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Abstract—The thermal radiation similarity of buoyant turbulent jets is studied. The principal condition
for the radiation similarity is the similarity of the temperature and the concentration fields in the near-
nozzle region because the main part of radiation is generated by this most heated section of the jet. The k-
&T " turbulent viscosity model is used to study numerically the gas dynamic similarity in the near-nozzle
zone. It is shown that the excess temperature and concentration fields of different jets can be described by
a universal function of the dimensionless coordinates that are longitudinal and transverse coordinates
normalized with respect to the special longitudinal and transverse scales. It is found, as a result of the gas
dynamic similarity, that the dimensionless spectral intensity (normalized with respect to the production of
spectral radiance at the edge of the nozzle and the nozzle area) is described by a universal function which
is the same for a wide class of jets and which depends on the exit parameters, radiation frequency and on
the steepness of the temperature dependence of the absorption coefficient. The results obtained are gen-
eralized for the case of molecular gas radiation in finite spectral intervals containing many spectral lines.
A simple and effective method for jet radiation prediction, which does not require a detailed information
about the jet gas dynamic structure, is developed. © 1998 Published by Elsevier Science Ltd.

1. INTRODUCTION

In this work the resnlts of the investigation of thermal
radiation for turbulent convective vertical jets are pre-
sented. Our purpose was to generalise the relation-
ships of an optical similarity, established previously
experimentally and theoretically, and to extend them
to buoyant jets [1, 2]. The phenomenon of an optical
similarity consists in a possibility to introduce uni-
versal functions that would describe thermal radiation
for a wide class of jets with various initial parameters.

Just as in refs. [1, 2], in the present work only the
case of optically thin radiation is considered. In other
words, it is assumed that the path length of a quantum
considerably exceeds the characteristic size of flow. In
typical jets of hydrocarbon fuel combustion products
the radiation is usually optically thin for minor
impurities (soot, oxides of nitrogen, sulphur and so
on). But in the centres of bands of basic combustion
products such as water vapour and carbon dioxide,
the jets, as a rule, are not optically thin. However, at
large observation distances the H,O and CO, radi-
ation, filtered by the atmosphere, is concentrated
mainly at the frequencies, where a radiating volume
is optically thin. This circumstance greatly increases a
number of situations when optically thin radiation is
valid.

A primary condition for an optical similarity is the
gas dynamic similarity of flows. The similarity of gas
dynamic characteristics in the far field of jet flows is
the well-known fact. However, the main portion of
thermal radiation is generated by the most heated

near-nozzle section of a jet (near field). In the near field
the flow depends strongly on a number of uncertain or
poorly measured initial parameters, in particular, on
the initial level of turbulence kinetic energy. Never-
theless it was shown that for the near field of non-
buoyant jets some universal relationships for the gas
dynamic parameters are approximately valid if we use
special longitudinal scale X7.

It was shown previously [1, 2] on the basis of exper-
imental and numerical investigations, that dis-
tributions of temperature and concentration for non-
buoyant round jets in a wide range of initial flow
parameters can approximately be reduced to unified
relationships : '

T(xir)_Tac _ C(xsr)—cao
T,—T.,  Co—C,

=f&n), Rr=RdQ)

M

where x and r are the cylindrical coordinates,
& =x/Xy, n =r/Ry, X7 is equal to the value of x at
which AT, = 0.75AT,, and R is equal to the value of
r at which the excess temperature is half its axial
value. The longitudinal scale X depends on the initial
parameters of the flow (py/p., initial level of turbulent
kinetic energy k, etc.).

