in intensity in the far wake. The
far-wake structure of these profiles is fit well by our calculations. Peaking of the intensity
is mainly because of the drop in the mean wake temperature; final decay is shown to be caused
both by atomic O cleanup and by dilution in the growing turbulent wake. For pure air,
the cleanup reactions are due to NO + O + N2 -> NO2 + N2 and O2 + O + N2 -* O3 + N2.
However, for the ballistic range conditions with approximately 0.01% H2O contamination, our
calculations indicate that O cleanup can be affected to a measurable degree by a reaction
chain involving atomic hydrogen.

I. Introduction

THE strong bow shock in front of blunt hypervelocity
vehicles produces considerable oxygen dissociation. The

atomic oxygen is convected around the body, and a sub-
stantial quantity survives to the far wake, thus becoming an
important source of chemical (latent) energy even after the
wake has cooled to ambient conditions. For a sphere at
velocities of 23,000 fps, more than one-third of the incident
flow energy resides in the oxygen dissociation. Chemi-
luminescent and chemidetachment reactions involving the
recombination of atomic oxygen can produce considerable
amounts of radiation; several sources of pure air chemi-
luminescent emission are the recombination radiation from
N2 (1st positive, Lewis-Rayleigh yellow afterflow), 02 (Schu-
mann-Runge), NO (/3 and 7 bands), and N02 continuum.

Reis1 has measured wake radiation emission from non-
ablating spheres at flight velocities from 14 to 21 kft/sec.
He demonstrated that the visible and near IR wake emission
for nonablating spheres is due to the N02 continuum. The
spectral distribution of far wake radiation was consistent
with the NO + 0 -> N02 + hv spectrum,2 and using a rela-
tively simple model he showed that the intensities were con-
sistent with those to be expected from N02 chemilumines-
cence.2

In addition, the near wake ultraviolet data1 are consistent
with 02 Schumann-Runge chemiluminescence. The use of
this 02 radiation for studying near wake turbulent mixing
and obtaining wake temperature fluctuations is treated in
another paper.3

In this paper, we compare intensity measurements with
theoretical calculations for N02 emission. Our flowfield
computations are divided into two regions: 1) the flow
downstream of the bow shock, around the body (neglecting
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boundary-layer effects) and in the near wake is obtained
from an inviscid stream-line calculation including non-
equilibrium chemistry. This specifies the species concen-
trations and temperature of the flow into the far wake. 2)
N02 wake radiation is calculated using a one-dimensional
procedure. The gas entrained by the growing turbulent
wake is assumed to mix immediately and homogeneously;
thus, the turbulent portion of the wake has uniform tempera-
ture and species across the wake. This approximation is
valid because 1) this radiation intensity has a relatively
weak temperature dependence and 2) the chemical reaction
times are much slower than the turbulent mixing times.

II. Calculation Procedure

In this section, we discuss the aerodynamic and chemical
models for calculating N02 wake chemiluminescence. Spe-
cific wake radiation calculations are presented in Sec. IV,
where they are compared to the ballistic range data of Reis.1

Our computation of hypersonic blunt-body flowfield prop-
erties is performed in three steps. 1) The nonequilibrium
fluid properties around the body and near wake are deter-
mined according to the laminar stream-tube approach of
Lin and Teare.4 Boundary-layer effects were neglected.
2) A turbulent wake is superimposed onto the flow pattern
of step 1 by specifying an average turbulent wake boundary
obtained from experimental measurements. This deter-
mines the entrainment history of chemical species and
thermal energy along the turbulent wake front. 3) Average
turbulent wake properties are computed from the input
supplied by steps 1 and 2 using the procedure of Sutton.5
With this over-all procedure in mind, we will now discuss
important features of each step.

Inviscid Flowfield

The chemically reacting, laminar, inviscid flowfield of a
sphere in hypersonic flight is computed by the stream-tube
method of Lin and Teare.4 This approach is based on
forward integration of the chemical rate equations, without
diffusion, along stream lines from a point immediately down-
stream of the bow shock. Total enthalpy is constant along
all stream lines, and is equal to the freestream value. Ve-
locities along stream lines are determined by integration of
the inviscid momentum equation dp + VdV = 0 in conjunc-
tion with a specified pressure distribution. The pressure
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history used in the present calculations follows closely that
given by Lin and Hayes.6

The shock shapes used for all our calculations are ob-
tained from a correlation of sphere bow-shock measure-
ments by Korkan.7 His correlation is a function of free-
stream Mach number Mm and the equilibrium density ratio
across a normal shock at the freestream pressure and Mm.
Nonequilibrium calculations for the cases considered herein
show that approximate chemical equilibrium is achieved on
the stagnation stream line between the shock and stagnation
point, thus justifying use of the equilibrium normal shock
density ratio in the shock-shape correlation.

