
al = 0,027, bl = 0 , 0 2 5 ,  C 1 = 0 , 0 2 5 ,  

a 2 = - -  0 , ] 3 ,  b ~ =  - - 2 , 0 ,  c 2 =  - - 2 , 8 5 ,  

a3  = - -  5 , 6 0 ,  b3 = - -  2 , 0 ,  c3 = - -  3 , 8 0 ,  

l l  = O, 11 ,  I~ = - -  0 , 3 3 3 ,  l s  = - -  4 , 5 2 ,  

m l  = O, 1 1 5 ,  m s  = - -  2 , 0 ,  m 3  = - -  2 , 0 .  

3. The time to calculate a single variant is 6-10 min on a BESM-6 computer with grid 
steps h = h = 0.i. 

x y 

4. The calculated and experimental values of the mean-temperature defect (Fig. i) for 
jet cross sections x ffi 40-80 diameters are in agreement within the limits of physical error 
of the measurements (3-8%). The error increases as the cross section approaches the nozzle. 
When x = 20, it is 15%. 

5. The calculational and experimental results of the transverse heat flux (Fig. 2) agree 
within the limits of physical error of the measurements close to the axis, but give a relative 
error of the order of 50% close to the boundary. When ~ < 0.8, the normalized flux is smaller 

E -- 
for smaller cross sections; when ~t ~ 1.0, the opposite is true. 

6. The normalized mean-square temperature pulsations (Fig. 3) agree with experiment 
within the limits of physical error of the measuremens. The maximum value of the normalized 
pulsations increaseswith increase in^distance from the nozzle. The greatest deviation from 
experiment is observed at distances x = 20-30 diameters from the nozzle. 

7. The variation in dissipation rate of the temperature pulsations is shown in Fig. 4. 
The lack of experimental data prevents a comparison. 

lm 
2. 
3. 

. 
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INFLUENCE OF THE VELOCITY PROFILE ON THE HEAT TRANSFER OF 

A CIRCULAR IMPACT JET 

A. I. Abrosimov and A. V. Voronkevich UDC 536.242:532.525.2 

The influence of the mean velocity profile in a round submerged jet on the heat trans- 
fer with a plane obstacle placed along the normal to the flow is investigated. A cri- 
terial relation for the heat transfer in the vicinity of the critical point is ob- 
tained. 

The interaction of an immersed impact jet with a uniform velocity profile at the nozzle 
outlet and a low level of initial turbulence eo with an obstacle is characterized by maximum 
effectiveness ofheat transfer at a distance of h = 7-8 in the vicinity of the critical point 
of the obstacle [i]. This has been noted in many works. In [2], it was suggested that the 
presence of a peak of the heat-transfer coefficient in the vicinity of the critical point is 
a result of the combined influence of increase in intensity of turbulence at the jet axis e m 
and decrease in the axial velocity in the transitional section of the jet. 
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However, in the given range of h, scattering of a free submerged jet is accompanied not 
by increase in ~ but by continuous deformation of the velocity profile. The velocity dis- 

m 
tribution in the initial and transitional sections of the jet is not self-similar, and re- 
arrangement of the profile in the transitional section is accompanied by decrease in axial 
velocity. 

In [3, 4], for plane and circular laminar in impact jets, respectively, significant in- 
fluence of the velocity profile on the heat transfer was observed. Thus, transition from a 
rectangular initial velocity profile to a parabolic profile at a distance h = 2 is accompan- 
ied by increase in heat-transfer coefficient at the critical point by a factor of approximate- 
ly two [4]. 

An impact jet is usually represented as consisting of a region of flow developing accord- 
ing to the law of a free immersed jet and an interaction region, which begins at the cross 
section where the decrease in axial velocity under the influence of a plate placed transverse 
to the flow becomes pronounced. 

The flow in the interaction region is assumed to be laminar. 

Integration of the complete Navier--Stokes and energy equaitons is undertaken for the in- 
teraction region. The liquid is assumed to be incompressible and the thermophysical proper- 
ties to be constant. The equation is solved numerically by the finite-difference method des- 
cribed in [5]. The calculation region is bounded by the obstacle, the plane of onset of the 
interaction at a distance 

x p =  l + O , 0 5 h ,  (i) 

from the obstacle, and a cylindrical surface of radius 

% = 2 + O ,  lh, (2) 

The specification of the boundary conditions at the obstacle, the cylindrical surface, 
and the part of the plane of onset of interaction not occupied by the incoming jet and also 
the calculation of vorticity at the wall and the axis are as in [5]. The temperature distribu- 
tion at the obstacle is assumed to be uniform. The mean-velocity profile in the free jet is 
determined using a P function [6] 

vm0 = --ya~ exp. 2a~ exp 2a~ I0 pdp, (3) 

w he re  Io i s  a z e r o - o r d e r  B e s s e l - f u n c t i o n  o f  an i m a g i n a r y  a rg u m en t ;  Ov i s  t h e  mean s q u a r e  r a d i -  
us  o f  t h e  m e a n - v e l o c i t y  p r o f i l e ,  o / r  = ~ / r o ;  Vm  ̂ i s  t h e  v e l o c i t y  a t  t h e  a x i s  i n  t h e  i n i -  
t i a l  cross section of the jet; P i~ a function tabulated in [7]. Using Eq. (3), the continu- 
ous deformation of the velocity profile from the initial -- for example, rectangular -- form to 
a Gaussian form far downstream. 

