
ACOUSTIC ENERGY OF A NONISOTHERMAL JET 
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The acoust ic  energy generated because of density ( temperature) fluctuations and the energy 
due to velocity pulsations in nonisothermal  jets are  examined. A method is proposed to 
compute the noise intensity in a nonisothermal  jet field. 

I. To determine the acoustic power of a jet it is customary to use the expression for the noise 
intensity emitted by an elementary jet volume which is available, for example, in [1, 2]: 
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The difference between the acoustic intensity of an isothermal and nonisothermal jet is here taken into 

account by considering the density in the first case as p = P0 and in the second as p = p (r). The expression 
(I) characterizes the acoustic energy generated because of velocity pulsations in turbulent jets. As the 
degree of jet heating increases, the temperature fluctuations increase and if their relative intensity in 
isothermal jets is slight compared with the relative intensity of the velocity pulsations, then the tempera- 
ture (or density) fluctuations in nonisothermal jets are an additional source of noise formation which is not 
taken into account by the dependence (I). 

The method of computing the acoustic radiation by turbulent jets, elucidated in [3, 4], can be used to 
determine the acoustic intensity of nonisothermal jets. The range of jet outflow velocities under consid- 
eration is hence bounded by subsonic or low supersonic velocities. According to [3], the pressure fluctua- 
tion at an arbitrary point outside the jet is:* 
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Let us consider  the express ion  in the square bracket  which represents  the instantaneous value of the density 
and the velocity components as the sum of means and fluctuations: 
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It has_ been established by approximate computations that the contribution of the terms containing 82/OxiOxj 
X ! ! t ! . . . . .  Lo (uiu~-u,uD] to the total jet acoushc  mtensl ty is substantial ly less than f rom the t e rms  with ~2/OxiSxj • 

- v J 1 J 2 X ' ! ~--'Y~'~' (2pUiuj); the te rms  0 /0xi~ j [2Ui( p u j - -p  u])] can be neglected as compared  with 02/Sxi0x j (UiUjp'); and 

the t e rms  containing the triple corre la t ions  are  also negligible. Therefore ,  the p res su re  fluctuation out-  
side the nonisothermal  jet  is 

= - -  (29Uiu i -~- (3) 
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T h e  pressu re  fluctuation outside an isothermal  jet is hence obtained by putting p = P0 and p' = 0: 

* Here and henceforth,  the summation is f rom one to three in the subscr ip t  repeated twice in amonomia t .  
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Comparison shows that the influence of je t  heating on its acoust ic  intensity is manifes ted in a more  com- 

pl icated manner  than by the simple rep lacement  of p0 by p (~  in the express ion  for  the acoust ic  intensity of 
an i so thermal  jet,  as was assumed in [2], for  instance.  In addition_ ~t~ the t e rm  with p (~2/axi0xj) (Uiui) 

corresponding to the express ion  in (4), in which P0 is replaced by p (r), differentiat ion with r e spec t  to the 
coordinates  in (3) st i l l  yields t e rms  with density fluctuations,  with the der ivat ives  of the density f luctua- 
tions with r e spec t  to the coordinates ,  and t e rms  containing der ivat ives  of the mean densi ty.  

2. Let  us consider  the acoust ic  energy  de termined  by the t e r m  containing the density fluctuations in 
(3). Let  us go over  to cyl indr ical  coordinates ,  coupled to an ax i symmet r i c  jet,  and by differentiat ing in 
the sum O2/~xi0x j (P'UiUj), we es t imate  the o rde r  of smal lness  of the various components by taking into 
account the following relat ionships  for  the gasdynamic p a r am e te r s  [5, 6]: 
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Let  us use the re la t ion between the t ime der ivat ives  in the s t r e am  in a fixed coordinate sys tem and in a 
coordinate sys tem moving at  the convection velocity (O/Oz): 
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f rom which in conformity with [4] 
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On the basis of exper imenta l  resul t s  in [7], for  instance,  le t  us assume that 
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The relat ionships p resen ted  above pe rmi t  us to see that the m e m b e r  U 2 (82p '/Sx 2) in the sum a2/OxiOxj 
x (p'UiUj) exceeds all  the r e s t  substantial ly.  Henceforth keeping just  this member ,  we obtain an exp res -  
sion for  the noise intensity genera ted  because of the density fluctuations, by the method elucidated in [3, 4]: 
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It is hence taken into account that the local speed of sound in a nonisothermal  je t  is a function of the co- 
ordinate a 2 = a2o(Po/p). The value of K is defined here  by the volume of the vortex domain and the t ime of 
intr insic  lag, as for  i so thermal  je t s .  The noise intensity in a di rect ion perpendicular  to the je t  axis ,  de- 
t e rmined  by (6) with an empi r ica l  dependence for  COmotakeninto account, i sp ro p o r t i o n a l t o  the sixth power 
of the outflow velocity.  The di rect iv i ty  of the acoust ic  radiat ion is cha rac te r i zed  by the dependence i/,I,  5 
x (1/@-- r >4 and is much less  definite than the d i rec t iv i ty  of i so thermal  jets .  