There are no indications in the literature (within the
knowledge of the authors) of a gas dynamic similarity
in the near field of buoyant jets. Therefore, in the next
section we attempt to establish such properties on the
basis of a numerical model checked out on the known
experimental data.
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C*

D jet exit diameter

d averaged distance between spectral
lines

f(£,n) universal function describing excess

temperature and concentration

Froude number

acceleration of gravity

Planck’s constant

spectral radiance

turbulent kinetic energy, Boltzmann’s

constant

absorption coefficient at standard

temperature and pressure

r radial coordinate

R, Dj2

R;  radial scale of jet temperature

o~ Ny

S spectral intensity

T mean temperature

U mean velocity component in axial
direction

fluctuating velocity component in axial
direction

U =F"(U/Uy)

uv turbulent shear stress, axial
component

turbulent heat flux, axial component

£

uT’

NOMENCLATURE
B Planck function |14 mean velocity component in radial
c speed of light direction
C, concentration of nth gaseous \4 fluctuating velocity component in
component __ radial direction
FY2(p—p ) (Po—Pos) vI’  turbulent heat flux, radial component

x axial coordinate
X;  axial scale of jet temperature
Xx* =F"'"?(x/D)

y distance between line of viewing and
jet axis.
Greek symbols
¥ spectral line half-width
AT =T-T,
Av  spectral frequency range
£ dissipation rate of turbulent kinetic
energy
n radial dimensionless coordinate
A radiation wavelength
v radiation frequency
p mean density
T transmittance of the atmosphere
£ axial dimensionless coordinate.
Subscripts
0 exit condition

0 ambient condition

c centreline value

m corresponds to mth spectral group

n corresponds to nth molecular
component.

2. NUMERICAL SIMULATION OF THE GAS
DYNAMIC STRUCTURE OF A TURBULENT
BUOYANT JET

The governing equations for velocity and tem-
perature distributions in a vertical buoyant axially
symmetric jet can be written as:

opl) 190 _
o T3PV =0 )]
oUu ou 190 — g
pPU— +PV‘07—;5(—'PW)+Pi(T—Tw),
3
T 0T 10, —
PU'a; +PV5;=;5;(*VPVT ) )]

where U and V are the mean velocity components in
axial and normal directions, 7 and p are the mean jet
temperature density.

__To calculate the components of turbulent stresses
uv and heat fluxes vT’, occurring in eqns (3) and (4),
we used the k~e~T’2 model {3, 4], within the frame-
work of which the parameters of the turbulence field
k (turbulent kinetic energy), ¢ (dissipation rate of k)
and 7" (mean-square fluctuations of temperature) are
determined by the equations

ok ok 10 kv? ok
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Following ref. [3], the components of turbulent
stresses and heat fluxes will be calculated using the
following algebraic relations

k oT
3 rw 2
— 1—cyV? or | K*oU
W= < * L+ oUu| ¢ or’ ®)
cheT o, —
or
?=C2k, (9)
— 1V KT
—vT C_A-E:E, (10)

gl —cn)+s
+ BT } an

The system of eqns (2)—(11) includes 11 empirical con-
stants. We adopted the same constant values as in ref.
[3]: ¢=055; ¢=22; ¢=023; ¢ =0.15;
¢ =143; ¢,=192; ¢ =0225; cr=0.13;
e = 1.25; ¢, = 3.2; ¢,, = 0.5. We also adopted the
correction function used in ref. [3]:

Ar, (dU,

_2712 ( dx
where U_ is the axial velocity, Ar, is the distance from
the jet centreline to a point, where U = 0.5U,. The
right-hand side of equality (8) is multiplied by
(1 —0.4650), and c,, is multiplied by (1 —0.035Q). The
uniform (stepwise) profiles of velocity, temperature
and concentration, as well as the fluctuation par-
ameters k, ¢ and T2 were used as initial conditions (at
x = 0).

The results of comparison of the calculated and
measured distributions of axial temperature in the jet
near field for three values of Froude number
F = pyUy/gD(p, — po) are presented in Fig. 1. Exper-
imental data obtained by Pryputniewicz are used [3].
The calculations were carried out using Boussinesq
approximation, within which the dependence on gas
density is preserved only in the gravitational term of
eqn (3) (since in ref. [3] only initial values of F are
indicated). The following initial values of the par-
ameters were chosen: ko = 0.01U3, ¢, = 0.004U3/D
and Ty* = 0.01(T,~T,,). (Hereafter, if the values of
kg, € 0r T** are not indicated, it is understood that the
above-mentioned values are used.) Calculated axial
profiles C* = F'"*(p.—p.)/(py—p,) and U*=
FY}(U,U,) as functions of the normalised coordinate
X* = F'"(x/D) in a convective flow region (far

