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1. The tests were conducted using a setup which permitted study- 
ing the spreading of an air jet over a disc of 400-mm diameter. The 
jet impacted on the disc at angles of 30, 45, 60, and 90*, and the 
distance / from the nozzle exit to the disc along the jet axis was 35 
and 100 mm for a nozzle radius R 0 = 6 mm.  Thus, the flow studied 
corresponded to impact of a jet with a deflector both in its initial 
segment (/~ = I/R 0 = 7) and in the primary segment (t* = 20). A system 

of traversing probes permitted determination of the velocity head 
field along any direction on the plane of the disc and traversal of 
this field along the vertical (the disc was placed horizontally). The 
total head probe positioning accuracy was 0.6 mm. The air flowrate 
was established with the aid of a Calibrated orifice with an accuracy 
of 2-8%. The air velocity at the nozzle exit was not varied during 
the tests and was 103 m/see.  The velocity head fields were determined 

from the indications of an alcohol micromanometer with an accuracy 
of 0.2 mm H20. Pressure taps were located every 5 mm along the 
radius of the disc for measuring the static pressure. The velocity head 
fields were measured on radii making angles @ = 0, 45, 90, 135, and 
180" with the projection of the jet axis on the disc. These radii were 

drawn from the point of intersection O~ on the jet axis with the plane 

of the disc. 
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Fig. 1. Distribution of relative velocity u" along 
jet thickness, a) 0 = 90 ~ I ~ = 7; b) 0 = 46% 1 ~ = 
= 7, ~ = 0 ~ 1) Schlichting profile; 2) same with 
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where b,(~) and r , ( f )  are the initial values of the jet thickness and 
the radius. Here we have made use of the fact that the relation z0. 5 = 
z (0 .44-0 .5)b  obtains for the velocity profile presented above as a 
function of the boundary layer thickness. Measurements showed that 
the boundary layer thickness (distance from the disc surface to the 
point where the velocity is maximat) was 5-10% of the jet thickness 
in the tests conducted. 

The distribution of the maximal veloeities in the plane of the disc 
(Fig. 3) was constructed from the measurement results. We see that the 
shape of the isotaehs does not differ greatly from circular with approach 
to the point O~b. Figure 4 shows the data characterizing the decrease 
of the maximal velocity u~n with increasing distance from the impact 

region. 
9.. The experimental data obtained formed the basis for a flow 

pattern which made it possible to carry out its approximate caleula- 
fion. Figure 8 shows a schematic picture of jet spreading which was 
used as a basis for the calculation. We shall list the salient features 
of the flow model used for the ealeularion. The basic assumption, 
which is to some degree confirmed by the data of Fig. 8, is that after 
rotation of the jet the flow is realized in the form which would have 
taken place with discharge from a cylindrical circular source of vari- 
able height b . .  The center O~o of this source is shifted by the amount 
/x (see Fig. 5) relative to the point O~ of intersection of the jet axis 
and the plane of the deflector. The velocity at the exit from the 
source is constant and equal to urn, .  The discharge takes place in 
the direction of the radii drawn from O (this is confirmed by the mea-  

surement data). 
The static pressure measurements showed that near the deflection 

zone (outside the source) it differs from the atmospheric pressure by 
no more than 2-3~ of the maximal velocity head at the corresponding 
point of the disc; with further removal from O~ it approaches atmo- 
spheric pressure, This circumstance makes it possible to assume that 

the jet remains isobaric as it spreads over the deflector. 

The results of the measurement of the velocity distribution along 
the vertical at various points of the disc are shown in Fig. t .  We can 
see that the relative velocity profiles in the coordinates u*, z* are 
similar. As the characteristic scales for the vetocity and length in 
the expressions u* -= u/u m and z* -= z/z0. s we have used the maximal 
velocity u m at the given point of the disc and the half-thickness z0.s 
of the jet, corresponding to the distance along the vertical from the 

disc surface to the point at which u = 0.5 u m- 
Figure 1 shows that the velocity profile is described well by the 

Schlichting formula 

_ Z - - ~  .~  : :  ( 1 - -  ~t~)~ for z ~ 6 ,  ~ - b - - 6 "  

~ = (zf6) 1;r' for z ~ 6 

Here 6 is the boundary layer thickness, b is the jet thickness (n was 

not determined in the experiments, but from the data of [4] for semi- 

bounded jets n ~ 10). 
Figure 2 shows the dependence of  the quantity z0. s on the radius r, 

the distance from the point O~, for various impact angtes e.  On the 
basis of the Schlichring velocity profile (with account for the boundary 
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Fig. 2. Variation of jet half-thickness z0. s with 
increased distance from the turning zone: a) O = 
=90";  b) e = 6 0 %  l ~  c) 0 = 4 5  ~ l ~  
Vertical line with shading corresponds to r = r , .  
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Fig. 4. Decay of maximal velocity u m with distance from the turning zone. 
a) 0 = 90o; b) 0 =60 ~ I~  I~  c) @ =45 ~ F = 7 ;  d) @ = 30 ~ /~ = 20. 