Generally, sixteen streamlines are computed for each
flowfield, spaced at distances from the flight axis upstream
of the shock between 0 and 1.5 RN, where RN is the nose
radius. Stream lines entering the shock at larger radii
undergo negligible chemistry, so that the temperature along
these is given directly by the isentropic pressure-temperature
relation with 7 = 1.4.

Inviscid Flow Chemistry

Chemical relaxation along stream lines in the decreasing
pressure environment of the inviscid flowfield is determined
by specifying appropriate reactions and reaction rates.
Because of the large computing times involved in computing
inviscid concentration histories, a chemical model including
only the major species 02, N2, NO, 0, and N is used for the
inviscid flow.

Reactions used for the inviscid flow are given in Ref. 8.
Calculations have shown that omission of the triatomic and
polyatomic species has a minor effect on inviscid concentra-
tions and temperatures for blunt bodies. In the lower-
temperature regions of the wake triatomic reactions must be
included, but here, too, simplifications in the chemical
model result from the nature of the wake environment.
(These are discussed in Sec. III.)

Typical results of inviscid flow calculations, from one of
the ballistic range cases considered, are shown in Figs. 1 and
2. The species mole ratios and temperature change rela-
tively slowly along stream lines as one progresses down-
stream. Since the stream-line radii are also varying slowly
(e.g., at x/RN = 400, they are only ~10% greater than at
X/RN = 100) the profiles as shown give a good approximation
to the reacting flow environment into which the turbulent
wake grows.

Wake Growth: Front Values

The entrainment history of active species and thermal
energy is determined by the rate at which the turbulent

RADIAL DISTANCE OF STREAMLINES
UPSTREAM OF SHOCK, rSLoo/RN

0 I 2
VELOCITY RATIO U/Uoo

0.8 0.9_______ i.O

\ T00=294°K
RN = 0.25CM
POO=IOOTORR
Uoo=5.0KM/SEC

(I6.4KFT/SEC)
x/RN=IOO

0 500 1000 1500 2000 2500
TEMPERATURE,°K

Fig. 2 Radial variation of temperature and velocity ratio
for the same inviscid flowfield calculation as Fig. 1.

wake edge grows outward along the inviscid profiles. Thus,
wake growth is the principal link between the reacting in-
viscid field and the wake flow.

For the sphere shots considered herein, Reynolds numbers
UmRN/vm = Rem were above 0.8 (105). Transition data9

indicate that sphere wakes become turbulent within the
first 20 nose radii for Rem > 0.5(105). Thus, for present
purposes, the wakes are assumed to be turbulent from the
neck on.

Axisymmetric turbulent wake width measurements10"12

exhibit a -§- power growth at a distance of about X/RN ~ 200
for Rem > 0.5(105). In this analysis, we are interested in
the N02 radiation in the vicinity, and downstream, of the
peak, which occurs at x/RN ^ 800. Hence a pure -J growth
law was used for the calculations, given by

Rf/RN = Q. (1)
Using this wake-growth relation, entrainment histories of

species and temperature were calculated, typical examples
of which are shown in Fig. 3. It can be mentioned that
divergence from the -J growth in the near wake changes
markedly the entrainment histories close to the body.8
However, under the present ballistic range conditions, the
chemistry proceeds sufficiently slowly that such differences
in near-wake entrainment histories have a negligible effect
on the concentrations and temperature in the wake at
x/RN ~ 200.
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Fig. 1 Radial variation of species mole ratios in the inviscid
flowfield corresponding to a pure-air nonequilibrium

stream-tube calculation for the conditions indicated.

