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f- An analy t ica l  m d  experimental study is  xade of the Isot.hema1 tur -  

bulent mixing t h a t  ensues when 

stream of another gas t h a t  is  moving i n  the same direct ion a t  a comparable 

one gas i n  injected coaxially i n t o  a 

velocity. The problem of turbulent coaxial mixing of diss imilar  gases has 

been t h e  subject of a number of recent studies. These investigations have 

resulted i n  a number of proposed formulations f o r  the dependence of t u r -  

bulent viscosi ty  on geometry, flow, and physcial-property parameters. 

The various expressions f o r  turbulent v i scos i ty  are  compared i n  this 

paper on a consistent basis .  It i s  shown t h a t  the  d i f fe ren t  equations 

predict  essent ia l ly  the same eddy viscosi ty  within cer ta in  ranges of 

stream veloci ty  r a t i o s  and density ra t ios  Considerable divergence of 

r e s u l t s  occurs, however, when a given equation i s  applied beyond the  

range of experimental conditions f o r  which it has been ver i f ied.  

Some of the  proposed expressions include an a x i a l  dependence of the 

turbulent viscosity,  others do not. Previously published data  a re  com- 

pared with theory f o r  three d i f fe ren t  assumed var ia t ions of eddy viscos- 

i t y  with ax ia l  position. 

i t i e s ,  the eddy v iscos i ty  can be taken as  constant i n  both the  radial and 

It i s  shown tha t ,  fo r  nearly equal stream veloc- 

axial directions.  
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The differences and s i m i l a r i t i e s  of the  various ana ly t i ca l  t r e a t -  

ments t o  date have resul ted,  primarily, from attempts t o  include the  case 

of equal stream ve loc i t ies  within the  framework of Prandt l ' s  o r ig ina l  

hypothesis f o r  f r e e  turbulent  flow. This phenomenological model predicts  

no turbulence if the  two streams move a t  the  same veloci ty .  Experimental 

measurements have shown t h a t  t h i s  i s  not t he  case. This i s  not surpr is ing,  

since, as has been suggested, some degree of i n i t i a l  turbulence w i l l  be 

present in  the  two streams. 

of t h i s  i n i t i a l  turbulence should be most apparent. 

A t  near ly  equal stream ve loc i t ies ,  t he  e f f e c t  

The resLl t s  of an experimental study of t he  turbulent  coaxial  flow 

of a bromine j e t  i n t o  an a i r  stream a re  presented. 

i n i t i a l  turbulence i n  the  two streams can be of s ign i f icant  importance 

when compared with t h a t  induced by differences i n  the  stream ve loc i t ies .  

Photographs of the bromine stream show t h a t ,  f o r  equal stream ve loc i t i e s ,  

the  flow changes from a laminar appearance t o  a turbulent one as the  i n i -  

t i a l  Reynolds number of the  bromine stream i s  increased from 1840 t o  3220. 

When honeycombs with L/8 inch diameter c e l l s  t h a t  a re  2 inches long a re  

placed i n  both the  a i r  stream and the  bromine stream, the  turbulent  ap- 

pearance a t  the higher Reynolds riumber i s  g rea t ly  reduced. Photographs 

of the bromine stream f o r  i n i t i a l  air-to-bromine ve loc i ty  r a t i o s  of 0.85 

and 1.52 indica+,e t h a t  t he  turbulence created by t h i s  ve loc i ty  defect  i s  

much l e s s  than t h a t  i n i t i a l l y  present i n  the  two streams. 

It i s  shown t h a t  the  

It i s  concluded t h a t  t h e  turbulence i n i t i a l l y  present i n  the  two 

streams plays an important pa r t  i n  the  turbulent coaxial  mixing of d i s -  

similar gases a t  near ly  equal stream ve loc i t ies .  It i s  therefore  probable 
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that simple, empirical modifications of Prandtl 's  expression f o r  eddy 

v iscos i ty  do not adequately describe the mixing process, and t h a t  add 

t i o n a l  terms should be included t o  account f o r  the i n i t i a l  turbulence 

present i n  the  two streams. 

