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The structure of free jets is analyzed and it is found that the axial velocity 
in fixed sections depends on the discharge velocity. 

The experimentally discovered effect of velocity dip (crisis) at a fixed point on the 
axis of an immersed free jet during a rise of its discharge velocity has been explained [I] 
by transition from l~m~nar to turbulent flow. In another study [2] were thoroughly analyzed 
both average and fluctuation velocities of jet flow in the laminar region as well as in the 
transitional one, which then made it possible, in qualitative terms only, to relate this 
effect to the ratio of inertia forces to viscous forces, i.e., the Reynolds number character- 
izing the degree of jet turbulization, this relation being, in those authors' [2] view, one 
containing a crisis analogous to the crisis of flow through a pipe [3]. 

In this study will be considered the dependence of the profile of axial velocity on the 
Reynolds number of discharge flow NR = wod/~ and on that basis the results of those other 
studies will be supplemented with a quantltative estimate of the velocity crisis as a func- 
tion of the dimensionless distance x =_x/d along the jet axis, the dependence of the esti- 
mated velocity crisis on the distance x revealing pattern differences between jets discharged 
from short and long nozzles and thus clarifying the essential nature of the velocity crisis. 

Following the earlier experimental procedure [I, 2], in this study were used a short 
nozzle ~ = I/d = 3 with an orifice d = I mm in diameter and a tube ~ = 140 long and 0.75 mm 
in diameter, its length sufficient to ensure stabilized flow inside the tube. The velocity 
of discharge Wo of the air jet into the atmosphere, occurring with the Reynolds number within 
the NR = 500-5000 range, was measured with a rotameter and the velocity of flow Wm in fixed 
sections along the jet axis within the I < x < 40 segment was measured with a Pitot tube 
having an orifice 0.4 mm in diameter and connected to a micromanometer. 

The graph in Fig. la depicts the dependence of the dimensionless axial velocity w m = 
Wm/Wo on the Reynold__s number NR, shown as a family of curves corresponding to various dimen- 
sionless distances x, based on measurements of discharge from the tube, where there is sta- 
bilized flow. It must be noted that this graph does not show measurements made within the 
40 < x < 60 range of distance, within which the w m = f(NR) relation is analogous to that at 
distance x = 40 with a small dip at the axis and with fairly large measurement errors caused 
by convection as well as by turbulence of the atmosphere. The graph also does not show the 
measurements made at distances 0 < x < 2, where the w m = f(NR) relation follows the same 
trend as at x = 2 and the readings do not fit the scale because of errors in measurement of 
flow in the jet caused by errors in measurement of the dynamic pressure with a Pitot tube 
whose orifice diameter is comparable with the jet diameter. Reducing the diameter of the 
Pitot tube would have lengthened the time constant of pressure measurement beyond a few 
minutes, because of the large volume of the micromanometer vessel. A long time constant 
results in a much larger measurement error and, therefore, a compromise must be reached here. 
According to the graph in Fig. la, the stabilized laminar_flow through the tube is charac- 
terized by a Poiseuille transverse velocity profile when w m = 2 at x~2 and forms a jet with 
an H i ~ 20 long laminar initial segment. The flow inside the tube becomes turhulized in a 
jump when the Reynolds number reaches its critical value (NR, c = 2760) and then tends to 
become self-similar when w m = 1.25 within a narrow next higher range of the Reynolds number 
(up to NR,s = 2920). This process corresponds to formation of an immersed jet with an xi = 
5.5 long turbulent initial segment. Onemay postulate that the dip of w mat x= 5.5 within the 
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Fig. I. Experimentally determined dependence of dimension- 
less axial velocity_w m on Reynolds number__N R at various dimen- 
sionless distances x: (a) long tube: 1) x = 2, 2) x = 4, 3) 
I0; 4) 20; 5) 28; 6) 32; 7) 40; (b) short nozzle: I) x = I, 
2) x = 4; 3) 8; 4) 12; 5) ]6; 6) 22. 

NR = 2760-2920 range (Fig. la) corresponds to transition of the transverse velocity proffle 
in the tube throat (x = O) from a laminar one to a turbulent one. 