Fig. 3 Flow properties along average turbulence front ob-
tained from inviscid flowfield calculations and pure f

wake growth.
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Wake Calculation Scheme

The wake calculation procedure which one adopts depends
on the nature of the observable(s) under consideration. The
dependence of N02 chemiluminescence on its governing
variables is such that a simple, one-dimensional description
of wake properties is sufficient.8

Accordingly, our predictions of N02 wake intensity are
obtained from a one-dimensional procedure described by
Sutton,5 modified for variable CP of the front gas. This
wake flow model is based on the assumption of instantaneous,
homogeneous mixing of ingested fluid properties, as originally
proposed by Lin and Hayes.6

The calculation is started at x/RN = 200. From Fig. 3,
this is beyond the entrainment cutoff of 0 and NO, so that
only O2 and N2 are ingested at the local front temperature.
Input items to the wake program are thus initial (average)
temperature and species concentrations, and front tempera-
tures determined from the inviscid flow calculation as de-
scribed previously.

It should be emphasized at this point that the calculational
procedures just described comprise essentially one single
computation system which is executed from start to finish
with no adjustment in any parameters. Aside from the
chemistry, the variables in the program are 1) the shock
shape, 2) inviscid stream-line pressure distributions, and 3)
the wake front values. These have been built into the pro-
gram using what we consider the best theoretical or experi-
mental information, and are determined in a consistent
manner from case to case.

Equation for NOa Radiation

We complete the calculation scheme description with the
relation for wake N02 emission. N02 chemiluminescence
arises from radiative transitions from the recombination of
0 and NO to form N02

NO + 0 N02 + hv (2)
where k\ is the observed rate constant for the total radiation,
with a value,2*13'14

ki = 6.5(10-12)Tr-2cm3sec-1

The photons emitted have a broad continuum spectrum from
0.4/* to over lju.

For wake conditions of interest herein, the gas is optically
thin and self-absorption effects are negligible. The energy
radiated per steradian per unit volume of wake gas is

where [ ] denotes number density of the indicated species,
and rdrdddx is the volume element, hv is the photon energy
averaged over the observed spectrum. Equation (3), in-
tegrated over a wake volume Ax units long, is given by8

INOZ(X)/AX = (hiV^A^TavMOWNOlav^/2 (4)
where subscript "av" denotes one-dimensional wake values.
This expression is based on approximations which probably
restrict its validity to the far wake, i.e., to distances greater
than X/RN ~ 200.

^ III. NO2 Intensity Scaling and Wake
Chemistry

We will now discuss scaling of N02 wake emission and
relevant chemical kinetic aspects of wake flow. In particu-
lar, the previous section brought out the dependence of N02
intensity on the concentration of 0 and NO in the wake as
well as the average temperature. Hence, N02 scaling
will depend on 1) the flux of chemically active species 0
and NO into the wake, 2) temperature along stream lines at

the wake boundary, i.e., front temperature history, and 3)
chemical reactions in the turbulent wake which deplete
the O and NO.

Scaling Considerations

To develop scaling relations, we will write the NO2 intensity
relation, Eq. (4), in terms of factors which show explicitly
its dependence on ambient pressure, body size, and bow-
shock and wake chemistry. In order to separate out more
clearly effects due to chemistry, it is convenient to ratio
average number densities [0]av and [N0]av to the values in
the absence of wake chemistry [0]'av and [N0]'av. These
ratios are denoted by \l/(x)t

= [OW[0]'.V, = [NO]av/[NO]'av (5)
In the absence of chemical production of a species, the
average number density decreases only by dilution. Thus,

#/2[NO]'av = const = {#/2[NO]'av} (6)

where similarly for [0]'av-£o is the initial axial position.
It was seen in Fig. 3 that 0 and NO are deposited into the

wake within the first 100 nose radii or so. Over this en-
trainment distance, the 0 and NO react sufficiently slowly
that no significant change takes place in the total number
0 and NO particles. Thus, the total flux of 0 and NO
particles initially deposited into the wake is given by integra-
tion over the inviscid streamlines at the station x = x0.
We define dimensionless flux parameters % as

Xo =

and similarly for XNO, where

U(0]2rdr)a (7)

(8)
The denominator in Eq. (7) represents the ambient particle
flux intercepted by the body. In terms of the one-dimen-
sional wake fluxes, one thus has

(J

Combining this with Eqs. (5-7) yields

[6].Y = A^xoiAo/T,2 and [N0]av =

where Yf = R//RN and we have set (Uav)xo =
Therefore, with ki = k0T~2, Eq. (4) becomes

(9)

o^No(F/rav)-2] (10)

The bracketed factors depend upon the chemical kinetics,
growth, and average temperature of the turbulent wake,
and are discussed in the following part: "Turbulent Wake
Scaling." On the other hand, xo and XNO depend upon the
inviscid chemistry between the bow shock and the 0-,
NO-entrainment cutoff. The product N^RN, or its equiva-
lent, p^d, is the explicit dependence upon ambient pressure
and body size.