IiEKXXC'2IG;; 

Turblrlent shear flow b s  remained a subject of i n t e re s t  i n  the  

f i e l d  of f l u i d  mechanics for  a considerable number of years. 

bulence most commonly occurs i n  j e t  and wake flows. 

t i a l  a t ten t ion  t o  j e t  flow w a s  directed t o  the s i tua t ion  where an incom- 

pressible  f l u i d  issues  i n t o  a quiescent environment of  the same f luid.  

Considerable success w a s  achieved by the  application of phenomenological 

theories,  notably Prandtl 's  mixing length hypothesis, and s imi l a r i t y  

solutions,  1 

Free tur -  

Most of the i n i -  

A more complex s i tua t ion  a r i s e s  when the medium in to  which the  j e t  

Such a system exhausts i s  not a t  rest and i s  not of the  same material. 

has been the  subject of a number of recent studies. 

t ions  have been prompted by in t e re s t  i n  a gaseous-fueled nuclear rocket 

engine,' where a low-velocity f iss ionable  gas is  injected coaxially in to  

These investiga- 

a high veloci ty  hydrogen propellant stream, and a supersonic combustor, 3 , 

where high veloci ty  hydrogen issues i n t o  a p a r a l l e l  stream of oxidizer that 

i s  flowing a t  a comparable velocity. Both s i tua t ions  involve the turbulent 

coaxial  mixing of diss imilar  gases. 

Up t o  a point, the  approaches t o  t h i s  problem have been the  same. 

The diffusion equation and the Navier-Stokes momentum equations a re  wri t ten 

f o r  isothermal, axisymmetric, boundary-layer flow, along with the  continuity 
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equation. This equation s e t  i s  then applied t o  turbulent  f l o w  by assum- 

ing t h a t  the molecular t ransport  coeff ic ients  can be replaced by o r  added 

t o  t h e i r  turbulent counterparts. These equations a re  then solved by a 

transformation t o  a stream-function, axial-coordinate plane. A l l  of the  

theoret ical  works have assumed t h a t  the turbulent  t ranspor t  coef f ic ien ts  

a r e  constant i n  the  r a d i a l  direct ion.  

helium, and argon j e t s  issuing in to  an a i r  stream indicates  t h a t  t h i s  

assumption i s  reasona3ly good; the  eddy v i scos i ty  w a s  found t o  decrease 

t o  0,8 of t he  center l ine value a t  the  half-radius of t he  j e t .  

An experimental study of hydrogen, 

4 

To complete the  ana ly t i ca l  descr ipt ion of t he  flow f i e l d ,  it i s  

necessary t o  make some algebraic statement as t o  the  dependence of t he  

eddy v iscos i ty  and %he eddy d i f fus iv i ty  on per t inent  geometry, f low,  and 

physical-property parameters. It is  i n  t h i s  regard t h a t  various approaches 

have been suggested. What i s  required i s  the equivalent of Frandt l ' s  

hypthesis, which s ta ted  tha t ,  i n  a region of f r e e  turbulence, t he  eddy 

d i f fus iv i ty  i s  proportional t o  the  width of the  mixing zone and t o  t h e  

difference between the  maximum and minimum ve loc i t i e s  across it. Two 

problems al-ise i f  t h i s  formulation i s  applied as s ta ted.  The f i r s t  i s  t h a t  

no turbulence i s  predicted f o r  the  case of equal stream veloc i t ies ,  a l -  

though it has been observed i n  experimental s tudies .  

s t ra ted ,  however, t h a t  aQ eddy v iscos i ty  proportional t o  a ve loc i ty  de- 

f ec t  can be used t o  cor re la te  turbulent coaxial  mixing of d i ss imi la r  gases 

if the stream ve loc i t ies  a re  not equal.5)6 

the  s i t ua t ion  of nearly equal stream ve loc i t ies  t o  modify Frandt l ' s  

o r ig ina l  hypothesis t o  include the  difference i n  stream densi t ies .  One 

It has been demon- 

A proposal has been made f o r  
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suggestion is  t o  replace the  velocity difference w i t h  a mass flux d i f -  

f e r e n ~ e ; ~  such a formulation has sham agreement with experimental data 

over the  ranges investigated. This expression, however, i s  not a l to -  

gether sat isfactory,  since it predicts no turbulence when the  mass fluxes 

of t h e  t.,.~ strems m e  eyal. PjA e 4 m r f E E t p l  s t u d y  of th i s  c- nsd- i  ------ m i l n r  

f l a w  condition has shown t h a t  turbulence does e x i s t  f o r  equal mass 

fluxes;7 the author of reference 7 proposes an expression t s  eliminate 

t h i s  anomaly i n  which the eddy viscosity is  taken t o  be proportional t o  

the  sum of the  mass f lux  and the  momerkum flux. 

shown t o  be i n  agreement with some experimental data. 