At the end of the initial section of the jet, /~/ro = 0.18. In the region 1 < hp < bin ~ 
the variation in /~/ro is represented by the approximate dependence [6] -- -- 

~ / ~  -- 0,18hp/hin, where hp = h-Xp. (4) 
r0 

In the transitional and basic sections of the jet, /~/ro is determined from the table of P 
functions using experimental data on the scattering of the axial velocity. 

The conditions of outflow of the given jets and the values of the axial velocity at the 
input to the calculation region for the specified distances between the nozzle outlet and the 
barrier are shown in Table i. 

The velocity value for each point of the calculation grid at the input to the interaction 
region isdetermined from the value of /~/ro obtained and the table of P functions. The calcu- 
lation grid (23 x 23 points) is denser close to the wall and in the radial direction close to 
r = 0.5. Inside the wall boundary layer there are 7-9 points of the grid distributed accord- 
ing to a geometric progression. Preliminary calculations show that the thickness of the wall 
boundary layer close to the axis is 6 m ~ Re-~176 The distance from the wall to the closest 
point varies in proportion to 6 and is 7.10 -~ d for Re = 21.000, for example. The calculation 
point closest to the axis lies at a distance of 0.i d. The criterion of convergence of the 
difference problem is taken to be 
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TABLE I. Initial Intensity of Turbulence at the Nozzle Out- 
let and Axial-Velocity Values at the Input to the Calculation 
Region 

Initial velocity 
profile 

Rectangular 
Rectangular 
Rectangular 
Developed mrbu- 
,ent 

Parabolic laminar 
jet 

0,01 
0,093 
0,209 

0,02 

h ~ 2  

! 
1 

0,89 

1 

~,999 

h ~ 4  

1 
0,982 
0,662 

0,991 

0,998 

(Vm/Vmo) p 

h = 6 , 3  

1 
0,741 
0,524 

0,949 

0,996 

h = 8  

0,95 " 
0,59 
0,457 

0,854 

O, 995 

h ~ l  0 

0,83 
0,511 
0,408 

O, 709 

0,993 

Lit. 
source 

[8] 
[8] 
[8] 

[9] 

[lO1 

$t.10 3 

/ t" 

2p : ,. 

d 

~ qs ~o o qe ~o o q~ I,o,o o,5 I" 

Fig. i. Variation in local heat transfer along obstacle (Re = 
ii,000, Pr = 9.6): a, b, c) rectangular initial velocity pro- 
file; eo = 0.01 (a), 0.093 (b), 0.209 (c); d) developed turbu- 
lent initial velocity profile, co = 0.02; h = 2 (i), 4 (2)p 6.3 
(3), 8 (4), and i0 (5). 

( p-f"-~) 
fL-~ ~x < 10% 

where f is variable; n is the number of iterations, the subscript max denotes the greatest 
value in the field of the variables. 

The radial distribution of local heat-transfer coefficients under various conditions of 
jet emission and at various distances h is shown in Fig. i. If the jet has auniform velocity 
profile in the initial cross section and eo < 0.01 (Fig. la), then the maximum heat-transfer 
intensity when h = 2 is found not at the critical point but is shifted from the axis by ap- 
proximately 0.55 d. Up to r = 0.8, values of the number St obtained are in satisfactory agree- 
ment with experiment [i]. The reasons for the appearance of a peak in the distribution of St 
were considered in [4]. With increase in the distance between the obstacle and the nozzle, 
the peak is shifted toward the axis, and decreases slightly in magnitude. At a distance 
h = 6.3, the peak becomes almost imperceptible. Beginning at a distance h = 8, the distribu- 
tion takes on a bell-like form, with the maximum of heat-transfer intensity in the vicinity 
of the critical point. 

With increase in initial intensity of the turbulence, rearrangement of the jet velocity 
profile from rectangular form to self-similar form occurs more rapidly. Therefore, for a jet 
with eo = 0.093 (Fig. ib), the internal peak occurs only at a distance h = 2, and at h > 4 the 
distribution of St is characterized by smooth decrease with increasing distance from-th~crit- 
ical point. Calculation shows that, when ao = 0.209, even at h = 2, the curve of variation 
in the heat-transfer coefficient has the usual bell-like form with a maximum close to the crit- 
ical point (Fig. ic). 
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Fig. 2. Dependence of the heat-transfer coefficient in the vicinity of the criti- 
cal point on the conditions of jet emission and on h: 1-3) rectangular initial ve- 
locity profile with so = 0.01 (i), 0.093 (2) , 0.209 (3); 4) developed turbulent ini- 
tial velocity profile, so = 0.02; 5-9) rectangular initial velocity profile, so < 
0,01; 5) Re = (0.7-11.2).104 , experiment [i]; 6) empirical relations [13]; 7) Re -= 
3.24-104 , experiment [ii]; 8) Re 1.48-105 , experiment [Ii]; 9) Re 6.6.104 = = , ex- 

periment [14]. 