Turbulent Wake Scaling

The simplest type of scaling isp^d scaling, usually referred
to as binary scaling. For the variation of inviscid species-
flux parameters xo and XNO with p^d, a number of flowfield
calculations were performed with results shown in Figs. 4
and 5. Strictly speaking, binary scaling would require these
inviscid flux parameters to be constant at a given velocity.
It is seen that this is true only to a rough approximation,
especially for the small bodies, since both parameters vary
by a factor somewhat greater than 2 over the calculated
ranges. Thus, all other things being equal, scaling within
the range of pmd from 0.01 to 0.1 could produce uncertainty
within a factor of about 2 in the intensity.
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Consideration will now be given to the bracketed factors
in Eq. (10) which depend on turbulent wake chemistry,
temperature, and growth. Three important cases will be
treated: A) no wake chemistry, B) wake chemistry when
there is negligible atomic nitrogen, and C) wake chemistry
at high velocities with appreciable amounts of atomic N.
It will be shown that in case B only the 0 recombination
is important. In case C the wake chemistry is more involved
and depends to a large extent on details of turbulent mixing
rates in the near wake.

Case A. No Wake Chemistry

When there is no net chemical production of 0 and NO
in the wake, \f/o = ^NO = 1 at all x. Then Eq. (10) reduces
to

INOZ(X)/AX = .(hv/tyk^NJl^txoXxoYf-tTa*'* (H)
This expression gives the essential features of N02 wake emis-
sion in the limit of low ambient pressures. Thus, Eq. (11)
provides insight into the scaling of the observed N02 in-
tensity peak.

Initially, the wake temperature is high, which tends to
reduce the N02 intensity. Proceeding downstream, the
temperature drops as F/ (with corresponding dilution) in-
creases, and it is the opposing effect of each which produces
the N02 intensity peak. At low pressures, there is no
chemistry, and the temperature T*v drops faster then F/2

from ingestion of the rapidly decreasing thermal energy
along the front (see Fig. 3) in the region X/RN ~ 200 to
800. This fast decrease in Tav drives the N02 intensity up,
until the point is reached where TAV begins to decrease less
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Fig. 4 Inviscid flux parameter for atomic oxygen at 50 body
radii normalized by the flux of ambient particles within
the sphere frontal area. It has been found for the two
spheres by inviscid flowfield calculations. The ambient
temperature for the small sphere has been taken to be
295 °K whereas, for the large sphere, it was taken from the
ARDC 1962 Standard Atmosphere. One calculation, indi-
cated by O? has been made using the scaled temperature
257°K for the small sphere to show the insensitivity of the
results of the inviscid flowfield calculation to the choice of

ambient temperature.
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Fig. 5 The inviscid flux parameter for nitric oxide.

rapidly. Thus, the intensity peaks, and beyond this point
dilution of 0 and NO takes over; in the far wake where
Tav ~ Tm, dilution of 0 and NO controls the N02 intensity
decay in the absence of chemistry.

We have already discussed scaling of xo and XNO. The
dimensionless wake radius Y/ scales with pmd. It remains
to investigate scaling of the average temperature.

The average wake temperature can be regarded as a mea-
sure of the thermal energy flux across a wake cross section,
and is (CPTU)^7rRf

2. However, sufficiently far downstream,
CP ~ C'pco and U ~ Um; since Rf exhibits binary scaling, we
can consider Tav alone as representing the thermal energy
ingested from the inviscid flowfield, and thus look at its
variation with pmd at a given Um and x.

In Fig. 6 are presented results from a series of wake calcu-
lations which cover the range of body sizes from 0.24 to 10
cm for the indicated velocities. The axial stations x/RN =
400 and 1000 were selected as being representative of 1) the
relatively hot wake but not far enough for appreciable chem-
istry to take place and 2) the cooler wake regions after^all

///////, U00= 5. 0 KM/SEC ( 16.4 KFT/ SEC)

^SsSS 11(30= 5-8 KM/SEC ( 19.0 KFT/SEC)

0.24 < RN < 10 CM

POO d ATM CM

Fig. 6 Average wake temperature at two axial stations as
a function of the binary scale parameter. Values shown
are results of a one-dimensional calculation based on
instantaneous mixing of fluid ingested through the wake

front.
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reactions must be included;
kA

Fig. 7 Results of
one -dimensional
wake calculations
of species mole
ra t ios . The
dashed line cor-
responds to a
chemically inert
trace spec ies
which undergoes
pure dilution in

the wake.