This expression i s  a l so  

The second problem that arises in  atfempting t o  apply F'randtl's 

free-turbulence expression t o  the coaxial mixing process r e su l t s  from 

the f a c t  that it attempts t o  a t t r i bu te  a11 t7wbulence t o  the veloci ty  

difference between the  two streams, 

a l l  of the  proposed modifications discussed above, requires t ha t  the 

eddy v iscos i ty  i n  the coaxial mixing region be proportional t o  some d i f -  

ference between the  two streams. This does not aczowt  fgr any turbuience 

that i s  i n i t i a l l y  present i n  e i t h e r  of the tswo streams. 

gested t h a t  t h i s  "preturbulence" may be the dominan5 fac tor  i f  the two 

streams are a t  nearly equal ve1ocitieso8 me possibie conxibut ion of 

in i t ia l  stream turbulence and boundary layers has a l so  been mentioned i n  

a number of the  recent studies e 3J Experimental evidence t h a t  i n i t i a l  

stream turbulence can a f f ec t  the coaxial mixing process i s  reported i n  

reference 9, where it was found that honeyco~b flow smaigh-Leners 

s ign i f icant ly  reduced the pretwbulence, This i s  in  accord w i t h  s tudies  

The or ig ina i  equation, as  well as 

f t  has been sug- 
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of the effect of grids on the eddy-diffusion coefficient in turbulent 

duct flow, where it has been found that grids appreciably reduce the 

scale of turbulence 10 

These two aspects of the turbulent coaxial mixing of dissimilar 

gases have been investigated and are discussed herein. 

pressions have been proposed for the eddy viscosity variation. 

the algebraic formulations appear to have significant differences, each 

expression has shown agreement with experimental data, at least for the 

range of data investigated in each case. These various relations for 

eddy viscosity are compared here on a consistent basis in order to dis- 

close their similarities and differences. Previously published data are 

compared with theoretical calculations in order to determine the axial 

dependence of the eddy viscosity. The theoretical calculations are made 

with a computer program2J1’ that solves the axisymmetric boundary-layer 

equations with no similarity assumptions, and that incorporates arbitrary 

variations of eddy viscosity in the axial direction. The data are com- 

pared with the analysis for an eddy viscosity that increases, decreases, 

and is constant with axial position. 

A number of ex- 

Though 

Results are also presented of an experimental study of the effect 

of preturbulence on the coaxial mixing process at nearly equal stream 

velocities. Photographs of a bromine stream exhausting into a surround- 

ing air stream for various flow conditions are shown. The initial veloc- 

ity ratios, air to bromine, were maintained between 0.988 and 1.009 to 

minimize the contribution of velocity defect to the free turbulence. 

Bromine Reynolds numbers were varied from 1840 to 3230. These flow con- 
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di t ions  were repeated with 1/8-inch passage diameter honeycomb sections 

2 inches thick i n  both the a i r  and bromine streams a t  the  in jec t ion  point. 

I n  order t o  determine the  r e l a t ive  contribution t o  turbulence of a veloc- 

i t y  defect, i n i t i a l  veloci ty  r a t i o s  were varied from 0.85 t o  1.5 a t  a 

coilstmt broiiiine Ikp io lda  z&er of 2300. 