The measurements of jet velocity at distances ~ > 20 reveal a flow pattern different 
than that inside the tube. Here the velocity crisis at the axis develops at a Reynolds num- 
ber N R < NR,c and extends to NR = NR, c, with the veloclty dip in the jet following the in- 
crease of the Reynolds number less sharply than during turbulization inside the tube, The 
larger the distance x is, the lower is_the Reynolds number at which the velocity crisis 
occurs. The curves of w m = f(NR) for x > 20, moreover, pass through a maximum at discharge 
velocities at which the length xi of the initial segment of a laminar jet is equal to the 
distance from the section at which the measurement with a Pitot tube was made. This effect, 
which had been mentioned in another study [I], was utilized here for determining the length 
~f the initial segment and the x i = f(NR) relation. The latter should be similar to the 
Wm = f(NR) relation, according to S. Yu. Krasheninnikov [4], and is so, according to the 
graph in Fig. 2, in the NR > NR,c range at x > 20. The_ actual length of the_ initial ~egment 
changes with even steeper jump than does the velocity wm(NR) , namely from x i ~ 20 to x i = 5.5 
at the constant Reynolds number N R = NR, c. 

The Wm = f(_NR) relation in Fig. Ib was determined in a free jet at various distances 
within the ! < x < 22 range from the throat of the short nozzle with converging transition 
to the forechamber. Here the transverse velocity profile inthe nozzle does mot change sig- 
nificantly as the Reynolds number of the discharge flow increases, and the dip of wm(NR) at 
x = I in Fig. Ib is a consequence of small distortions in the transverse velocity profile 
amplified by averaging of the axial velocity over the section of the Pitot tube. A flow 
crisis does not occur within the nozzle and occurs in the jet at Reynold_s numbers lower than 
those in the case of discharge from the long tube. The axial velocity w m dips at the same 
distances x < 20 as N R increases, but over a wider range of N R and more smoothly than in the 
case of discharge from the long tube down to its minimum, which is fixed at every x < 5.5 and 
occurs at NR,s = 2000, corresponding to self-similar flow. The curves for the N R < 2000 range 
in Fig. Ib are characterized by a wider spread of experimental points than in the case of 
discharge from the long tube, this being a consequence of initial turbulence in the fore- 
chamber preceding the nozzle and the resulting modification of the flowpattern. 

With the difference between maximumand minimum axial velocity --AWm = (Wm ~mx --W~min)/ 

Wm max referred to the velocity corresponding to the characteristic initial jet segment intro- 
duced for quantitative evaluation of the velocity crisis in jet flow, the analytical expres- 
sions for that velocity crisis can be Obtained from an analysis of changes in the longitudinal 
profiles of the axial velocity depending on the R~ynolds number. Such characteristic longi- 
tudinal velocity profiles, of velocities Wm, c , Wm, s, and w m, are shown in Fig. 3 with abso- 

lute values of the axial velocity along the axis of ordinates for a clearer presentation of 
the calculation scheme. The w m c-profile has been plotted for the discharge velocity which 

, �9 �9 �9 o ~ 

corresponds to the beginning of velocxty crxsxs inslde the tube (at NR, c), while the w~, s- 

profile corresponds to the range of self-similar flow. As the numerical value of the velocity 
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Fig. 2. Experimentally determined dependence of length xi of 
initial segment on Reynolds number N R. 

Fig. 3. Dependence of crisis of axial velocity on distance x: 
], 2) calculated estimates; 3, 4) experimental estimates for 
long tube and short nozzle, respectively. 

�9 . ~ ~ 

crisis, one can regard the dlfference between ordlnates w m c--Wm s at each point x. The main 
�9 �9 ~ ~ �9 �9 ' ~ 

segment of the longltudlnal veloclty profile is descrlbed ~y the expresslons [4] 

w=j = ( I ) 

with the subscript j denoting I, c, or s for the three profiles in Fig. 3. 

The win-profile , with the longest initial segment Xl,m and rise of the discharge velocity, 

changes into the Wm,c-profile with length x--i, c of initial segment and then lnto the self-similar 

Wm, s-profile with the shortest initial segment Xi,s- On the basis of the experimental data 
in Fig. la, the x i = f(NR) relation can be expressed analytically in the form 

(2) 

for the N R < NR, c range. Then the aforementioned velocity crisis in various segments x of 
an immersed jet discharging from the tube, equal to the difference between ordinates of the 
corresponding w~j-profiles (I) referred to the maximum velocity Wm, c in the initial segment, 
is calculated according to relation (2) as 

Aw"-'-~= Awm . . . . .  