The distr ibution of the roo t -mean - squa re  density fluctuations in (6) can be found by assuming the 
density fluctuations in a nonisothermal  je t  to be due just  to the t empera tu re  f luctuations.  We then have 
f rom the Clapeyron equation of state 

p' T' 
p T 

Using the equation of state for  the mean p a r a m e t e r s ,  we obtain 

p' T' . . . .  P___ ~ (7) 
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We determine the roo t -mean - squa re  t empera tu re  fluctuations by using the relat ionship between the semi -  
empir ica l  theory of f ree  turbulence 

V ~ -  I r 07"[ P r t =  l ~  (8) 
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Here l u, l T are  the mixing paths corresponding to the momentum and heat  t ransfer .  Theoret ical  and ex- 
per imental  investigations permi t  assuming the turbulent Prandt l  number  P r  t to be constant in the jet c r o s s -  
section and equal to 0.5 (see [5]). On the basis of experimental  investigations of the distributions of the 
roo t -mean- squa re  velocity fluctuations in jets ,  presented in [6], say,  we can put l u = 0.03x. According to 
[6], the excess tempera ture  distribution in the initial section of the jet is given by the dependence 

and by 

Ta - -  T _ 1 - -  ~l, ~1 : - -  3.7z + 0.534; (9) 
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in the main section.  Substituting of (9), 
of the roo t -mean- squa re  tempera ture  fluctuations in the initial jet sect ion 

V' 7 ~z2 
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(I0) into (8), we obtain a dependence characterizing the distribution 

( 1 1 )  

and in the main section 

T m  - -  3 V T  - -  

Because of the assumptions made about the constancy of P r t  and l u / x  in the jet c ro s s - s ec t i on  and the inde- 
pendence of x (0T/Sr) f rom the coordinates in the initial section, the roo t -mean- squa re  tempera ture  fluctua- 
tions are  independent of the coordinates .  Their  relative intensity increases  as the degree of jet heating 
grows, and reaches  22% for  large 0. 

3. In o rde r  to determine the acoust ic  energy due to the velocity fluctuations in a nonisothermal  jet, 
let us consider  the sum a2/oxiaxj (2#ui u ' )  in (3). Here direct  differentiation yields a large quantity of com-  

J 
ponents for  which an analysis  of their  contribution to the total acoust ic  radiation of the jet is made difficult. 
This express ion is eas i ly  evaluated approximately if it is assumed that the density in the jet  is just  a func- 
tion of the coordinates .  Since the acoust ic  energy generated because of the density fluctuations has a l ready 
been determined by (6), neglecting the density fluctuations for  the approximate determination of the acoustic 
energy generated by the turbulent velocity pulsations is admiss ible .  Two conditions, obtained f rom the 
continuity equation 

a(Su3 _ o, a a ~ .  - ~  (~";) = o, 

are  a resul t  of such an assumption,  and using them we have 
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Going over to cylindrical coordinates here and using the following identity transformation 

1 @ ~ a~9 - 02 (lng) 
ax~ a:q ax2xj P ax2x~' 

we find 

a ~ au ar ~Tu a~ 
ax,axj ( ~ u , u } ) = ~  Or ax [ v' axar (Ing) 

0 ~ a'-" - "] 
-+- V v '  or  2 ( lng)§  Ox 2 (lng) j .  