EXPERIMENTAL APPARATUS AND PROCEDU€E 

Figure 1 shows a schematic layout of the  experimental apparatus, 

which consists of a v e r t i c a l  t e s t  section, metered air and bromine sup- 

p l ies ,  t h ro t t l ed  vacuum exhaust, and electro-opt ical  data instrumenta- 

t ion.  The cent ra l  feature of the apparatus i s  the  rectangular vacuum- 

t i g h t  tes t  section, which i s  8 inches square i n  cross section by approxi- 

mately 9 feet i n  height. Figure 2 shaws the  t e s t  section and some of the  

associated instrumentation. Two opposing faces of the t e s t  section con- 

sist of op t ica l  windows; through these i s  projected a collimated beam of 

white l i g h t  t h a t  i s  intercepted by a photodetector on the opposite side. 

A narrow band-pass opt ica l  f i l t e r  on the  detector face passes monochromatic 

l i g h t  a t  the  peak of the  bromine absorption band a t  4150 angstroms. 

l i g h t  source and detector are r ig id ly  mounted on a U-shaped frame t o  

maintain alignment. 

average bromine density along a given chord through the  bromine stream. 

The 

The output of the detector provides a measure of the  

The bromine bo i l e r  i s  seen a t  the right of f igure 3; bromine flow i s  

controlled by the  power input t o  an  in te rna l  quartz-jacketed pancake heater 

immersed i n  the bromine tank. The t e s t  section is operated a t  the vapor 

pressure of bromine at  room temperature, about 4.5 psia. Thus, the heater 

supplies the  heat of vaporization required t o  at . tain a desired flaw. The 
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monelboi ler  i s  coated inside with Teflon. Because of t he  extreme cor- 

rosiveness of bromine, only glass  or  Teflon i s  i n  contact with the  vapor 

u n t i l  it reaches the  top  of the  t e s t  section. There it enteres  a 1-inch- 

diameter monel tube from which it i s  in jec ted  i n t o  the  a i r  stream. Both 

gases f l o w  from top t o  bottom through the  tes t  section. 

Lucite tube bundles a t  the  top  and bottom of the  t e s t  sect ion 

eliminate any large-scale flow osc i l la t ions  i n  t h e  a i r  stream. A i r  and 

bromine f l o w  r a t e s  a re  measured with rotameters. The s izes  of t he  t e s t  

section and the  bromine tube were chosen so  as t o  provide operation a t  

Reynolds numbers below and above 2000, as well  as ve loc i ty  r a t io s ,  a i r  

t o  bromine from 1.0 up t o  about 50, 

The f i r s t  s t e p  i n  running procedure i s  t o  s e t  t he  desired a i r  flow 

ra te .  

stream valve t h a t  t h r o t t l e s  t o  a vacuum exhaust system. After t h e  

desired a i r  f l o w  i s  established a t  the  vapor pressure of bromine, t he  

bromine f l o w  i s  i n i t i a t e d  by supplying power t o  the boi le r .  

response i s  v i r t u a l l y  instantaneous, s ince l i t t l e  heat loss  i s  incurred 

by operation a t  room temperature. Typically, steady flow conditions can 

be achieved i n  5 or  10 minutes. 

This i s  done by use of an upstream-flow-control valve and a down- 

The bromine 

TKEORETICAL CONSIDEMTIONS 

The basic ana ly t i ca l  procedure used here t o  compute turbulent co- 

a x i a l  veloci ty  and concentration f i e l d s  i s  described i n  references 2, 5, 

and 11, and only the  per t inent  features  w i l l  be re i te ra ted .  

s e t  i s  composed of the  continuity,  diffusion, and momentum equations 

wr i t ten  f o r  isothermal, axisymmetric, boundary-layer flow. The bouyancy 

The equation 
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t e r m  i s  included, and no l inear iz ing or s imi la r i ty  assumptions a re  made 

so that the r e su l t s  apply equally well near the j e t  origin. 

von Mises transformation t o  a stream-function axial-posit ion coordinate 

set i s  employed i n  the numerical solution. The r a t i o  of eddy v iscos i ty  

A 

%$ Ealepfim Tvr-jsc=s-jty, (pel$), is a ~ s ~ ~ e ~  c a n s t m t  5:: t h e  r e d i a l  

direct ion,  and is  varied i n  the  ax ia l  direct ion according t o  the  arbi-  

trary function, A + BF ', where z is  the ax ia l  distance from the j e t  

origin. The turbulent t ransport  coefficients,  P E  and E, are added t o  

t h e i r  molecular counterparts, p and D12, respectively. The eddy d i f -  

f u s i v i t i e s  f o r  momentum and mass transport  a r e  assumed equal. The 

model of the coaxial flow f i e l d  and the pertinent varables a re  shown i n  

figure 3. 