0.2

dU,
dx

0=
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Fig. 1. Comparison of the predicted and measured axial
profiles of the excess temperature. 1-3, predictions; 4-6,
experiment [3]. 1,4—F=1; 2, 5—F = 25,3, 6—F = 625.

field) are presented in Fig. 2. It can be seen that the
model used satisfactorily describes the known asymp-
totic relationships [4, 5]. (These calculations were also
carried out using Boussinesq approximation, so the
ratio po/p. in asymptotic relationships was assumed
to be equal to 1.) The comparisons presented, that
virtually reproduce separate calculations, and com-
parisons from [3, 4], show that the given model
adequately describes the distributions of flow par-
ameter in the near and far fields of turbulent buoyant
jets and can be used for numerical investigations of
gas dynamic similarity criteria in the near field of a jet
with account of thermogravity effects.

3. GAS DYNAMIC SIMILARITY CRITERIA IN THE
NEAR FIELD OF A BUOYANT JET

Following [1, 2], we chose as a longitudinal scale of
flow, a value of an axial coordinate, at which an excess
axial temperature decreases to 0.75 of its initial value.
On the basis of numerical investigations carried out
using the above-described model we established the
following regularities.

(A) For vertical buoyant jets the above-defined
longitudinal scale X depends strongly on the Froude
number. Nevertheless, the normalization of the longi-
tudinal coordinate using X, allows one to reduce the
axial profiles of the excess temperature approximately
to a universal function of ¢ for a wide range of change
in the Froude number F (Fig. 3(a)). However, as can
be seen from Fig. 3(b), there is no universal depen-
dence of Ry on ¢, i.e., Ry depends not only on &, but
also on F. The non-monotonic dependence of Ry on
¢ follows from the condition of buoyancy con-
servation in the near field of jet: the jet thermal trans-
verse size decreases as with an increase in the jet vel-
ocity due to the Archimedean force. The results
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Fig. 2. Asymptotic behaviour of the axial distributions of density (a) and velocity (b) in a buoyant vertical
jet. L, (a): C* = 11X* P, (b): U* =39X*" 2.2, F=1;3, F=6.3;4, F=139.3.
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Fig. 3. Dependence of the excess temperature (a) and radial thermal scale (b) on the axial coordinate for
various values of the Froude number. 1, 4, F=1;2, F=5; 3,5, F=50. 1-3 correspond to calculation
with the use of the Boussinesq approximation, and 4 and 5 to calculation without using this approximation,

calculated both with and without the use of an Bous-
sinesq approximation are presented in Fig. 3. It can
be seen that the 7, and Ry profiles depend weakly on
the chosen approach. It was considered as a sufficient
reason for using the Boussinesq approximation in fur-
ther numerical investigations.

(B) The radial profiles of the excess temperature
and concentration are described rather accurately by
universal relationships not only for a wide range of
Froude numbers (Fig. 4), but also, as will be discussed
below, for various levels of initial turbulence. The
weak dependence of f(&, %) on F means that for buoy-
ant jets it is possible to use universal profiles obtained
experimentally for non-buoyant jets that were inves-
tigated rather thoroughly.

(C) The construction of universal longitudinal pro-
files of 7 and C for jets with different initial levels of
turbulence is most problematic. The longitudinal scale
X we selected depends strongly on k, and &, but the