In line with the experimental data, we can assume that the upper 
base of the eylXndrieal source is a plane which forms an angle with the 
plane of the deflector, in this case the height of the generating lines 
of the annular source as a Tunction of the direction of spreading is ex- 

pressed by the relation 

b. = A + B eosq~. (2.1) 

The angle ~0 differs from the angle $ by the amount ~, which de- 
pends on $ (Fig. 5). 

To determine the flow at the outlet of the source it is necessary to 
find the three geometric parameters A, B, and A, which depend on 
the angle e of incidence of the jet on the plane of the deflector, the 
shape of the longitudinal velocity profile in the free jet ahead of the 
turning zone, and the single kinematic parameter urn, , which depends 
on the magnitude and distribution of the velocity w at the entrance to 
the annular source. The jet parameters directly ahead of the turning 
zone, which may be identified approximately with the annular source, 
are determined by the known laws for a turbuIent jet [5]. This is justi- 
fied by the fact that the presence of the deflector does net have a sig- 
nificant influence on the flow in the jet up to the turning zone itseIf 
[z]. 

3. To determine the magnitude of the maximal velocity at the 
exit from the annular source we assume that the tote1 flowrate and the 
stream kinetic energy are conserved in the turning process, i . e . ,  

b, 

I f u c o s e d z d t =  lwrds ,  
f, 0 s. 

b, 

S S uacossdzdt-~ Sw3rds. (3.1) 
1 .0  s~ 

Here ~ is the angle between the radii-vectors r and p, drawn in 
the plane of the deflector respectively from the points O~ and Oq (see 
Fig. 5); t .  is the boundary of the base of the annular source; b,  is the 
height of the cylinder generators; z is the coordinate axis normal to 
the deflector plane; so is the cross-sectional area of the jet at the en-  

trance to the turning zone. Assuming that the velocity profiles are 
independent of ~0 i . e . ,  

u. (z ~ = u.~. /(z~ z ~ = z/b., w.(R ~ = w,n./dR~ B ~ = TUB., (3.2) 

we transform relation (3.1) to the form 

1 1 

f ] ( z ~  f b ' u m . e ~  = ~ R  2. i ]  o ( R  ~  o w m . d R :  
0 t ,  0 

i ~(z~176 f b.um.acosedt=~R.~ f ,aa(R~ ) R~ ~ . ( 3 . 3 )  
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Fig. 3, Lines of constant maximal velocities 
for 0 = 45" and Z ~ = 20, 

Here R is the radial distance from the axis of the free jet to an 
arbitrary point; R, is the boundary radius of the free jet ahead of the 
turning zone; win* is the maximal velocity (on the axis) in the jet 
ahead of the turning zone; and Urn, is the maximal velocity at the 
exit from the annular source (independent of q). Solving (3.3), we 
obtain 

% :  = uwm., (3.4) 

1 1 
o o 1/~ (I,0 <Ro RodRo It<: 

o o 

• (i I '. 
o 0 

(in the case of the Schliehting profite c~ = 0. 778) 

(3.5) 

To find the parameters A and B in (2.1) we make use of the condi- 
tions of conservation of mass flowrate and the projection of the momen-  
tum on the deflector pIane. Using (2.1), (3.2), and (8.5), these con- 

ditions may be written in the form 

1 so 2p (,,t § B cos (p) cos[~ d~ ----- ~ -  3, 
0 

2p I (,t + B oo~ ~) oo~ e ~o~, ~ = ~ - : .  
0 

(3.6) 
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Fig. 5. Jet spreading pattern. 

Here the following notations are introduced in addition m the 
radius p of  the  annular source: k = cos O, 

o 

1 1 

(i "( '~ (i 
0 o 

Taking account of the geometric rotation pattern, we can write 
the relation 

rp  9 +  Acostp 
cos s = !r b t ~ } ' or cos e := Y p~ + 2pA cos tp + A a " (8.7) 

Using the resulting relations and neglect ing the  variation of cos s 
in comparison with the variation of cos r we can obtain the mass 

flowrate and momentum equations in the form 

A (to + A~ + B (Ix + a ~  = ~-~  $, 

s o ~  o [  _ _ _ _  A ( [ 1 - 7 -  A~ + B (lz + A t) - -  2paz �9 

Here the following notations are used: 

h ~* cos* q9 dip 
. . . . . . .  t~= .~  ( i = 0 ,  l, 2.). 

