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We present the results of  an experimental  mvestIgatmn of  the local charactert.vtics of  f low m an axixymmetr ic  

impact jet. 

The high intensi ty  of heat and mass exchange processes when jets strike a surface de te rmines  their  wide 

applicat ion in various branches  of engineering.  In a number  of cases, the use of jets allows one to increase the 

efficiency of cooling or heat ing by a factor of 3 - 5  compared with immersion in an axial flow. This fact and  the 

comparat ively  small  energy expendi tures  for jets have s t imulated a great amount  of research to advance the under -  

s tanding  of the mechanisms under ly ing  the enhancement  of the processes of t ransfer  when jets strike on a bar r ie r  

[1-3 ]. There  is an extensive l i terature  concerning the laws governing heat and mass exchange in the ne ighborhood 

of the s tagnat ion  point. In a number  of works it has been found that the maximum enhancement  of t ransfer  

processes at the s tagnat ion point was achieved at a distance of the wall from the nozzle H equal to 6 - 8  nozzle 

d iameters  d [4-7 1. At the same lime, the explanat ions  of this phenomenon in the l i terature  are very contradic tory.  

In [4] the maximum of the Nussel l  number  Nu at the s tagnat ion point is a t t r ibuted  to the superposi t ion of two 

opposite tendencies  in the development  of a jet: the onset of axial velocity decay at x / d  = 5 - 6  and the increase in 

the in tens i ty  of turbulence  on the jet axis.  On the other  hand,  in [8 ] the heat and  mass exchange enhancement  

at the s tagnat ion  point at H / d  = 6 - 8  is a t t r ibu ted  to a periodic renewal of the surface by large-scale  vortical 

s t ructures .  

In spite of a comprehens ive  bibl iography,  many of the questions associated with the s t ructure  of flow near  

a wall in a g rad ien t  flow region remain unexamined .  In par t icular ,  such an important  physical  quant i ty  as shea r  

s tress  on the wall was cons idered  only in rare publications.  In [9] measurements  were made by Pres ton surface 

tubes; baffle plate fi t t ings were employed by Yudaev in [3 ], heat sensors were used in [10, 11 1, and  an electric 

diffusion method was appl ied  by Kataoka et al. in [8, 12 1. None of the procedures  used earl ier  allowed measuremen t  

of shea r  s tress  in the ne ighborhood of the s tagnat ion point or est imation of the level of friction fluctuations,  since 

large-s ize  s ing le -component  t ransducers  were used. 

The  present  work is concerned with exper imenta l  investigation of the character is t ics  of flow in the grad ien t  

region of a submerged  ax i symmet r ic  impact jet. 

The  flow scheme is presented  in Fig. la.  The  working section is a part of a closed hyd rodynamic  loop. It 

consists  of a nozzle unit 1 with changeable  fitt ings 2 and a bar r ie r  3 located normal ly  to the nozzle axis.  The  bar r i e r  

is e i ther  a disk  with friction and pressure  t ransducers  located on it or an ad jus tab le  rectangular  plate; it is f ixed 

along the coord ina te  r with an accuracy of 0.1 ram. The working fluid is del ivered by a centrifugal pump 4, the 

fluid flow rate is control led  by a system of float rotameters  5. 

To de t e rmine  the hyd rodynamic  character is t ics ,  an electrodiffusion method was applied in which the rate  

of e lectrochemical  react ion occurr ing in the ca thode ( t r a n s d u c e r ) - e l e c t r o l y t e - a n o d e  sys tem was measured  [13, 

14 ]. With a dc voltage between the cathode and anode,  a current  appears  in the circuit whose magni tude  in the 

diffusional  regime is associa ted  with a certain hydrodynamic  quanti ty,  depending  on the design of the t ransducer .  
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Fig. I. Schematic diagram of exper imental  setup (a) and construct ion of the 

t ransducers  of shear  stress on the wall (b). 

To measure  fluid velocity, we used two types of t ransducers  in the present work. The first is a "s tagnat ion 

point" t ransducer ,  which is a thin plat inum wire 4 0 -  50/era in d iamete r  sealed in a glass capi l lary.  The  sensit ive 

e lement  of this t ransducer  is the polished end face of the plat inum wire directed opposi te  to the flow. The  outer  

d iamete r  of the t ransducer  does not exceed 7 0 - 8 0 / J m .  The t ransducer  of the second type has a sensi t ive e lement  

in the form of a rec tangular  pla t inum plate of .50 x 600 l~m. The pla te-e lec t rode is mounted flush with the side 

surface of a glass wedge at a d is tance  of about 1.,5 mil l imeters  from its edge [13-15 ]. 