influence of the initial level of turbulence is ‘“‘for-
gotten” by the flow downstream from the jet exit plane
and the use of X, for construeting unified correlations
for the far jet field is obviously inapplicable. Never-
theless, for non-buoyant jets the experimental and
numerical investigations showed that the introduction
of Xy{ky, &) for the areas near the jet exit (¢ < 2)
allows one to use universal profiles of type (1), with
an error not exceeding 10-15% for a rather wide range
of k, and &, The longitudinal profiles of AT (£)/AT,
and RA&) for non-buoyant jets, corresponding to
three initial values of the turbulent kinetic energy
varied by using replaceable conic nozzles are presented
in Fig. 4 [6]. Calculations for non-buoyant jets were
carried out using the k—¢ model proposed by Launder
[7]. The values of k, and ¢, used for calculations were
selected on the basis of the best agreement between
experimental and calculated profiles of temperature
and concentration.
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Fig. 4. Radial profiles of the excess temperature in dimensionless coordinates. (a): &€ = 0.5; (b): £ = 1.5.1,
F=1;2,F=5;3, F=50.
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Fig. 5. Dependence of the excess temperature (a) and radial thermal scale (b) on the dimensionless axial
coordinate on a non-buoyant jet for various initial levels of turbulence. 1, k, = 0.0022U3%; &, = 0.0003U3/
D;2,0.01;0.0014; 3, 0.04; 0.0074.

The corresponding results for the near field of buoy-
ant jets are presented in Fig. 5 (the calculations were
carried out for the same values of k, and &, as in Fig.
4). Asin the case of non-buoyant jets, the axial profiles
of excess temperature can be approximated by a uni-
versal function of £. The radial profiles of excess tem-
perature can also be considered as similar (these pro-
files are practically not distinguished from those
presented in Fig. 4). However, the R; profiles are close
to each other only at low and moderate levels of initiat
turbulence (the k, values are equal to 0.0022U% and
0.01U3), but for k, = 0.04U3 the R, dependence on
& becomes monotonic (the minimum is vanished).
Such behaviour is due to the fact that at high initial
levels of turbulence the unmixed flow core becomes
very short so that the jet has no time to accelerate
significantly and there is no flow region where R
decreases. The results obtained are considered as pre-
liminary because we have no experimental data for
buoyant jets that agree with or contradict the results

of numerical investigations. At the present stage of
our study we consider the flows with not very large
variations of the initial values of k, and &, for which
only longitudinal scale X, but not radial scale Ry,
depends on k, and &, This means that we can intro-
duce the following characteristic scales (longitudinal

. and radial) for convective vertical jets

XT::XT(kO’gOaF)v RT= RT(f& F)’ (12)

which aliow us to generalise the approximate relations
(1), describing excess temperature and concentration
profiles for buoyant vertical jets.

4. THERMAL RADIATION SIMILARITY OF
BUOYANT JETS

We consider thermal monochromatic radiation of
a jet with one optically active component and assume
that the background radiation is the Planck radiation
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with the temperature T,,. Within an optically thin
approximation, the radiance contrast of the jet in the
direction perpendicular to the jet symmetry axis is
determined by the expression

]

I(x,y) =2t J [B(T)— B(T )]

rdr
e

km(T) C(r x), (13)

where y is the distance between the line of sight and
the jet axis; B is the Planck function ; kgp is the gas
absorption coefficient reduced to the standard tem-
perature and pressure; T is the atmosphere trans-
mittance. Here, the indices that indicate the radiation
frequency are omitted for simplicity. Note that volu-
metric concentration should be used in expression
(13), whereas similarity relations (1) are satisfied for
mass concentration. However, eqns (1) are also valid
for volumetric concentrations if an average molecular
weight of a flowing-out gas mixture is approximately
equal to the ambient one. This usually holds for
exhaust jets with a large amount of excess air.

Along with gas dynamic similarity the unified tem-
perature dependence of the absorption coefficient at
all the frequencies and for all the radiative com-
ponents is needed for optical similarity. This depen-
dence can be presented by the following approximate
expression that is valid over a wide range of tem-
peratures:

300 a
"'_kSTP = HCXP< T)’

where a and 6 are the parameters that depend on
frequency and on the type of radiative component.
The radiation intensity of the near outlet jet section
with the length x is given by the expression

(14)

S(x)=2 r dx J‘m dyl(x,y). (15)

If the values R; and X; are normalized with respect
to the nozzle radius R, the following relations take
place in the Wien spectra region

hv AT, AC
S(x)~IoX7(ko,e(,,F)RoG<c F 22 20 )