A -- p , ~ t / l + 2 ~ O c o s q ~ + A O ~  

(3.8) 

Calculat ions show that  

s0~ (A~ < 0.6) (3.9) A = A~ (o < A" < A _  

This  result indicates that the  average height  of  the turning zone 
is practical ly independent of  the angle at which the jet impinges on 

the deflector.  
In order to find the fourth unknown quantity A*, the system of con-  

servation equations must be closed by still another relation.  In ca lcu-  
lating the turning of an ideal fluid jet [6], the assumption is made that 
mass flowrate is conserved in an angniar e lement  before and after the 
turning zone.  A similar assumption, only in integral  form, may  be 
made  in the  present case.  Figure 6 shows the cross section of the jet 
ahead of  the turning zone and the base of the cylinder of  the annular 
source. Drawing in the plane of the cylinder base through Of the line 
a - a perpendicular to the x axis, we divide the fluid stream into two 
parts: all the fluid located to the right of a - a will move  to the right, 
and all  the  fluid to the  le f t  of  this ltue wilI move to the left .  In the 
cross section so of  the  jet at some distance A '  from the jet axis we can  
also draw the line a '  - a '  perpendicular to the x axis, concerning 
which, we can say the  same as for the line a - a; the  fluid to the  left 
of  a '  - a '  moves to the left after turning, while the fluid to the right 
o f a '  - a '  moves to the right.  Let us assume, by analogy with the ideal  

fluid theory, that the distances A and A' are proportional to the radii 
of the corresponding circles 

A' A 
. . . .  A o-. (8.1o) B ,  p-- 

This relation closes the system. 
On the basis of  the flow pattern assumed, we can write the mass 

balance equation. With account for the second of relations (3.9) and 
(8.10), and also neglecting the variation of cos ~, the condition of 
equality of  the mass flows through the unshaded portion of the sections 
(Fig. 6) yields 

1 

P--urn* . X 
o 

aro oos A ~ A~ 

• 3 I i0(R~176176 
o 0 

The angle w is measured from the negatiye direction of the x axis, 

i.e., w=~-~. 

Joint solution of (3.8) and (3. ii) permits finding the quantities B 

and A* as a function of k and the shape of the velocity profiles in the 

jet ahead of the  turning zone.  
Calculations have shown that  for a wide range of values of  k the 

following relation is well satisfied: 

1 

A o = ~ o  - = ~  2 /0(m)R~ ~ . 
o 

(3.12) 

For the ideal  fluid jet (rectangular velocity profile) Eq. (3.12) b e -  

comes the relation A ~ = X obtained by Sehach [6]. 
Using the results obtained above, we write out the final equations 

for calculat ing the parameters of  the annular source: 

~n { A o ~ n o < 0 . 6 ) ,  urn. = awm.' A~ - -  vet (lo -5 A~ \ ~ ~ for 

1 

- -  A~176 -} - Ii1 +1/2~7)~e-~" ( 3 ~" 
B ~  l~+AOt~ , A~  ]o(R~)R~ ~ ~, 

o 

A ~  k A / B , ,  B ~  k B / R , ,  k = p / B . ,  (3.13) 

The approximating equation (3.12) for A ~ may be used in the 
range of values 0 -< k -< 0 .7  which corresponds to impact  angles 90* >_ 
-> O ~ 45*. For large values of  X the quantity &* may  be obtained 
either by numerical  integration or by extrapoIation with the use of  the 
condition k = i, A* = i. 
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Fig. 6: Diagram for determining mass 
ftowrate balance.  

The quantity k introduced above is an exper imental  constant.  It 
was determined from the condition of best correspondence of the quart- 
titles b ,  and r ,  in relation (1 .1 )when  drawing the lines corresponding 
to zo.5 in Fig. 2 and was found to be equal  to 1 .5 .  The quantities b .  
and r .  are connected by relations (3.13) since condition (2 .1)holds .  

4. To calculate  the further spreading of the jet over the plane we 
can use the exper imental  relations (1.1).  Let us consider the motion 
of a fluid e lement  in cylindrical coordinates in which the z axis is 



F L U I D  D Y N A M I C S  139 

directed perpendicular to the deflector plane,  and the coordinate ori-  
gin is at the point Or We write the momentum variation taw for an 
elementary fluid volume of length dr bounded by two planes, with the 
angle d~ between them, which pass through the z axis 

~ ui~dzldLi : ~ u~=dz=dL2 -~ TdF1 -- (Q - -  Q') dY=. (4.1) 
o [; 