- 

I n  order t o  compare the  various expressions f o r  eddy viscosity,  

they must be rewrit ten i n  the same form. 

coaxial  mixing, reference 5 obtains the following equation: 

From a study of air-bromine 

1/2 
- -  U€ - 0.0172 (: - 1) Rej - 250 
CI 

For Reynolds numbers t h a t  are  large with respect t o  the  constant 250, 

equation (1) can be wri t ten i n  the form 

I n  equation ( 2 ) ,  ( p ~ ) ,  

viscosity.  

i s  the centerline, or j e t ,  value of the eddy 

Reference 3 suggests the following expression f o r  eddy v iscos i ty  
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This can be written at the jet origin as 

This expression has shown agreement with air-hydrogen data. For equal 

temperatures, the density ratio on the right side of equation (4) becomes 

the molecular weight ratio of hydrogen to air, 0.069. It should be noted 

here that the preceding expression produces an eddy viscosity ratio that 

varies in the axial direction, since both the centerline density and 

velocity are axial functions. 

tion (4) is used to evaluate the eddy viscosity at the jet origin, where 

the jet density and velocity are at their initial values. 

For the purposes of this comparison, equa- 

The expression proposed in reference 7 for the eddy viscosity is as 

follows : 

in a form similar to equations ( 2 )  and (4): This equation can be written 

at the jet origin 

where ( P E ) ~  

injection point. 

is the value of the eddy viscosity in the jet stream at the 

Equations (l), ( 3 ) ,  and (5) have all been proposed to express the 

functional dependence of the turbulent viscosity P E .  Obviously, they are 
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not of the same form; yet each has been shown to agree with experimental 

data. By rewriting the equations in the forms given by equations (2), 

(4), and ( 6 ) ,  it is possible to compare the various expressions on a con- 

sistent basis to see how similar or different they are. 

In refereme 5 it is s-mestec? that a -;iszositj; r a t i o  of the two 

streams should be included in the eddy viscosity. In order to evaluate 

this idea, equations (2),  (4), and (6) can be rewritten by adding the 

viscosity ratio to the left side of the equations, and multiplying the 

numerical coefficients on the right side by the actual values of the 

ratios of the gases used in the experiments related to each expression. 

By using the viscosity ratios of the gases studied by each of the in- 

vestigators, equations (2), (4), and (6) can be written as follows: 

( P 4 ,  P .  CLe 
p.U.r. 2 p - p = 0.051 [ +(;TI 

J J J  e j 

- 
0.031 [I +kTJ (9b) 

( P 4 ,  P +  CLe 

P .U.r. Pe CLj 
J-= 

J J J  

Equations (sa) and (9b) are both rewritten forms of equation (6) with vis- 

cosity ratios of hydrogen-air and CO -air, respectively, since both of 

these systems were studied in reference 7. 

2 



DISCUSSION OF RESULTS 

I n  reference 5 it w a s  shown t h a t  good agreement between theory and 

experimental data w a s  obtained by assuming t h a t  the r a t i o  of t he  

turbulent-to-laminar v iscos i ty  p E/IJ. w a s  constant over the e n t i r e  flow 

f i e l d .  Since fo r  t he  air-bromine system studied, t he  v iscos i ty  r a t i o  

was only 1.22,  t h i s  assumption a l s o  r e s u l t s  i n  an eddy v iscos i ty  

t h a t  i s  essent ia l ly  constant. In  references 3 and 7, t he  proposed ex- 

pressions (eqs. (3) and (5 ) )  yield an eddy v iscos i ty  t h a t  var ies  i n  t h e  

a x i a l  direction. To check the  importance of an a x i a l  dependence of eddy 

viscosity,  the data reported i n  reference 5 have been compared with t h e  

analysis of reference 11. The a r b i t r a r y  var ia t ions of p ~ / p  considered 

a r e  shown i n  f igure 4. The constant value of 6 i s  the  one reported i n  

reference 5 as b e s t  representing the  experimental data f o r  an i n i t i a l  

air-to-bromine veloci ty  r a t i o  of 1.25, a bromine Reynolds number of 870, 

and an air  Reynolds number of 1720. The other two var ia t ions considered 

were a turbulent-to-laminar v iscos i ty  r a t i o  t h a t  i s  proportional t o  

&/2 and one t h a t  i s  proportional t o  z The coeff ic ients  shown f o r  

these two cases are those t h a t  bes t  represented the  data shown i n  f igu re  5. 