Fig. 3. Heat transfer in the vicinity of the critical point of a barrier: 1-3) rec- 
tangular initial velocity profile; so = 0.01 (!), 0.093 (2), 0.209 (3); 4) devel- 
oped turbulent initial velocity profile, so = 0.02; 5) laminar jet with parabolic 
initial velocity profile; 6) Eq. (6). 

For a jet with developed turbulent initial velocity profile and so = 0.02, the presence 
of a peak (admittedly small) in the heat-transfer intensity at r = 0.35 is seen (Fig. ld). At 
h = 4, the peripheral peak is again not observed. 

The variation in heat-transfer coefficient in the vicinity of the critical point of the 
obstacle immersed in impact jets with different emission conditions is shown in Fig. 2. With 
a rectangular initial velocity profile and so = 0.01, the heat-transfer intensity smoothly 
increases to approximately h = 8.5 with increasing distance between the nozzle and obstacle 
(starting from h = 2) and then begins to decrease. Note that at h = 2 the data obtained are 
in best agreement with calculations by the formula in [12] 

0 5  0 3 9  Nu == 0 , 7 6 3  (~u~Re) ' P r  ' . (5) 

Experimental data of various authors are also shown in Fig. 2. The qualitative agreement of 
calculation and experiment is satisfactory. Note that continuous deformation of the jet ve- 
locity profile at the input to the interaction region is taken into account in obtaining the 
present results, and it is also assumed that there is no turbulent transfer in this region. 
Therefore, it may be concluded that the maximum of the curve Nu = f(h) is due not only to in- 
crease in the intensity of turbulence s and decrease in the velocity at the axis in the 

m 
transitional section but also to deformation of the velocity profile in cross sections of the 
flux at the input to the unreaction interaction region with variation in h. In view of the 
considerable scatter of experimental data, additional investigations are required to elucidate 
the influence of each factor separately. 

It may be assumed that the relation Nu ~ Re ~ when ~m ~ Re-~ is due to the structur- 
al features of the wall boundary layer in its external section. 

With increase in the initial intensity of the turbulence, while retaining uniform veloc- 
ity profile at the nozzle outlet, the maximum of the heat transfer at the critical point is 
shifted to smaller h. For example, if so = 0.093 (Fig. 2, curve 2), the maximum of the heat 
transfer is approximately at a distance h = 4.4. It is characteristic that, when eo = 0.209, 
no maximum is observed in the distribution of the heat-transfer coefficient. The transition 
from a rectangular profile to a developed turbulent profile (Fig. 2, curve 4) leads to in- 
tensification of heat transfer in the given range of h. The maximum in the distribution Nu = 
f(h) is also present here, at a distance h = 5. Further increase in heat-transfer intensity 
is seen on passing to a parabolic initial velocity profile. In this case, the heat-transfer 

intensity in the vicinity of the critical point decreases monotonically with increase in h. 
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Analysis of the data obtained shows (Fig. 3) that, in the range 0.3 < /~/ro < 0.7, the 
heat transfer in the vicinity of the critical point for all the given conditions is described 
by the following relation, with an error no greater than 7% 

( ~rr~) me~176 Nu = 1,51--0,45 ., ,~ . (6) 

For laminar and turbulent flow, without taking account of the turbulent mechanism of heat 
transfer in the region of interaction of isothermal jets, the heat transfer in the vicinity 
of the critical point may be written in the form of a single dependence on /~/ro. Equation 
(6) gives values of the heat-transfer coefficient close to the experimental results. 

In the region 0.03 < /~/ro < 0.3, the heat-transfer intensity in the vicinity of the 
critical point increases--with increase in nonuniformity of the velocity distribution in the 
initial cross section of the jet. The dependence Nu/Re ~ Pr ~ = f(/~/ro) retains its form 
for jets with a rectangular initial velocity profile an~ different intensities of turbulence 
at the nozzle outlet. 

NOTATION 

d, nozzle diameter; x = X/d, r = R/d, dimensionless coordinates directed along the jet 
axis and the normal to the axis, respectively; h = H/d, dimensionless distance from the noz- 
zle outlet to the obstacle; Vo, mean mass velocity at the nozzle outlet; Xp, dimensionless 
height of calculation region; r_, dimensionless radius of calculation region; v = V/Vo, u = 
U/Vo, dimensionless velocity components with respect to the x and r coordinates, respectively; 
Re = Vod/9, Re = vmod/~ , Reynolds numbers; St = ~/PCDVo , Stanton number; Pr = ~Cpp/%, Prandtl 
number; Nu = ~/%, Nusselt number; 6m, thickness of wgll boundary layer close to axis SUm, 
dimensionless radial-velocity gradient in the vicinity of the critical point; e = /~/v, in- 
tensity of turbulence. Indices: m, parameters at external boundary of wall boundary layer and 
at jet axis; 0, parameters at nozzle outlet. 
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