T, Ty” Ty’ Cy
(16)
where
I, = 2R0CokSTP(To) [(B(To) B(T.)|
— 2R0C0q(e_b/"70—e_b/"Tw)e_"/"Tﬂ, (17)
AC, AC,
G= (1— C, >G0+ o Gy, (18)
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Gom [gk<é F;! ATTo) exp (_ bo;(01)>
a ATo

%)
-[1 ~ exp(— lﬁT(Q):]'l k=0,1),

AT :
gk(é,F,p, 79> =n J R, F)d
0

gk(ﬁ F—

(19)

x rndnf“exp[—pa(w)] (k=0,1), (0)

AT,

t=—=

a(p) = to/(1—tg), T,> ¢= 1=f(,n),

@n

where 4 = a+b, b = hevik, g = 2hc™v0, v is the radi-
ation frequency expressed in reciprocal centimeters, A
is Planck’s constant ; here, k is Boltzmann’s constant,
¢ is the speed of light, f(£,7) is defined by eqn (1).

Thus, the jet radiation intensity can be written using
two universal functions g, and g,, each being depen-
dent on four arguments. Considerable simplifications
take place, however, in some limiting practically
important cases.

(i) If the outlet concentration of the radiating gas
greatly exceeds that of the ambient gas (C,/C, « 1),
the jet radiation intensity is determined only by the

function g,.

(ii) If the Planck function at jet temperature sig-
nificantly exceeds the background radiance
(ba(1)/T, > 1), we have

A AT,
F,— 19’
G, = gk(ﬁ T,) T, > a19)

(i) It follows from eqn (20) that the magnitude of
tp can be neglected in the denominator of the
expression for a(p) eqn (21) if the jet temperature is
low enough (¢ « 1) or if the parameter p>> 1. As a
resuit, the number of arguments of the functions g, is
reduced to three:

g« = g&, F, p1). (22)

All the three cases mentioned occur simultaneously
in the short-wave region of the spectrum in the absence
of the radiative component in the ambient air. Then
the radiation intensity of the jet can be expressed by

23

AAT,
G =gl(éaF’”——£>

T3

Optical similarity relations established previously
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for non-buoyant jets [1, 2] follow from eqns (16)—(21)
as a particular case under the condition F — cc.

Expressions (16)-(23) can be proposed for the
development of the optical diagnostic techniques. The
radiation intensity of the near nozzle jet section
depends on the magnitudes of k, and g, As a rule,
they are unknown and, therefore, the optical signal
carries uncertain information. But if only X7 depends
strongly on k, and &, and the dependence of R;{£) and
f(&, n) on these parameters can be neglected, the ratio
of spectral intensities for different frequencies does
not depend on the initial turbulence level and can be
used for estimating of the temperature or the ratio of
the concentrations for different components.

5. THERMAL RADIATION OF MOLECULAR GAS
JETS

The jet radiation averaged over the finite spectral
interval Av ~ 10-50 cm ™! is often of main interest.
In the case of molecular gas emission that interval
contains a great quantity of spectral lines. The fre-
quency-averaged radiation is often calculated by using
the statistical band model which implies that the fre-
quency averaging can be replaced by the averaging
over the positions of spectral lines [8, 9]. We used the
three-group method [10], based on the statistical band
model, to estimate the frequency-averaged radiation.
The AFGL [11] spectral line compilation was used
as input data to obtain the group parameters. The
application of this method is especially effective for
gases presented in both the jet and the atmosphere
(H,O and CO,) because it takes into account “hot
lines™ that arise between high energy levels and that
experience only slight absorption in the atmosphere.

