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The local entrainment rate in the initial region of axisymmetric turbulent air 
jets has been measured by a novel method, which is an adaptation of the ‘porous- 
wall’ technique used by Ricou & Spalding (1961). The local entrainment rate, 
which is independent of the nozzle Reynolds number for values greater than 
6 x 104,  is strongly dependent upon the axial distance. At an axial distance of 
one nozzle diameter the local entrainment rate is only about one-third of that 
in the fully developed jet; the entrainment rate increases with increasing axial 
distance to reach the fully developed value at  an axial distance of about thirteen 
nozzle diameters. 

1. Introduction 
Fluid jets have the characteristic of entraining, i.e. drawing in, the surrounding 

fluid so that the mass flow rate of the jet increases with axial distance from the 
jet origin. The property under consideration here is the mass flow rate in the 
jet, m, and in particular the rate of change of mass flow rate dmldx, which is 
equal to the local entrainment rate dm,ldx. For an axisymmetric jet 

m = 2n purdr,  Soa - 
where p is the fluid density, u is the fluid velocity in the axial direction x and r 
is the radial distance. 

The law governing the entrainment in axisymmetric free jets is well established 
experimentally for the region of fully developed flow, i.e. for axial distance 
greater than about fifteen nozzle diameters. For the initial region of developing 
fiow the experimental data are not very reliable but most investigators have 
concluded that the local entrainment rate is lower than that in the fully de- 
veloped flow. 

1.1. The region of ful ly  developed flow 

In  fully developed axisymmetric free jets the mass flow rate of the jet is observed 
to increase linearly with axial distance according to the relation 

where M is the momentum flux of the jet, ps is the density of the surrounding 
fluid and C, is a constant; this result holds irrespective of the density ratio po/ps 
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(Ricou & Spalding 1961), po being the fluid density a t  the nozzle. If the velocity 
and density of the fluid are uniform across the jet nozzle an alternative form 
of ( 2 )  is 

where m, is the mass flow rate of the jet at the nozzle and D is the diameter of 
the nozzle. The constants Cl and C2 are related by C, = 2Cl /dn.  The most reliable 
estimates of Cl and C,, C, = 0.28 and C, = 0.32, come from the experiments of 
Ricou & Spalding. 

Several different methods have been used to establish the value of C, in ( 3 ) .  
Voorheis & Howe (1939), Albertson et al. (1948), Grimmett (1948) and Polomik 
(1948), for example, have calculated the changing mass flow rate in a jet by 
integration of velocity profiles obtained a t  different axial stations. The principal 
difficulty with this method is in the measurement of the low velocities near the 
jet edge, particularly at large axial distances; in practice this method is limited 
to axial distances less than about 60 nozzle diameters. I n  the experiments of 
Donald & Singer (1959) the liquid-into-liquid jet was directed into a concentric 
tube positioned downstream of the nozzle so that the jet just filled the entrance 
to the tube; the mass flow rate in the tube was presumed equal to the flow rate 
of the jet at  the entrance to the tube. Although this method avoided the dif- 
ficulties of measuring the velocity profile, the results were not reliable because, 
as was shown by flow visualization, it was not possible to avoid inflow of the 
surrounding fluid into the entrance of the tube. 

Ricou & Spalding focused attention on the entrained flow instead of the jet 
flow. The jet was surrounded by a concentric chamber, closed a t  one end except 
for the jet nozzle and open a t  the other end to the atmosphere. The chamber 
was double-walled with a porous inner wall through which the measured en- 
trainment air was supplied to the jet. When the pressure inside the chamber, 
but remote from the jet, was equal to the atmospheric pressure the rate of 
entrainment-air supply was presumed equal to that which would occur naturally 
in the absence of the chamber. The reliability of the porous-wall technique is 
shown by the constancy of the values of C2 measured over a wide range of density 
ratio pJp0 and axial distance x/D. 

1.2. The initial region of developingsow 

Voorheis & Howe, Albertson et al., Grimmett and Polomik each made measure- 
ments of velocity profiles and calculated jet mass flow rates in the region im- 
mediately downstream of the nozzle, that is, in the region over which the velocity 
profile changes from that of the entering jet to that  of fully developed flow. 
There were quantitative differences between their results but each of these in- 
vestigators showed that the jet mass flow rate increased nonlinearly in this 
initial region, the entrainment rate being lower than in the fully developed jet. 
These results were confirmed qualitatively by Ricou’s (1959) experiments in 
hhe range 2.5 < x /D < 7-5. Donald & Singer, however, reported that the entrain- 
ment rate in the region x /D < 14 was not significantly different from that in the 
region of fully developed flow. 
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Because the methods considered so far measure the mass flow rate of the jet, 
in one way or another, they will be unsatisfactory €or determining the local 
entrainment rate dm&x where this varies with axial distance. For the local 
entrainment rate can only be deduced from the measurements of mass flow rate 
in the jet by numerical differentiation, a procedure in which much accuracy is 
lost. If, however, local entrainment can be measured directly, these indirect 
procedures are avoided. The following sections describe an adaptation of the 
porous-wall method which yields direct measurements of the local entrainment 
rate. 

2. Apparatus 
The method used was the same as the porous-wall technique of Ricou & 

Spalding except that the jet was directed through a short chamber open to the 
atmosphere at both ends. The chamber, which could be moved axially, was short 
enough for the measured rate of entrainment to correspond to the local entrain- 
ment rate at  the mid-plane of the chamber. 

Plan 

Removable 

Horizontal surface \ I \/ 

Air supply to 
entrainment 

chamber > Orifice meters 

Settling A! chamber Air supply 
for jet 4- 

Screens 

Elevation section 

FIGURE 1. Arrangement of apparatus, not t o  scale. Nominal sizes: diameter of porous wall, 
18in.; axial length of chamber, 2 in.; nozzle diameters, $, 1, I), lt, 2)in.; horizontal surface 
3 ft gin. square. 