The method in [3, 4] permits  obta'ining an express ion  for the noise intensity generated because of the veloc- 
ity pulsations in nonisothermal  jets:  

1257 



4n2a~ - ~  _.----~ r In o - r l  2 

i , z  • [(B + b:) v "2 -~ b#  + bsu'v'] dW. (13) 

He re 

[02 0,]2, 
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The derivatives of inp in the expressions for [h, b~, b a are  evaluated by using the equation of state and the 
tempera ture  distribution in a jet (9), (10). Let us es t imate  the rat ios bi /B,  b2/B,  ba/B in the range of the 
highest values of the roo t -mean- squa re  velocity pulsations, i . e . ,  for z close to zero.  An est imate using 
the dependences for the gasdynamic pa ramete r s  and the turbulence charac te r i s t i c s  presented in Sec.  2 
shows that b t /B < 0.01,  b 2 ~ 0, b a ~ 0 for  0 --- 6. Omitting t e rms  containing b i , b 2, b a in (13), we find that 
the par t  of the acoustie energy generated because of the velocity fluctuations is determined by the same ex- 
press ion  as for  the acoustic energy of an i so thermal  jet (see [41) in which only the factor  (p/p0) a appears 
under the integral  sign. The additional power of P/P0 in (13), as compared  with the second power of this 
rat io used in [i ,  2], is due to taking account of the dependence of the speed of sound in the jet on the co-  
ordinates (a0/a) 2 = P/Po. 

The fac tor  (~/p0) 3 indicates some diminution in the acoust ic  intensity as the degree of jet heating 
grows due to the velocity fluctuations.  At the same time, the acoustic intensity generated because of the 
tempera ture  fluctuations increases  as the degree of heating grows according to (6), (11), (12). A compar -  
ison between the integrands in (6) and (13) shows that the acoust ic  energy generated by an e lementary  jet 
volume because of the tempera ture  fluctuations is commensura te ,  and exceeds the acoustic energy gener-  
ated by the velocity pulsations, f o r  sufficiently large 0. The analysis  made permits  the conclusion that 
the no ise - format ion  mechanism associa ted  with the tempera ture  fluctuations is predominant in the process  
of noise production by hot turbulent j e t s .  

By using the resul ts  obtained above, the following express ion can be proposed to compute the noise 
intensity outside a nonisothermal  jet 

.o S!S t I , (,- i, 
4n'a 3 ~ ! p"--~/ - ~  , ~ " m e '  Ir-~o --r ]  2 
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The value of K found for  i so thermal  jets was 0 .05 -0 .08 .  It can be expected that K witl be of the same 
o rde r  of magnitude for  nonisothermal  je ts .  The lack of sys temat ic  experimental  resul ts  about the noise 
of nonisothermal  jets does not yet permi t  refinement of the value of K. 

N O T A T I O N  

r ,  radius vector;  xi, xj, its projections on the Car tes ian coordinate axes; x, r ,  p, cyl indrical  co-  
ordinates coupled to an ax i symmet r i c  jet; z = r - - l / x ,  in the initial section of the jet; z = r / x  in the main 
section; t, t ime; T = t--I-~oo--~[/ao; u i, uj, the velocity components in project ions on Car tes ian  coordinate 
axes; u, v, axial and radial  velocity components;  Uc, vortex convection velocity (the upper case denotes 
the mean values of the velocity, and the lower case denotes instantaneous values); p, p res su re ;  p, density; 
T, temperature;  Tin, temperature  on the jet axis; 0 = T a / T  0, degree of jet heating; a, speed of sound; 
I, noise intensity; N, acoustic intensity; W, volume occupied by the jet; Wmo, COs, charac te r i s t ic  c i rcu la r  
frequencies in the coordinate sys tems  moving at the convection velocity and fixed, respect ively;  
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= , -  cos  ~ ; cos  ~ = t , 0 - 5 1  ; L = y ( L x +  L~) 

Lx, L r ,  longitudinal and radial  integrated turbulence sca les :  Subscripts:  0, p a r a m e t e r s  in the unperturbed 
medium; a, pa r ame te r s  at the nozzle exit; p r imes  denote pulsating components .  The upper  bar deno tes  
the average .  
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