The  t ransducers  of the shear  s tress  on the wall have the shape and dimensions  shown in Fig. I b. A plat inum 

wire or plate is sealed in a glass tube, which is then glued into the wall and ground flush with the surface.  

Calculat ion of the mass t ransfer  to the electrode in the vicinity of the s tagnat ion point for each of the 

designs of velocity t ransducers  establ ishes a correlat ion between the t ransducer  current  Z in the diffusional  regime 

and the flow velocity u: i = cu 1~'2. For the t ransducers  of shear  stress r, assuming a l inear  velocity profile near  the 

wall, the relat ion has the form: , = ai 3, where the coefficients c and a depend on the size of the t ransducer ,  ,the 

shape of its nose, the viscosity and diffusion coefficients, and the number  of ions par t ic ipat ing in the react ion and 

their  concentrat ion in the solution. With microelectrodes,  it is very difficult to apply design formulas,  because of 

the large error  in de te rmin ing  their  d imensions  and shape factor; therefore,  a relative version of an electrodiffusion 

method was used. The velocity t ransducers  were cal ibrated by the shock velocity profile at the tip of a well-profi led 

nozzle. 

The  shear  stress t ransducers  were cal ibrated by two independent  techniques. The  first consis ted in the use 

of an exact solution for a laminar  spatial  flow in the neighborhood of the stagna{ion point. In this case the t r ansducer  

was located in the region of l inear  variat ion of friction. The second technique was based on the solution of a 

momentum equation for a l aminar  ax isymmetr ic  boundary  layer  using for closure the measured  d is t r ibu t ions  of 

static pressure ,  which, s tar t ing from H / d =  5, were approximated  by the se l f -s imilar  relat ion 

P/Po = [1 + 0.757 (r/bo.5) 2]-4 , 

where b0.s is the half-width of the pressure  profile. In this case, cal ibrat ion was performed at the point of maximum 

friction; this cor responded  to a dis tance of (0.7-0.8)r/d from the s tagnat ion point. 

A fundamenta l  feature  of the present  work was the use of a double electrochemical  t r ansduce r  to measure  

the average and fluctuating values of friction. Such a t ransducer  allows one at each t ime ins tant  to measure  the 
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friction vector, i.e., its absolu te  value and direction.  The  t ransducer  is made  of two pla t inum plates of 30 x 250 

/am sea led  in a glass envelope at a d is tance  of 1 5 - 2 0 / ~ m  from each o ther  (Fig. lb) .  The  principle of its opera t ion  

is as follows. If fluid moves in the O 'O"  direct ion,  then electrode II turns out to be in the diffusion wake of e lec t rode  

I, which is dep le ted  of active ions, and the current  in its circuit will be smal ler  than in the circuit of the first 

electrode.  In this case, the amplif icat ion factors of the electrodiffusion t ransducers  are set first so that the levels of 

the s ignals  from both e lect rodes  with independent  switching are  identical .  An electronic circuit compares  the s ignals  

from the t r a n s d u c e r s  and  sends  to the output  a s ignal  from the first e lec t rode  a long the s t ream with the  

corresponding sign. Therea f te r ,  this a l te rnat ing-s ign  signal is processed by a personal  computer.  

However,  the double  electrochemical  friction t ransducer ,  suggested for the first lime in [16, 17 1, had a 

l imited appl icat ion for measurement s  in complex flows. One of the main reasons is the difficulty of producing two 

identical e lect rodes  sepa ra t ed  by a very narrow gap (smaller  than 20 t~m). Another  reason is associated with the 

complexi ty  of ana lys is  of the signal from such a t ransducer  in :.in a l te rnat ing-s ign  flow. 

Measurements  of the average static pressure wcrc made using samplers  on a movable wall with recording 

by a s t anda rd  "Sapfir" t ransducer .  