I03 I04

AXIAL DISTANCE x/RN

of the inviscid flowfield thermal energy has been ingested.
Higher velocities are seen to have a larger effect on average
temperatures with increasing pmd. However, the variation
in Tav over the range of pmd shown at a given velocity amounts
to less than a factor of 2 in the temperature dependence of
N02 intensity. Thus, pmd scaling of wake temperature
holds fairly well; even with 0 and NO chemistry, the effect
on wake temperature is small.

Case B. Wake Chemistry with Negligible Atomic N

The important wake chemical reactions are given in Table
1. Depletion of NO in the wake involves primarily reac-
tions with N, so that for Um < 20,000 fps the amount of NO
in the wake remains constant, i.e., I/'NO = 1 at all x.8 Atomic
0 removal takes place chiefly at a rate given by,8

(dZn[0]M)chem - -2[M]{k*\NO] + fc8[02] + fe8[0]} (12)
where [M] denotes gas number density.

Equation (12) has no adjustable parameters, since the rate
constants £4, fe, and ki& are known fairly accurately.8 The
three reactions in this relation are important in different re-
gions of the flow. Reaction 18 dominates in the inviscid
flow around the body and near wake. Within the turbulent
wake both reactions 4 and 3 are important for the first few
thousands of body diameters, after which reaction 3
dominates.

When the atomic N concentration is negligible, NO chem-
istry does not change the number of NO molecules until
very far downstream (X/RN > 8000). Reaction 4 is the
principle depletion path for NO, but reaction 6 restores NO
at almost the same rate during the first few thousand body
diameters, resulting in a negligible net chemical production
of NO.

The three reactions in Eq. (12) are important for the 0-
recombination and each requires three-body collisions. In
the cooler regions of the wake [M] ~ [M]m and [0]2 ~
[MJoo/5. It follows from Eq. (12) that far-wake N02 in-
tensity decay scaling is

-dln[0]/d(x/d) « pjd
Thus, experiments with small bodies in ballistic ranges give
N02 chemiluminescent wakes shorter than predicted from
simple pmd scaling when wake chemistry is important.

Case C. Wake Chemistry at High Velocity
When XN > XNO

When the N flux into the wake becomes comparable to or
exceeds the NO flux into the wake, two additional fast

N + 02 —^ NO + 0

N + NO -^ N2 + 0
(13)

N atoms react with 02 to make NO, or react with NO to
make N2. Reaction A increases while reaction B decreases
the amount of NO. Reactions A and B are very fast and the
N is used up in the early part of the turbulent wake. From
the point of view of the N02 chemiluminescence, it is im-
portant to know the net NO production: this NO will
flow into the far wake and produce the far wake N02 chemi-
luminescence. Reaction B is fast and temperature inde-
pendent while reaction A is very temperature dependent,
being fast above about 1000 °K but becoming slow with
decreasing temperatures. Thus, the net production de-
pends sensitively upon the temperature of the volume ele-
ment in which the N is mixed with the entrained 02.

Since the reactions of N with the NO and 02 depend inti-
mately on the details of the turbulent mixing, experiments
which determine the N02 chemiluminescence in the far
wake should be a powerful method for evaluating near wake
turbulent mixing models with chemistry.

The atomic 0 flux into the wake always exceeds that of
atomic N or NO. Reactions A and B produce more O but
not in sufficient amounts to appreciably change the total
0. Since the atomic 0 is not affected appreciably, the
N02 chemiluminescent radiation gives a measure of how
much NO survives. There is no experimental data with
which to compare the theoretical predictions, so we will not
present, in this paper, a model which includes details of the
chemiluminescence when N production is significant.