Here b is the e lement  height; L is the arc bounding the element;  
T is the friction stress on the  lower face of the e lement  Fl; Q and Q '  
are the  turbulent shear stresses on the lateral faces F 2. (The effect of  
the pressure forces cancels out . )  Letting the longitudinal and lateral 
dimensions of the isolated e lement  approach zero, and also using Eq. 
(1.1), the geometric relations 

bl := (r -- r.:c -@ b., be ~ (r -~- dr - -  r .)  c -di- be, 

dL1 : rd% dL2 = (r @ dr) d~ , 

and the similarity condition for the  velocity profiles, after discarding 
terms of second order of  smallness, we obtain the following differential 
equation: 

dum ~ T b dQ 0 
r [(r - -  r .)  c @ b,] ~ ' ~  -- Ura~ [(2r --- %) C q- b,] - -  -j  ~ y" ct'~- ~--- 

1 

0 

Estimates have  shown that the third term of (4. 2) for the value 
R = 7 �9 t04 of the Reynolds number (calcuIated from the nozzle d i am-  
eter and the flow parameters) which obtained in the experiments is 
no more than 4.5% of the magni tude of the left side. For large values 
of the Reynolds number, which are to be expected in cases of practical 
interest, this term is still smaller .  The max i ma l  value of the fourth 
term does not exceed 2.5% of the sum of the terms of the Ieft side. 
After neglect ing these terms, Eq. (4.2) may be integrated with the use 
of the condition 

Thus, we obtain 
o r ,  [~ , Ck2 r -1 

r ,  = p (}r~ _~ ko~sin~ ~ -5 A~ "4")) 

cos T = -- A~ sin2 ~ + cos ~ V t + A ~ sin 2 ~p . (4. 3) 

The  parameters A ~ B*, A* and a are found from (3. t3) ,  (3.12), 
and (3.5).  The angle determining the direction of the spreading is r 
the angle r plays an auxiliary role and serves to describe the geometric 
pattern of the turning. 

If in the free jet prior to impact  on the deflector the  max ima l  v e -  
locity on the  jet axis w m ~ 1 / l  and the jet radius R ~ l, which corre-  
sponds to the exper imental  conditions, it follows from (4.3) that  for 
sufficiently large r the value of the max imal  velocity u m at any point 
of the deflector is independent of l and is determined only by the angle 
O. This fact is confirmed by the experiments  conducted in our study. 

The case of direct jet impact  on the plane (0 = 90~ which is con-  
sidered in [1], is obtained for B ~ = 0. In this case the first of  gqs. (4.3)  
becomes the corresponding relation obtained in [1]. 

& In order to make use of the equations for calculat ing the flow 
over the deflector, it is necessary to know the parameters of  the jet 
ahead of the turning zone.  These parameters are determined using 
known equations presented, for example ,  in [1] 

Wm*tWrn~ B./l?r,=.- k='l~ l for l ~  

Wrn*/U>~o = I,z/l ~ ]r = k=I ~ for t ~  t2 ,  

k= = 0.22, k~ = 0.I4, ka = t2.4. 

When determining the velocity profile at the entxance to the turn- 
ing zone in the case Z < 12 we need to know the ordinate of  the inner 
boundary of the mixing zone R I, which is determined from the equation 

(Ro - R~)/Ro = O. la Z'. 
To calculate the quantities cq ~, ag.d y in the initial portion of 

the jet we can use the  relation 

I 

i / a  <R ~ R ~ eR ~ = <5 (RI~ ~ + (t - <o)21 tor (n)q,ln + 
0 0 

2 R, 1~ -- It, 
+ O--R~~162 ~Ioo'~(n)dn, R,~ n - - R . _ < "  

o 

In the calculations made in the present study we used the Schlicht- 
ing formula to describe the velocity profile ahead of the turning zone 

To describe the velocity profile at hhe exit from the annular source 
and in the further spreading of the jet over the deflector we used the 
Schlichting profile with account for the boundary layer (see Fig. 1) 

l g  ~ = (g/6) 1/11 for z ~  ~5; 

u~ [ l - - ( z - - 5 )  % ( b ~ 6 )  -*/~P for 5 % z % b .  

The location of the upper base of the annular source is not known 

ahead of time, therefore the calculation of the parameters of the free 

jet ahead of the impact zone is made using successive approximations. 

First the geometric parameters of the turning zone, the annular source, 

are calculated as a function of the distance I from the nozzle to the 

deflector; then a correction is introduced for the finite thickness of the 
turning zone. Usually two approximations are quite adequate. 

The results of the calculations are shown together with de exper- 

imental data on the decay of the maximal velocity u~nUm/Wm, in 

Fig. 4, Comparison indicates satisfactory agreement. 

In conclusion the author wishes to thank G. B. Krayushkin who 

aided in the experiments and presentation of the results of the study. 
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