To diagnose  pressure  fluctuations,  piezoceram~c t ransformers  ' , 'ere used [15 ]. As a scnsil ive element ,  a 

ZTP-19  piezoelectric ceramic was used in the form of a cy l inder  15 mm long and 1.5 mm in diamcter .  The d iamete r  

of the receiving surface of the t ransducer  was about 1 mm. For ampl i tude-f requency cal ibrat ion of the piezoelectric 

t ransducer ,  a device with a breaking  d iaphragm was employed thai made it possible to obtain an input signal in 

the form of a s tep function. In this case the ampl i tude-f requency character is t ic  was calculated from the relat ion 

H (co) = f U (t) exp (.trot) d t / / f  S (t) exp (iwt) dr, 
o o 

where U(t) is the response  of the t ransducer  to the input step function S(t). 
Cor respond ing ly ,  the correct ion of the output signal of the t ransducer  could be made according to the 

formula 

1 oo 

Q ( t )  = ~ -  f H ( w ) ~ ( c o ) e x p ( -  ~ t )  d w ,  

where Q(t) is the response  of the meter  to a real input signal,  <l~tco) are  the Fourier  components  of the input signal.  

The  genera l ly  adopted  scheme of flow of an impact jet presupposes the a rb i t ra ry  division of the flow into 

three main regions {Fig. l a ) :  I, a region of a free turbulent  jet; III, a region of jet wall flow; and II, a t ransi t ion 

(gradient)  region. All the relat ions for free and wall jets remain valid in the first and third regions,  respectively.  

The  grad ien t  flow region is of main interest  for investigating physical  character is t ics  due to a nonmonotonic change 

in the flow pa ramete r s  and to a cons iderable  enhancement  of heat and mass exchange processes. 

In conformity  with the l i terature  data ,  the flow development  in the gradient  and wall zones is influenced 

by the free turbulen t  jet pa rame te r s  in region I. Therefore ,  we conducted  measurements  of the average and  

f luctuat ional  components  of the longi tudinal  velocity components  in a jet flowing out of nozzles of different  shapes  

in the range of d is tances  from the nozzle tip 2 _< x / d  < 10. This  range embraces  the initial,  t ransi t ion,  and  the 

main port ions of flow of the free turbulent  jet. It is found that the dis t r ibut ions  of both the average and f lucluat ional  

velocities are  a lmost  identical  for different  well-profi led contract ing nozzles. At small d is tances  from the nozzle tip 

we observed a dis t inct  potent ial  core with a low level of fluctuations. The  dis t r ibut ions  of the f luctuat ional  velocity 

across the jet have a local min imum on the axis and a maximum on the jet boundary .  As the d is tance  x increases ,  

the profile of the longi tudina l  f luctuat ional  velocity levels out, and  the maximum shifts g radual ly  toward the flow 

axis.  The  averaged  velocity profiles become sel f -s imilar  s tar t ing with x / d  > 5 - 6 .  Nozzles with a b i radia l  gene ra t r ix  

(Vi toshinsky profi le) ,  an elliptic convex generat r ix ,  or conical shape with reduction to a cyl indr ical  shape  near  the 

outlet  edge are  wel l -prof i led  nozzles. 
When a jet flows out of a poorly profiled nozzles (a cyl indr ical  nozzle or a confuser  nozzle with imi ta t ion  

of d i f ferent  degrees  of wear) se l f -s imi lar i ty  appears  in the d is t r ibut ions  of velocity a l r eady  at x / d  = 3. In this case 
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Fig. 2. Dist r ibut ions of average and fluctuational  values of friction on wall, 

H / d  = 3: 1-4) d = 4.2 mm; 57 d = 8 ram; 17 Re = 8800; 2) 20,000; 3) 

25,000; 4) 40,000, 5) 52,000. 

Fig. 3. Distributions of friction factor and root-mean-square fluctuations of 

friction on wall, Re = 41,600, d = 10 ram: 1) H / d =  2; 2) 4; 3) 6; 4) 8. 

the level of velocity fluctuations turns out to be much higher, and its minimum on the flow axis is not distinct. 

Away from the nozzle tip an increased degree of liquid ejection is observed, as indicated by a large angle of jet 

expansion. For a cylindrical nozzle, the law of jet expansion has the form r / x  ~ 0.17 while for well profiled nozzles 

all the data are satisfactorily generalized by the well-known relation [1 ] r / x  = 0.097. 

The results obtained confirm the conclusion that the influence of initial conditions on the hydrodynamic 

character is t ics  of submerged  jets flowing out of well-profi led nozzles can be apprec ib le  only in the ini t ial  region. 

An exception occurs in cases of s trong flow turbulizat ion [18 ] or an acoustic effect on the jet.  