Scaling Relations: Summary

The simplest scaling relationship on body size is pmd = a
const. With no wake chemistry (case A) the N02 chemi-
luminescent emission intensity exhibits approximate pmd
scaling; %o and XNO have a small dependence on both pmd
and body size. When wake chemistry is important and the
N02 intensity decrease is due to atomic oxygen clean-up, the
far wake intensity decay scales as po?d. Thus, depending
upon the chemistry, the N02 chemiluminescent radiation
decay can vary from pmd to Pa?d scaling. Simple pmd
scaling comparisons of ballistic range data with that for
larger vehicles are in general not justified, except perhaps

Table 1 Reactions and rates used for far wake
calculations (atomic N chemistry omitted)

Rate constant"

No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Reaction

20 + 0
O + 2O2
O + O2 + N2
0 + NO + M
NO2 + M
0 + N02
NO + O2
0 + 03
NO + 03
NO2 + O2
0 + N20
2NO + O2
NO + 0
N02 + Os
NO3 + N2
NO + NOs
2O + O2
20 + N2
2O
O + O2 + Os
Os + O2
Os + N2
20s
2O2

-^02 + 0
-> 03 + 02
-* Os + No
-»• NO2 + M
->• NO + 0 + M
-»• NO + O2
-* N02 + 0
— >• 2O2
-* NO2 + O2
-> NO + Os
-^2 NO
-v 2NO2
-> NO2
-* NOs + 02
-»• NO + O2 + No
-»- 2NO2
-*• 2O2
-» 02 + N2
-> O2
-*• 2Os
-> O + 2O2
-* 0 + 02 + N2
-»• O + O2 + O3
-Os + 0

A

1 . 1 (29)
4.1 (35)
3.5 (35)
4.0(33)
2.6(7)
3.0(11)
3.3 (10)
1.4(12)
8.0(13)
1.1(12)
1.5(10)
2.0(38)
5.0(13)
9.8(12)
1.0(13)
1.0(10)
4.1(30)
9.2(31)
7.1(18)
1 . 5 (34)
3.4(9)
3.2(9)
7.7(9)
1.1(11)

B

1.0
0
0
0
0
0
0
0
0
0
0
0

1.55
0
0
0

-1.0
-1.0

0
0
0
0
0
0

C

0
900
900
970

-36300
-550

-23600
— 1500
-1200

— 25100
-14000

0
0

-3500
-2200
-700

0
0

-14450
750

-12000
-12000
-12000
-49600

' Form of rate constant is k = ATB exp(C/T), where A
written as x(n).
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Fig. 8 Average wake and front temperatures for the same
case as Fig. 7. The lag of Tav behind Tf beginning at X/RN

~ 40 results from recombination of atomic oxygen.

within a narrow range around pmd ~ 0.01. It is necessary
to use complete nowfield calculations including nonequilib-
rium air chemistry to correlate the data from spheres of any
size and velocity with the theory presented in this paper.

IV. Comparison of Calculations
with Ballistic Range Data

The aerodynamic and chemical models discussed in the
previous two sections were used to calculate N02 wake in-
tensity for ballistic range experiments1 performed at GM.f

Typical results from the wake calculation procedures are
shown in Figs. 7 and 8; inviscid flowfield properties for this
case were given previously. As indicated, the far-wake
calculation is started at X/RN = 200 with input values from
a high-temperature near-wake calculation procedure.6 Also
plotted in Fig. 7 as the dashed line is the mole ratio of a
dilute, passive mix; this quantity decreases solely by dilution.
Thus, decay of NO concentration is seen to follow closely
the pure dilution falloff, whereas at about X/RN ~ 1000 the
0 mole ratio begins to decay faster than the pure dilution
rate, signaling the onset of significant chemical effects. Os
concentration builds up rapidly (Its initial value is zero),
and attains a level comparable to NO and exceeding 0 around
X/RN ~ 5000. Note that the N concentration is far below
that of NO or 0, so that we are justified in ignoring the N
chemistry. Hence, the amount of NO in the wake remains
constant, and only atomic oxygen depletion effects the N02
wake emission in the range X/RN ^ 5000.

} CALCULATIONS

PCO = 100 TORR
RN = 0.25 CM
U r o= 5.0 KM/SEC

(16.4 KFT/SEC)

1600 2400 3200

AXIAL DISTANCE x /R N

Fig. 9 Comparison of calculations with data of Ref. 1.
Two theoretical results are given, one for pure air and the
other for the indicated percentage by volume of water

vapor in the freestream.

t General Motors Corporation, AC-Electronics, Defense Re-
search Laboratories (AC-DHL).
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?„= 220 TORR
RN= 1.25 CM
Uflo= 4.48 KM/SEC

(14.7 KFT/SEC)
——— DATA(REF. 1 )
———PURE AIR \
———(H20)00=0.0045%/1
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AXIAL DISTANCE x/RN

Fig. 10 Comparison of results from procedure described
in text with data of Reis.1 The two calculations were run
for pure air and indicated percentage by volume of water

vapor in the freestream.