The apparatus is shown schematically in figure 1. The convergent jet nozzles, 
designed according to B.S. 1042, formed the outlet of a settling chamber which 
was fitted with screens to ensure uniform flow. The nozzle outlet was arranged 
flush with, and central to, a large horizontal surface. The entrainment chamber, 
which was concentric with the nozzle, could be moved vertically along its support 
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rods. The entrainment air was supplied to the chamber through six equally 
spaced inlets and the chamber was fitted with internal baffles to ensure a uniform 
distribution of air at the porous wall, which was made of porous polythene. 
Thin removable collars could be fixed to the top and bottom of the chamber in 
order to vary the effective chamber aperture. The gauge pressure within the 
chamber was measured on an electric micromanometer capable of detecting dif- 
ferences of 0.0001 in. watergauge. The flow rates of the air supply to the nozzle 
and the entrainment chamber were measured on orifice meters designed according 
to B.S. 1042. 

3. Experimental results 
3.1. Preliminary measurements in the region of fully developed $ow 

The technique was proved by making measurements in the region of fully de- 
veloped flow, 14 < x /D < 58. The results of Ricou & Spalding were reproduced 
successfully. The entrainment rate was found to be independent of the aperture 
angle? for angles greater than 30" and independenti of the nozzle Reynolds 
number (= 4m0/77Dp) for values greater than 3 x lo4; the value of 0.32 for en- 
trainment coefficient C, was confirmed. 

The local entrainment rate dm,/dx was identified with Sm,/Sx, where Sm, is 
the mass flow rate through the porous wall which gives atmospheric pressure in 
the chamber and Sx is the length of the chamber. From (3) 

c - 2 (pU)'dme = D p ) ' * e  
"0  Ps dx ma Ps ax * 

The density of the nozzle fluid, po, was calculated from the pressure and temper- 
ature in the settling chamber on the assumption of reversible adiabatic flow 
through the nozzle. The difference in density between the nozzle fluid and the 
ambient air was always negligible except for the smallest nozzles for which the 
nozzle velocities were highest; the density ratio never fell outside the range 

2 -  

1.00 < po/p8 6 1.03. 

13.6 14.8 17.0 19.4 22.0 

28.4 28.6 32.4 47.0 58.2 

c2 0.33 0.32 0.29 0-33 0.31 

0.34 0.33 0.32 0.30 0.35 

X P  

XiD 
c2 

TABLE 1. Values of coefficient C, measured in the region of fully developed flow 

3.2. Measurements in the initial region 

The first series of experiments was designed to test the effect of the aperture 
angle on the measured entrainment rate. Figure 2 shows a typical result. For 
aperture angles of 30" or greater the entrainment mass flow rate Sm,/mo corre- 

t The aperture angle is the angle a t  the apex of the cone formed between the nozzle 
outlet and theupper aperture of the entrainment chamber, i.e. the removable collar furthest 
from the nozzle. 
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sponding to atmospheric pressure within the chamber was independent of the 
aperture angle. For aperture angles less than 30" the chamber interfered with 
the jet flow and the apparent entrainment rate was markedly reduced. The 
smaller the aperture angle, the more steeply did the chamber pressure rise with 
increasing flow rate through the wall, and the more sensitive was the determina- 
tion of the entrainment flow rate, which gave atmospheric pressure within the 
chamber. In  order to obtain the maximum sensitivity whilst avoiding inter- 
ference with the jet, the aperture angle was fixed at  30" for all later tests. 
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FIGURE 2. Variation of chamber pressure with flow rate through the porous wall for various 
apertures. Nozzle diameter 1 in., x/D = 7.4, rn, = O-O421b/s. 

The influence of the nozzle Reynolds number on the entrainment coefficient 
C, was investigated at  various values of x/D spanning the initial region. The 
results, given in figure 3, show that the coefficient was independent of Reynolds 
number in the range covered by the experiments, 6-29 x 104, but that the co- 
efficient was strongly dependent upon the axial distance. Mean values of the 
coefficient C, taken from figure 3 are plotted against axial distance x / D  in figure 4. 
This graph shows that the coefficient C, reached the fully developed value at 
about x/D = 13. 

The results displayed in figure 4 cannot be compared directly with other 
experimental data because none are available. Comparison can be made, how- 
ever, between the measurements of mass flow rate derived from measurements 
of velocity profiles by various investigators and a curve of total entrained mass 
flow deduced from figure 4 by numerical integration. This comparison is dis- 
played in figure 5 and shows that there is fair agreement for x/D < 9, but for 
greater axial diskances the entrainment calculated from the measured velocity 
profiles is substantially less than that determined in the present investigation. 
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This discrepancy is consistent with the low values of C, for fully developed flow, 
which are obtained from these measured velocity profiles. Polomik, for example, 
using his own measurements together with those of Grimmett and of Taylor, 
deduces a value of C, = 0.23 for fully developed flow. 
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FIGURE 3. Variation of entrainment coefficient C,  with Reynolds 

number in the initial region 
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( b )  Within the initial region, 0 < xID < 13, the entrainment coefficient C, 

(c) The curveof figure 5, based on the measurements of local entrainment rate, 
varies with axial distance according to the curve of figure 4. 

represents the variation of total entrainment in tihe region of developing flow. 

0 5 10 

XID 

FIGURE 5. Variation of entrained mass flow rate with axial distance in the initial region. 
Experimental results: 0 ,  Albertson et al.; A, Grimmett; 0, Polomik; 0, Taylor; 0, 
Voorheis & Howe; -, present investigation, deduced from figure 4. 
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