In the three-group method the lines in each spectral
interval Av are approximated by three groups of lines
with the same lower energy levels and the same inten-
sity within each group. A position of each line is
random and statistically independent of the lines of
both the same and other gases. The temperature
dependence of the absorption coefficient stipulated by
the lines of one group is approximately the same for
all the frequencies within the spectral interval, since it
is defined mostly by the energy of the lower level. So,
the effective radiation volume G for the lines of one
group does not depend on frequency and only the
production of the atmosphere transmittance and jet
absorption coefficients has to be averaged. The
Curtis—Godson approximation [8, 12] is used to take
into account the radiation path non-uniformity. We
have

kT

mn

Ew =2 (mnm rk,)

-y (FH* 1l *) - (n ‘) S Ko H,,
mun ki mmn

k#m
I#n
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Sl T
=17}, —dm(T)Hmn(T),

mn

24

where the bar designates the frequency averaging, m
is the line group number, » is the radiating substance
number ; 1,,, and k,,,, are the atmosphere transmittance
and absorption coefficient stipulated by the mn group
of the spectral lines. The quantity 7 is the spectral
atmospheric transmittance with respect to a grey
source; S, is the spectral line intensity, and d,,,, is the
mean spacing between the lines of the mn group.

T = exp[— A1+ A42,/B,) "2, (29)
L.
Ay, =j S(X) d) dx, (26)
0
L
B, =4 J Sl X)y(x) dip dx, (27)
0

y is the Lorenz line half-width. The integrals in eqns
(26) and (27) are taken along the atmosphere path
with the length L between the jet and a receiver; H,,
is the frequency correlation between jet radiation and
atmospheric absorption stipulated by the mn group of
the spectral lines :

N 3 2 \-32
H,(T) = <1 SEiCY) A""')(l + A’"”) . ©8)

2
dm" B, mn B’”"

In eqn (24) the line intensity S,,,(7) varies directly
as the n-gas concentration and depends on the jet
temperature. The function H,,(T) depends on the jet
temperature only by means of the line half-width.
Taking into account eqn (24), we can write the spectral
radiation intensity of the circular jet as

S(&) = 2R{XT[B(To) — B(T )]

SSTP(Ty) 300
X Z COH__.-E—L) T Hmn(TO)
mn dmn T()

a,, b AT, ACO,,> (29)

xG é?F9¥9—9_7
( T() TO TO COn

where a,, is an analog of the constant ¢ from eqn
17):
d . [SST(T,) 300
— 72 " qp 2w 10) VY
. TOdTO ln{ 4. T } 30)

As H,,, depends only slightly on the temperature, we
used in eqn (29) the constant value H,,(T,) which is
close to the magnitudes of H,, in the jet region giving
main contribution into the value of the integral (15).

Direct computation of the values of G using eqns
(18)-(21) requires the knowledge of the functions

f(&,n) and R(F,¢). It is more convenient to estimate

the values g, (k =0,1) by numerical integration of
the expression C*(x,r)exp[—A/T(x.r)] over the jet
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Table 1. The values of the effective radiating volume determined numerically

AT,

F AT,/T, 1 2 4 6 8 10 15 20 25
1 0.2 277 248 202 168 143 125 095 078  0.67
0.3 258 217 162 127 106 091 070 059 053
0.4 237 188 131 101 084 073 058 051 047
0.45 227 174 119 092 077 067 055 049 045
5 0.2 .19 284 230 190 161 140 105 086 074
0.3 296 248 182 143 118 101 077 064 057
0.4 271 213 146 112 093 080 063 055 050
0.45 259 197 132 102 084 074 059 052 047
50 0.2 391 347 278 228 191 163 118 093 0.78
03 362 301 218 167 135 113 082 066 057
0.4 331 258 172 128  1.02 086 064 054 048
0.45 315 238 154 114 091 078 059 050 045

volume followed by normalization of the result with
respect to the expression 2R3 X, Cexp (— A/ Ty). The
values of g, computed by this method at & =2 are
presented in Table 1 for three Froude numbers.

The spectral intensity of radiation emitted by a
buoyant jet containing only water vapour and carbon
dioxide was calculated by two methods. The first (tra-
ditional) method [12] includes calculation of the jet
concentration and temperature fields followed by
numerical integration over the jet surface area of the
spectral radiance that passed through the atmosphere.
The second method is based on the use of eqn (29)
and the effective radiation volume data from Table 1.