From the results such as just shown the N02 wake radiation
was computed for four ballistic range cases which are shown
in Figs. 9-12. We have used a value for v corresponding to
a wave length of 6200 A, where the spectral distribution of
N02 intensity peaks.2

Figures 9 and 10 include data published by Reis.1 His
intensities are given in units of w/ster-ju-cm for the radiometer
band-pass from 0.6 to 0.7 ju. The factor which converts
these values to w/ster-cm, i.e., to total intensities (integrated
over wavelengths 0.4-1.4 ju) computed by the program, is
0.5; intensities in the 0.6-0.7 /* spectral region contribute
20% of the total radiation.2

In Fig. 9 for 100 torr, the pure-air calculation agrees well
with the measurements near the intensity peak, but falls
slightly above the data far downstream. Calculated in-
tensity decay matches well that of the data.

Figure 10 presents the case at 220 torr but at slightly re-
duced speed. Calculated pure-air intensity levels differ
from the data by a larger factor than at 100 torr, but far-
wake intensity decay rates are in good agreement. In this
case no intensity peak occurs because at these values of
pmd (11 times pmd of Fig. 9) atomic 0 depletion is much more
rapid than the temperature decrease at all axial stations.

Poo =200 TORR
RN =.125 CM
Uoo =4.94 KM/SEC

(16.2 KFT/SEC)
———————— DATA (REF. 15)
—— — —— PURE AIR
—— ———— (H 2 0)oo =0.005% CALCULATION

0 800 1600 2400 3200 4000

AXIAL DISTANCE X/RN

Fig. 11 Comparison of theoretical results to data of Ref.
15.
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1600 2400 3200
AXIAL DISTANCE X/RN

Fig. 12 Comparison of theoretical results to measure-
ments given in Ref. 15.

In order to investigate the scaling, we include two unpub-
lished runs of Reiss15 at about the same velocity as for Fig. 9.
Figure 11 shows the N02 intensity for a ballistic round with
the same pmd, at twice pm of Fig. 9. According to the dis-
cussion of Sec. Ill, binary scaling should be fairly good up to
the vicinity of the intensity peak. One sees that the in-
tensities in Fig. 9 and 11 are within a factor of 2 out to x/d ~
800. Both the data and calculation exhibit a decrease in
the higher pressure case by about the same factor; this is
partly a result of the slightly lower velocity.

Figure 12 presents data and prediction with p^d twice
that of Figs. 9 and 11 at Um = 6.4 kft/sec. With approxi-
mate binary scaling, peak intensities should be 2-4 times
those of Fig. 9, which is borne out by the calculations.
However, only a small increase is found in the data.

The importance of atomic 0 chemical depletion relative
to dilution is illustrated for these cases in Fig. 13, where the
atomic 0 mole ratio parameter is defined by Eq. (9). Curves
1 and 2 have the same pmd, but 2 is at pm twice that of 1.
In these cases O chemistry is not very important, so one
would expect approximate binary scaling at these values of
pmd and lower. Curves 3 and 4 exhibit the p^d scaling,
which obtains for significant 0 chemistry. It is clearly seen
that in case 4 the depletion of atomic 0 is so rapid that no
peak occurs in the N02 intensity curve; the effect of atomic
O chemistry on the amplitude of the intensity peak is already
being felt in the case of curve 3 (see Figs. 9, 11, 12).

Effect of Water Vapor on NO2 Intensity

During the course of these calculations, it was brought to
our attention that a small amount of water vapor impurity
had very likely been present in the AC-DRL experiments.
Steinberg16 of AC-DRL kindly furnished us with measure-
ments of water vapor content obtained during a series of runs
on the same range made several months prior to the shots
reported by Reis.1*15 The H20 data are given in Ref. 8;
it is indicated that about 0.01% water vapor by volume
(100 ppm) could have been present at p^ = 100 torr. As-
suming partial pressure of water vapor constant, the H^O
concentration at pm = 200 torr would be 0.005%) and at
pm = 220 torr, 0.0045%. These are extrapolated values,
since the measurements were made only up to pm = 100 torr.

While these are relatively small amounts of water vapor
impurity, the chemistry of atomic hydrogen is so fast that
it can be an important factor in the atomic 0 cleanup.