Figure 5(a) shows the  comparison of the experimental data with theory f o r  

the three cases, The ordinate i s  the average bromine concentration 

normalized t o  t h e  f i r s t  data point. Figures 5(b) and 5 ( c )  show similar 

comparisons for i n i t i a l  veloci ty  r a t i o s  of 0.97 and 0.83. 

p c  

- 4 2 .  

These r e s u l t s  indicate tha t ,  although an a x i a l  var ia t ion of t he  

turbulent-to-laminar viscosi ty  r a t i o  does fit the data, it i s  not necessary. 

A constant value i s  adequate, i f  not be t t e r .  This i s  i n  accord with the 
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t he  case of a c i rcu lar  j e t  issuing in to  a quiescent environment of the 

same f lu id ;  for  t h i s  s i tua t ion ,  it has been established that the  

kinematic eddy v iscos i ty  i s  indeed constant over t he  en t i r e  f l a w  field.’ 

Figure 6(a)  shows a comparison of the various expressions f o r  t he  

The data  L-- ~uruulent -L . 

points on the  c w ~ e s  from references 3 and 7 indicate the veloci ty  

r a t i o s  a t  which the analysis has been compared with experimental data. 

With the  exception of t he  point a t  a veloci ty  r a t i o  of 2.8 (from ref .  3 ) ,  

the  various expressions are i n  general agreement. This i s  qui te  re- 

markable, i n  view of the differences i n  the  algebraic formulations, and 

the  wide var ia t ions of the experimental conditions upon which they are 

based. The expressions of references 5 and 7 predict  turbulent viscos- 

i t i e s  a t  the j e t  or igin t h a t  a re  quite close; the data of reference 5 

were obtained with an air-bromine system and j e t  Reynolds numbers from 

255 t o  3850, while the da ta  of reference 7 were f o r  a hydrogen-air and 

a C O Z - a i r  system a t  j e t  Reynolds numbers of the  order of 1 million. 

l i m i t s  of -1-25 percent shown indicate the  spread of the  data of r e fe r -  

ence 5. 

sions of references 5 and 7 would not e x i s t  a t  veloci ty  r a t i o s  beyond 

about 3.5. The correlat ion of reference 7 predicts turbulent v i scos i t i e s  

t h a t  a re  considerably i n  excess of those measured i n  reference 5, i f  the  

equation is  applied much beyond the  range i n  which it has been experi- 

mentally verified.  This i s  due t o  the contribution of the momentum flux 

term i n  equation (5),  which contains a squared veloci ty  term. 

viscosi ty  as given by equations (21, (4j,  and (6). 

The 

It i s  of i n t e r e s t  t o  note that the  agreement between t h e  expres- 
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Figure 6(b) shows a similar comparison except t h a t  t h e  v iscos i ty  

r a t i o  of t h e  two streams i s  included, as given by equations (7), ( 8 ) ,  

and ( 9 ) .  The trend i s  t o  move the expressions c loser  together, but  the  

e f fec t  i s  s l i gh t ,  since the v i scos i t i e s  of t h e  gases involved do not 

d i f f e r  greatly.  

The general conclusion suggested by f igure 6 i s  t h a t  t he  modifica- 

t ions  of Prandtl 's  o r ig ina l  formulation t h a t  have been obtained by 

introducing mass and/or momentum fluxes have resul ted i n  expressions 

t h a t  are more d i f f e ren t  i n  algebraic s t ruc ture  than i n  ac tua l  numerical 

f ac t .  