Shear  s t resses  on the bar r ie r  for an axisymmetr ic  jet were measured  in a wide range of Reyno lds  numbers  

Re (8.103 < Re < 7.5- 104). We used well-profi led nozzles with a biradial  genera t r ix  and outlet  d i ame te r  equal to 

d = 4.2, 5.5, 8, and 10 mm. The  average velocity profile at the nozzle outlet was close to the shock profile with a 

nonuniformity  degree  not exceeding urn/uo = 1.02; the turbulence level did not exceed Turn = 0 .005 -0 .007 .  

The dis t r ibut ions  of shea r  stresses and their f luctuations along the bar r ie r  as functions of the Reynolds  

number  of the jet are  presented  in Fig. 2 for H / d  = 3. This corresponds  to the case when the plane of the bar r ie r  

is located in the initial region of the jet. In the neighborhood of the s tagnat ion point we observe a l inear  increase 

in friction. At r / d  ~ 0 . 7 5 - 0 . 8  its value at tains  a maximum and then decreases  with an increase  in r. However,  the 

change in friction in this region depends  on the Reynolds  number  of the impinging jet. AI low Re numbers  the 

decrease  in friction is monotonic,  while the maximum of the fluctuations of friction coincides with the maximum of 

mean friction. As Re increases  (in the present  work its values were varied by regulat ing the jet d ischarge  velocity 

and using nozzles of different  d iameters)  the monotonici ty in the friction decrease  along the ba r r i e r  is violated, 

and  a second local maximum appears .  Its magni tude  increases,  and  when Re >_ ( 4 - 5 ) .  104 the d is t r ibu t ions  of the 

average shear  s t ress  on the wall become self -s imilar  with respect  to the Reynolds  number .  As Re increases,  the 

maximum of friction f luctuations moves away from the s tagnat ion point, and  its posit ion vir tual ly  coincides with 

the position of the second maximum of friction. 

The  evolution of the d is t r ibut ions  of the friction factor C[= ~/(pu~)/2) and of the level of friction f luctuations 

as functions of the d is tance  between the nozzle tip and the plate are  shown in Fig. 3. As H / d  increases  from 2 to 

10, the charac te r  of the change in friction along the bar r ie r  changes:  s tar t ing from H / d  = 6 the doub le -humped  
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Fig. 4. Fluctuat ions of friction and pressure on barr ier ,  d = 4.2 ram, Rc = 

25,000: a) H/c l  = 3; b) H / c / =  10. 

structure disappears, The distributions of the root-mean-square fluctuations of friction also change their form 

depending  on the dis tance H. At H / d  = 6 and higher,  there is a maximum of fluctuations near the s tagnat ion point; 

at H / d  = 8 its value a t ta ins  50% of the maximum value of friction. Away from the stagnation point the level of 

f luctuations decreases  monotonical ly .  Similar i ty  between the profiles of the average and fluctuational values of 

friction for H / d  > 6 is observed over the ent ire  range of Reynolds  numbers  investigated.  

The  change in the maximum values of the friction factor on the barr ier  depending  on the Reynolds  number  

is approx imated  with good accuracy by the power law C/,,z = A ( H / d ) .  Re -n,  where the exponent  n for H i d  > 6 lies 

within the range of 0 . 4 - 0 . 4 5 ,  but for small  values of H, when the level of turbulence in the ne ighborhood of the 

s tagnat ion point is low, it approaches  0..5. This  corresponds  exact ly to the value figuring in the theoret ical  model 

based on the momentum equat ion for an ax isymmetr ic  laminar  boundary  layer and  confirms the equivalence of the 

two techniques used for ca l ibra t ing  the friction t ransducers .  We note, however, thal  the power-law relat ion for the 

max imum friction factor at small  d i s tances  between the nozzle and  the bar r ie r  is valid only in the range of 

sufficiently high Reyno lds  numbers ,  i.e., in the sel f -s imilar i ty  region. When Re < 3.104 and H / d <  .5, the change 

in C/m has a nonmonolonic  character .  

For small  values of H / d ,  a second maximum was a l r eady  observed in the dis t r ibut ions of friction 12, 11, 

12] and  of heat  and  mass t ransfe r  coefficients [4, 20, 21 ]. Some authors  explain its appearance  bv the t ransi t ion 

of flow in the bounda ry  layer  on the bar r ie r  from a laminar  to a turbulent  regime. However, as follows from Fig. 