Water vapor by itself is not important in the wake chem-
istry; however, the water vapor is converted to atomic
hydrogen behind the strong portions of the bow shock. This

hydrogen then flows into the near wake and is another con-
stituent which must be considered in the wake chemistry.

In light of the uncertainty associated with the water vapor
content during the NO2 intensity runs, only an estimate was
made of the initial hydrogen mole ratio in the wake. This
was obtained by assuming that all water vapor intercepted
by the body was dissociated into atomic hydrogen, justifica-
tion being that atomic H is produced in hot regions where
there is a high atomic 0 concentration. Calculations show
that for the ballistic range cases herein considered, the atomic
O mole ratio equals or exceeds the 02 mole ratio along all
stream lines which enter the bow shock at distances from
the axis less than about 0.8 RN', thus, the cross section for
significant 0 production is very nearly the body area. There-
fore, assuming that H chemistry freezes around the body until
the H-bearing gas has completely entered the wake, the flux
of H atoms produced behind the bow shock equals the flux
through the wake

Since the mole ratio

where

av - [H]av/[.¥]av

one has
/xr "N ~ Ol FTI C\(^H)av ~ ^| l-tl2U

For the four ballistic cases cited at X/RN = 200

2(Tav/Tc0)l7/~2 = 0.53

within a few %; the initial hydrogen mole ratio was thus
(XH) ~ 2.5 - 5(10-5) at X/RN = 200. At these concentra-
tions, the thermodynamic effect of H on the wake flow was
negligible.

Using these initial concentrations, the four cases corre-
sponding to Figs. 9-12 were rerun to assess the effect of H
chemistry.8 The dashed curves in Figs. 9-12 show the N02
intensities including hydrogen chemistry. Departure from
pure-air intensities begins at about the peak; far down-
stream the H chemistry has accelerated atomic 0 depletion

800 1600 2400 3200 4000

AXIAL DISTANCE X /RN

Fig. 13 The ratio of average atomic oxygen number densi-
ties with and without chemistry obtained from one-di-
mensional wake calculations. The effect of water vapor is
indicated by the dashed curves (see Figs. 9-12 for ambient
HbO concentrations). The number density without chem-
istry decreases by pure dilution, so departure of \//o from

unity gives effect of chemical O depletion.
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.sufficiently to produce a nonnegligible discrepancy in the
JSF02 intensity decay of the 100-torr case (Fig. 9).

With the addition of hydrogen contamination, the agree-
ment between measurements and predictions is improved.
Unfortunately, the water vapor impurity levels were not
monitored for these data, so we can only say that impurity
concentrations suggested by previous range work give a more
consistent over-all picture.

An important conclusion is that trace amounts of water
vapor can appreciably affect observables which depend on
chemistry of atomic oxygen. Note, however, that the N02
intensity peaks which occur at several hundred body diam-
eters are not affected appreciably by the hydrogen impurity;
thus, this region can be used to study the effects of bow
shock chemistry for pure air conditions.

While the agreement between theory and experiment is
considered good, one notes a tendency of the calculations to
be higher than the data. We have attempted to evaluate
.any source of systematic error in both the data and com-
puter programs. The uncertainty in range measurements
reported by Reis1 is represented by the hatched band in Fig.
D and is his evaluation of the (random) data scatter. In
addition, there could be a (systematic) bias in the data arising
from instrument calibration, which Reis15 estimates to be
no greater than a factor of 2. Our calculations depend on
chemical rate constants measured at bow-shock tempera-
tures; these were determined in shock-tube experiments.
Shock-tube measurements are accurate in general to about
a factor of 2. We must also recognize that the basic inputs
to the inviscid program, such as the pressure distribution and
bow-shock shape, carry uncertainty into the flowfield prop-
erties which could be of a systematic nature. This is es-
pecially true of the shock shape, where the principal uncer-
tainty lies in the shock slopes at axial positions downstream
of the body. Stream lines in this region of the inviscid field
undergo no chemistry, but nevertheless have sufficient thermal
energy to appreciably affect the wake cooling rate, since they
are ingested into the wake beyond the 0, NO-entainment
cutoff.

Taking all these aspects of the theory into account, one
concludes that agreement between measurements and com-
putations is satisfactory; a careful and more comprehensive
set of measurements would be a severe test of the entire
calculational scheme. As one develops more sophistication
and confidence in ballistic range measurements, we will have
an excellent tool for the study of aerodynamic as well as
chemical phenomena.
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