Since considerable e f f o r t  has been devoted t o  cor re la t ing  the  eddy 

v iscos i ty  i n  coaxial  mixing, it i s  per t inent  t o  inquire i n t o  how much 

of t h i s  turbulence i s  ac tua l ly  induced by differences between the two 

streams r e l a t ive  t o  t h a t  which i s  i n i t i a l l y  present. A t  near ly  equal 

stream ve loc i t ies  the  contribution of the  preturbulence should be more 

readi ly  detected. A s e r i e s  of t e s t  runs were made on a bromine j e t  ex- 

hausting into an a i r  stream t o  invest igate  t h i s  e f fec t .  Photographs 

were taken of the bromine stream f o r  a number of flow conditions, both 

with and without honeycomb sections i n  the  two streams. Table 1 sum- 

marizes the conditions investigated.  

Figure 7 shows the  bromine flow f o r  an i n i t i a l  ve loc i ty  r a t i o  of 

1.009, a bromine Reynolds number of 1840, and an a i r  Reynolds number of 

2130. This c l ea r ly  demonstrates t h a t  a t  nearly equal strem ve loc i t ies ,  

a segregated laminar-like flow pat tern ex i s t s  a t  low Reynolds numbers. 

Figure 8 shows the  flow pat tern for a veloci ty  r a t i o  of 0.988, a bromine 



15 

Reynolds number of 3230, and an air Reynolds nuniber of 3660. Here the 

nature of the flow i s  markedly turbulent, though the veloci ty  r a t i o  is  

e s sen t i a l ly  unchanged. 

turbulence can be induced i n  the  coaxial mixing region by increasing the  

stream Reynolds n u b e r s  a t  constant veloci ty  ra t io .  

This shows that ,  f o r  these f l o w  conditions, 

To stu&j the  e f f ec t  of upstream turbulence fur ther ,  these flow 

conditions were repeated with honeycomb f l o w  passages i n  both the air  

stream and the  bromine stream a t  the  inject ion point. 

passage i n  the honeycomb was 1/8 inch i n  diameter and 2 inches i n  length. 

Thus, the  Reynolds number of the  bromine stream was  reduced by a fac tor  

of 8 upon entering the  honeycomb, while the a i r  Reynolds nuuiber was re- 

duced by a fac tor  of 64. 

An individual 

Figure 9 i l l u s t r a t e s  the flow patterns at  the  same l o w  Reynolds 

number (p r io r  t o  the honeycomb sections) conditions as figure 7. 

shows t h a t  the  presence of the honeycombs did not  add any s igni f icant  

degree of turbulence, since a smooth, segregated flow was again obtained. 

Figure 10 shows the nature of the flow when the Reynolds numbers of the  

f l o w  are increased as before. 

of the  turbulence is, qual i ta t ively,  much less. Comparison of figures 

8 and 10, which are f o r  ident ica l  f l o w  conditions except f o r  the honeycombs, 

shows t h a t  the honeycombs do s igni f icant ly  reduce the i n i t i a l  turbulence, 

though they do not eliminate it. 

This 

Here the flow is turbulent, but  t he  level 

t 

To assess the contribution of a stream veloci ty  difference t o  turbu- 

lence r e l a t ive  t o  t ha t  i n i t i a l l y  present, t he  a i r  stream veloci ty  was 

varied w h i l e  keeping the bromine stream constant. Figure 11 again shows 
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the  laminar-like f l o w  pat tern f o r  a ve loc i ty  r a t i o  of 0.987, a bromine 

Reynolds number of 2300, and an a i r  Reynolds number of 2600. Figure 1 2  

shows the  flow pa t te rn  when the  a i r  Reynolds number i s  decreased t o  2240, 

producing a ve loc i ty  r a t i o  of 0.85. There i s  no s igni f icant  change i n  

the  appearance of t he  f low.  Figure 13 i l lustrates  the  flow pa t te rn  when 

the  a i r  f l o w  i s  increased t o  a Reynolds number of 4010 and a ve loc i ty  

r a t i o  of 1.52. Some flow disturbances are apparent, bu t  t he  turbulence 

is  considerably l e s s  severe than t h a t  present a t  a higher Reynolds num- 

ber  and a ve loc i ty  r a t i o  of 0.988. 