The comparison was carried for a vertical jet with
the following outlet parameters: T, =475 K, D=2
m, Co(CO,) = Cy(H,0) = 0.04. The atmosphere par-
ameters were chosen in the following manner:
T, =273 K, C(CO,) = 0.00033, atmospheric pres-
sure was 1 atm, humidity was 80%. In the case under
consideration we can neglect the content of CO, and
H,O0 in the atmosphere and put G = g,.

The validity limits of the optically thin approxi-
mation were given previously [13]. The approach
based on eqn (29) may bring a large error in the
spectral regions where the optically thin approxi-
mation is violated. It can take place in the absorption
bands of the main combustion products of the hydro-
carbon fuels CO, and H,O if the distance of viewing
is not large enough. As it is seen from Fig. 7, where
the jet spectral intensity in the 4.3 ym band of CO, is
presented, the result based on eqn (29) differs con-
siderably from the exact one [12] at relatively small
distance of 200 m (see Fig. 7(a)). But the “non-volu-
metric” portion of radiation is absorbed by the atmo-
sphere and the discrepancy between the exact method
[12] and the approximation based on eqn (29) becomes
smaller as the viewing distance increases. It can be
seen from Fig. 7(b) where the results for the distance
of 10 km are presented. Similar comparison is shown
in Fig. 8 for the spectral range from 2-14 um at the
atmosphere layer of 5 km thick. The discrepancy

between the two calculation techniques does not
exceed 20 or 30%. A noticeable difference (up to
100%) is observed only in the narrow spectral interval
in the region of the CO, 4.3 ym band.

Thus, the method based on eqn (29) reduces the
computational expenditures considerably and pro-
vides a reasonable accuracy in the prediction of the
thermal radiation of buoyant turbulent jets. The
method does not require a detailed information about
the jet gas dynamics structure and gives a simple
relation between the jet radiation intensity and the
outlet jet parameters.

6. CONCLUSION

An attempt has been made in this paper to establish
the thermal radiation similarity of buoyant turbulent
jets. The principal condition of the optical similarity
is the similarity of the temperature and the con-
centration fields in the near-nozzle region because the
main portion of radiation is generated by the most
heated section of the jet. The k——T"? turbulent vis-
cosity model was used to study the gas dynamic simi-
larity in the near-nozzle zone. This model adequately
describes all the known experimental data concerning
heated buoyant turbulent jets. It has been shown that
longitudinal (X7) and transverse (R;) scales can be
introduced. In general, these scales depend on the
initial turbulence level and the Froude number. The
excess temperature and concentration are described
by an universal function for the wide range of the
jet outlet parameters if the dimensionless coordinates
¢ = x/Xrand n = r/Ry are used.

As a result of the gas dynamic similarity it has been
found that dimensionless spectral intensity (nor-
malized with respect to the production of spectral
radiance at the edge of the nozzle and the nozzle area)
is described by the universal function which is the
same for a wide class of jets and depends on the exit
thermodynamic parameters, radiation frequency and
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Fig. 6. Dependence of the excess temperature (a) and radial thermal scale (b) on the dimensionless axial
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in Fig. 5.)
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Fig. 7. Spectral distribution of radiation intensity (W/um sr) of the jet near-nozzle section for viewing
distances of 200 m (a) and 10 km (b). 1, calculations on the basis of numerical integration over the jet area
{11]; 2, calculations with their use of the optical similarity relationships.

on the steepness of the temperature dependence of the
absorption coefficient.

The results obtained have been generalized for the
radiation of molecular gases in finite spectral intervals
containing many spectral lines. The three-group sta-
tistical band model was used for this purpose. The
relationship between the jet radiation intensity and the
outlet and spectroscopic parameters has been found. A
simple and effective method for jet radiation prediction

has been developed. The method does not require a
detailed information about the jet gas dynamics struc-
ture. The method is reduced to the calculation of the
spectral radiance at the nozzle edge followed by mul-
tiplication by the effective radiative volume. The tra-
ditional method includes prior calculation of the gas
dynamic structure followed by numerical integration
of the radiation transfer equation. The results obtained
by two methods are in a good agreement.
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calculations on the basis of numerical integration over the jet
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relationships.
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