Wm'c 

On the assumption that flow inside the tube turbulizes instantaneously at a fixed dis- 
charge velocity (the error of such an assumption is within 5%) and that the transverse velo- 
city profile changes from a l~mlnar one (Wm. c = 2wo) to a self-similar one (Wm,s = 1.25wo) 
the ratio of their axial velocities is Wm,s/Wm, c = 0.625 according to expression (3). In 
reality, this ratio is 0.727, according to measurements, because of the averaging effect of 
the Pitot tube and because wm, s = 1.3lwo when N R = NR, s while the self-similar mode is reached 

when NR > N R s- The results of calculations for xi s = 5 5 and xi c = 19, depicted by curve 
' . ~ �9 ~ ' " ~ 

I in Fig. 3, agree satlsfactorlly wlth experlmental data (polnts 3~ based on the Wm = f(NR) 
curves in Fig. la. 

An analogous agreement between experimental data (points 4) and calculations (curve 2) 
. , . 

has been obtained for the change of the wm-proflle into the Wm,s-proflle in the case of the 
short nozzle. It is noteworthy that, unlike in the case of discharge from the long tube, 
here the change occurs always only "from below" so that Wm~Wm, s in the initial segments 
(Fig. 3), since no crisis of axial velocity occurs inside the nozzle. The length of the ini- 
tial jet segment behind a short nozzle varies according to the relation 
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W~m= w~.,x-U= a + b~i, (4) 
w h e r e  a = 1 2 . 3  a n d  b = 9 6 . 4  a r e  c o n s t a n t s .  

The magnitude of the velocity crisis, referred to the velocity Wm, s in the self-similar 
initial segment, can be calculated according to relation (4) as 

~nt= Atvra 
I.PJ.ITj, s 

o, o ~<~'<~.,~ 

( a + ~  

+ bgi.s / x ' 

(5) 

On the basis of all these curves, the crisis of axial velocity in jet flow is character- 
ized by three ranges depending on the distance x. In the range of distances shorter than the 
initial segment with a self-similar profile the velocity crisis is determined by the flow in- 
side the channel and has a constant magnitude, and zero magnitude in a short nozzle. Farther 
behind a long tube the velocity crisis builds up and its magnitude increases to a maximum, 
this maximum magnitude corresponding to the length of the initial segment for NR = NR,e and 
to the maximum length of the initial segment in the case of a short nozzle. At far distances 
x the crisis weakens to levels determined by noise during pressure measurement. 

The velocity dip to levels lower than that in the self-similar range and the subsequent 
recovery to the level in that range with a steepness resulting from simultaneous increase of 
the discharge velocity and lengthening of the initial segment can, evidently, be explained by 
a longitudinal profile of axial velocity characterizing non-self-similar flow at sufficiently 
high values of the Reynolds number NR > 10 ~ [2] with the length of the initial jet segment 
increasing somewhat as N R increases. This anomaly appears on the graph in Fig. la only at 
distances far from the tube (x > 30) and its magnitude is small, since the large length of 
the tube and the conditions of air intake at its entrance have made the mode of jet flow in- 
dependent of the flow pattern at the tube entrance. 

NOTATION 

~, kinematic viscosity of air; d, nozzle (tube) diameter; x = x/d, distance from nozzle 
(tube) throat to a given section, referred to nozzle (tube) diameter ; l, length of the 
nozzle (tube), referred to its diameter; xi, x; =, length of the initial segment of lo_ngi- 
~udinal profile of axial velocity in the jet, referred to the nozzle (tube) diameter; Xi,c, 
Xi,s, lengths of the initial segment of the longitudinal profiles of axial velocity in the 
jet corresponding, respectively, to the beginning of flow crisis in the tube and to the 
beginning of self-similar flow; Wo, discharge velocity; Wm, axial velocity of the jet; Wm = 
Wm/Wo , axial velocity of the jet referred to the discharge velocity; ~,c an~ Wm, s, axial 
velocities of the jet in segments xi,c and ~i,s, respectively; w~,c, u~,s, Wm, longitudinal 
profiles of axial velocity in the jet with lengths of the initial segment Xi,c, Xi,s, Xi,m, 
respectively; Aw---m= (wmmaX -- w~ln)/wmmaX , difference between maximum and minimum axial velo- 
cities at fixed x, referred to the maximum axial velocity; N R = wod/~, Reynolds number; NR,c, 
Reynolds number at which velocity crisis in the tube begins; NR,s, Reynolds number at which 
self-similar flow begins; and a, b, constants. 
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