These f l o w  s tudies  indicate  t h a t  i n i t i a l  turbulence plays an i m -  

portant par t  i n  the nature of coaxial  mixing of dissimilar gases, and 

a t  nearly equal stream veloc i t ies  can dominate t h e  s i tua t ion .  It i s  

therefore  unl ikely t h a t  expressions which contain only differences of 

stream parameters w i l l  meet with general success and t h a t  addi t ional  

terms w i l l  be required t o  account for t he  addi t ional  sources of turbulence 

present i n  t h e  two  streams., 

CONCLUSIONS 

A comparison has been made of various suggested expressions f o r  t he  

eddy v iscos i ty  i n  a turbulent  coaxial flow system. Some a r b i t r a r y  var ia-  

t ions  of the a x i a l  dependence of eddy v iscos i ty  have been used t o  compare 

theory w i t h  experiment, and an experimental study of t he  e f fec t  of i n i t i a l  

stream turbulence on the mixing region has been conducted. 

of conditions investigated,  the  following conclusions a re  indicated: 

For the  range 

1. An a x i a l  var ia t ion  of eddy v i scos i ty  does not improve the  agree- 

ment of theory with experimental data  t h a t  i s  obtained with a constant 

value. 
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2. Modifications of Prandtl's hypothesis for turbulent shear 

that introduce mass and or momentum fluxes rather than velocities 

flow 

pro- 

duce expressions whose differences are more apparent than real. These 

various expressions predict essentially the same eddy viscosity when com- 

w e d  on a c0xislstei.t t as l s ,  as larig they ~n3.y q p l i e d  w i t h i n  ths 

range of cmditions for which they have been experimentally verified. 

3. The initial turbulence present in the two streams contributes 

significantly to the coaxial mixing process, and can dominate the situa- 

tion for nearly equal stream velocities. The presence of honeycomb 

sections immediately upstream of the injection point can reduce the 

turbulent mixing induced by this preturbulence. 

*,B, c 

b 

C* 

D12 

Re 

r 

5/2 
U 

z 

- z 

E 

PE 

NOMENCLATUIB 

constants 

width of mixing region 

normalized average bromine concentration 

binary diffusion coefficient 

Reynolds number, 2rUp/p 

radial coordinate 

half-radius 

axial velocity component 

axial coordinate 

dimensfonless axial distance, z/rj 

eddy diffusivity 

eddy viscosity 
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p viscosi ty  

p d-ensity 

Subscripts : 

centerline 

e external 

j j e t  
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Figure 1. - Schematic drawing of air-bromine system 
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Figure 3. - Model of coaxial flow system. 
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Figure 4. - Variations of pdp used in data comparison for U$U, = 1.25, Rej = 870, Ree = 1720. 
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(a) U$U, = 1.25, Re, = 87Q Ree = 1720. 

Figure 5. - Comparison of data and analysis. 
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Figure 5. - Continued. Comparison of data and analysis. 



.21 1 
0 4 8 12 16 20 24 28 32 36 

Axial distance, number of inner  stream radii, Z 

(c) Ue/Uj = 0.83, Rej = 10% Re, = 1350. 

Figure 5. - Concluded. Comparison of data and analysis. 
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Figure 6. - Comparison of turbulent  viscosity formulations 
ai jet origin. 



Figure 7. - FIw pattern f9r U$U, = 1.009; 
Rej - 184); and Ree = 2130. 

Figure?. - !!OM @?ern  !or U,!!Jj = :.OX; 
Re,  = 1840; and Ree = 2130. 

. 

Figure 8. - Flow pattern fw Ue/Uj = 0.958; 
Re, = 3230; and Ree = 3660. 1 

Figi i re io. - i !m pattern for keL!; = 0.988; 
R p j  - 32%; and Ree = 3650. 



Figure 11. - Flow pattern for U /U. = 0.987; 
e l  

Rej = 2Mo; and Ree = 2600. 
Figure 12. - Flow pattern for U /U. = 0.85; e l  

Re. = 2300; and Ree = 2240. J 
' I  

Figure 13. - Flow pattern for Ue/Uj - 1.52; 
Rej - 2300; and Re, = 4010. 
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