2, in the region of regime nonse l f -s imi la r i ty  the position of the second friction maximum and of the maximum of 

f luctuations on an increase  in the Reynolds  number  does not change,  but according to [4 ] the maximum of heat  

t ransfer  shifts downst ream.  If the reason for such nonmonotonic i ly  in the dis t r ibut ions  is the l aminar - tu rbu len t  

t ransi t ion,  the shift of both maxima with an increase in Re should occur in the direction of the s tagnat ion point. 
A s imi lar  picture of the change in the surface friction factor is observed in turbulent  boundary  layers  under  

condi t ions of the t ransi t ion from a negative to a positive pressure  gradient  [22 I- In the present  case a s imi lar  

s i tuat ion is observed.  Precision measurements  of static pressure on the barr ier  showed that at r / d  = 1 .4 -  1.5 the 

monotonic decrease  of pressure  with dis tance from the s tagnat ion point is replaced by its insignificant increase,  

and at the point r / d =  1.7 a local maximum appears  in the dis t r ibut ion of pressure.  Its value comes to only 3% of 

the max imum value of p ressu re  at the s t agna t ion  point.  The  min imum pressure  preceding this max imum is 

approx ima te ly  equal to 0.025P0. 

The  d is t r ibu t ions  of the roo t -mean-square  pressure  f luctuations are s imilar  to the d is t r ibu t ions  of friction 

f luctuat ions (Fig. 4). For small  values of H we also observe a maximum at r / d  =- 1.7 (Fig. 4a); for l q / d  >6 the 

level of pressure  f luctuat ions decreases  monotonical ly with an increase  in the d is tance  from the s tagna t ion  point 

(Fig. 4b).  The  charac te r  of these dependences ,  as well as the presence of dist inct  maxima  in the d i s t r ibu t ions  of 

the spectra l  dens i ty  of friction f luctuat ions ob ta ined  by the electrodiffusion method,  confirms the hypothes i s  about  
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Fig. 5. Distr ibutions of average and fluctualionaI values of friction on wall in 

vicinity of s tagnat ion point, d = 10 ram, Re = 41,600: a) H :d  = 2; b) H / d  = 

5. 

the de te rmin ing  effect of quasiperiodic coherent  structures on flow 16, 23 l. According to an approach intensely 

developed in recent years ,  large-scale eddy structures make the main contr ibution to the enhancement  of t ransfer  

processes. The smal l -ampl i tude  waves of vorlicity formed near  the edges of the nozzle due to shear  ins tabi l i ty  move 

far ther  downst ream,  grow, and are  a r ranged  in pairs. In a number  of cases, the mechanisms of paired and of 

so-cal led collective interact ion 1231 caused by acoustic or hydrodynamic  feedback explain the major i ty  of the 

features of flow in impact jets. 

Thus,  the t ransi t ion to highly turbulent  flow on a barr ier  at r / d  = 1.7 seems to be caused not by the 

development  of instabi l i t ies  formed in the boundary  layer  but by the interact ion of la rge-scale  s t ructures  with the 

plane. At the same time the smooth change in the hydrodynamic  character is t ics  of flow at large values of H is 

expla ined by the d is in tegra t ion of coherent  vortices in the zone of the main portion of the jet.  

The  use of double electrochemical  friction t ransducers  made it possible to car ry  out measurements  in the 

immedia te  vicinity of the s tagnat ion point and to fix exper imenta l ly  the point with a zero value of friction. The 

electrodiffusion method has certain l imitat ions,  in that in the case of small values of friction on a wall (r -+ O) it is 

necessary ,  when solving the diffusion equation, to take into account the quadrat ic  term in the expansion of velocity 

near  the wall: 

t d P  2 
t d  . =  - -  y + - -  - -  i /  , 

u + 2!+ d x  ~ 

which is de te rmined  by the ins tantaneous  value of the longitudinal  pressure  gradient .  This cons iderab ly  complicates 

the calculation of the dependence  for the mass transfer  coefficient. But actually the s i tuat ion is such that in the 

overwhelming major i ty  of types of flow there is a nonsta t ionary  separat ion or a t tachment  of flow, when the friction 

is equal to zero only on the average but at each time instant it has a finite value with a positive or  negative sign. 

This relates equally to the s tagnat ion point of an impact jet, where even at relatively small Reyno lds  numbers  and 

dis tances  H the ins tantaneous  friction modulus has a finite value. In all of the previous invest igat ions,  friction was 

measured  by s ingle-component  t ransducers ;  this led inevitably to an error  in the de te rmina t ion  of its value in the 

vicinity of the s tagnat ion point. The  error  increased with an increase in H, as well as in the absolute  level of the 

a l te rna t ing-s ign  fluctuations of flow. 

The  mean and fluctuational values of friction measured  by a double electrodiffusion t r ansduce r  in the 

vicinity of the s tagnat ion point a re  presented  in Fig. 5 for different  values of H. The  measur ing  sys tem made  it 
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Fig. 6. Coefficient of reverse flows in vicinity of s tagnat ion point, d = 10 m s ,  

Re = 41,600: I) H / d  = 2; 2) 6; 3) 8. 

possible to record the value of friction with its sign at each time instant .  The signals were averaged separa te ly  for 

each sign. The  mean value of friction was de te rmined  in this case bv the simple addi t ion  of components .  Using this 

procedure,  we also obta ined  dependences  for the so-called coefficient of reverse flow 7, which is the ratio of the 

times of exis tence of forward and reverse flows. The  dis t r ibut ions  of the coefficient / in the vicinitv of the s tagnat ion 

point of an ax isymmetr ic  impact jet are given in Fig. 6. The dependences  have a character is t ic  form with a sharp  

vertex and a smooth change with an increase in r. The d imensions  of the region of reverse flows change sharp ly  

with an increase in H: from fractions of a mil l imeter  al H / d =  2 to several mil l imeters  at H / d =  8. Analys is  of the 

dependences  for the coefficient ? made  it possible to general ize  the data  on the following basis. It was found that 

the half-width of the region of reverse flows in the vicinity of the s tagnat ion point correlates  ra ther  well with only 

one parameter ,  i.e., with the absolute  level of turbulent  f luctuations of friction. On this basis,  we ana lyzed  the 

dependences  for the rat io of these quanti t ies.  The  complex obta ined  remains constant  on two different  levels 

cor responding  to the cases in which the jet impinges on the bar r ie r  within the limits of its initial (2 < H / d <  41 

and main ( H / d >  5) portions.  

Thus ,  in the present  work for the first time we carr ied out sys temat ic  invest igat ions of the fields of average 

and f luctuating velocity components ,  shea r  s t ress ,  and  pressure  on the wall for of an ax i symmet r i c  immersed  jet. 

We de te rmined  the regime and geometr ic  ranges of se l f -s imilar i ty  in the d is t r ibut ions  of h y d r o d y n a m i c  parameters .  

A weak effect of the condi t ions of jet outflow on the hyd rodynamic  character is t ics  of flow for well shaped  converging 

nozzles is shown. For the first t ime the values of friction on the ba r r i e r  in the immedia te  vicinity of the s tagnat ion 

point were measured  and the regions of the existence of a l t e rna t ing-s ign  flow near  the wall were de te rmined .  

N O T A T I O N  

i, diffusion current ,  A; u, local velocity of fluid, m/see ;  u 0' mean flow rate of fluid at the nozzle outlet ,  

m/see ;  U,n, maximum velocity of fluid at the nozzle outlet,  m/see ;  r, local shear  s tress  on the wall, Pa; r ' ,  level of 

roo t -mean-squa re  f luctuat ions of friction on the wall, Pa; H, d is tance  from the nozzle tip to the bar r ie r ,  m; d, nozzle 

d iameter ,  m; P, static pressure  on the wall, Pa; P' ,  level of roo t -mean-square  f luctuations of pressure  on the wall, 

Pa; x, longi tudinal  coordina te  along the nozzle axis,  m; r, radial  coordinate  along the bar r ie r ,  m: y, t ransverse  

coord ina te  in the bounda ry  layer  on the barr ier ,  m; be 5, half -width  of the pressure  profile,  m; Re = uod/v, where 

v is the coefficient of kinematic  viscosity,  me/see; /L,  coefficient of dynamic  viscosity, k g / m . s e c ;  p,  dens i ty  of fluid, 
/ ,  2 / '1" ,  kg/m3;  Turn= u'/u o, degree  of turbulence at the nozzle outlet;  C/ r/(pu~/2), friction factor; C/m=rmlbout),z), 

maximum friction factor on the barr ier ;  y = [ t ( + ) / t ( - ) ] s i g n  r coefficient of reverse flows; 1(+), t ( - } ,  t imes of 

exis tence of forward and reverse flows. 
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