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MIXING LENGTHS AND EaTBAINM23.T BATICS 

IN I0W-7H.0CITY JI.T-RJ1TS 

by 

J. I. Nowrey and Arnold iivnick 

The work on ducted jets carried out earlier under this contract 

dealt with high-velocity jets discharging into large ducts.    The jet 

velocities were about 600 ft.  per second,  ard the duct area was l6 times 

as large as the jet ara»-      The problem of cooling a gas-turbine by using 

the momentum of the hot. exhaust gases to induce the flow of cooling air 

indicated that low-velocity jets   (say about 100 ft,  per second)  shculd be 

inv?f i..^ated also.    The entrainment ratio desired for turbines  is much 

lower than the values found with the high-velocity jets. 

The present  investigation was undertaken in order to measure 

the mixing length for a new low-velocity jet-duct system and to compare 

*" >-s" this value with that found for the high-velocity jets.     It was also 

desirable to see how the new mixing length depended on the jet velocity. 

The fl«ri ipr work with the S00 ft.  per second jetc had showr. 

r-nat the mixing Ic^th *-££ s/bottt  seven duct diameters.    That  is,   the 

primary and secondary air had mixed sufficiently in that distance to 

provide a flat velocity profile across the duet.    At that location,   the 

static precsure in the duct was at a maximum,     The«e observations were 

trae for non-ieothermal systems   (J, U) as w^ll as for isothermal ones 
t 
\ (2).    In each case the entrainment ratio (weight of entrained air to 
v i 

| weight of primary air) was about 3«5» 

i i Some earlier tests had been made with lower entrainment ratios 

f (2). The flow of secondary air was reduced somewhat by the use of screens y 
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at the secondary air entrance, or by restricting the total flow at the 

duct discharge.  In both cases the mixing length wa? found to decrease 

from seven diameters to about fire diameters.  It was observed that the 

mixing length was about proportional to the entrainment ratio. 

For the new low-velocity, low-entrainment tests, the air-supply 

system described by Alexander (1) was used. The flow metering system 

was the same as that used by Danielson (3). The jet and duct designs 

were changed to provide the necessary low entrainment.  Ideally, the Jet 

could have issued from a standard, faired nozzle. However, a short 

length of 2-inch standard Btecl pipe was selected instead. This simu- 

lated the design of a home-made jet pump and alst provided a considerable 

saving in time. The edge of the "nozzle" was tapered to a sharp-edge 

(with the inside diameter remaining constant). The duct had an inside 

diameter of 2.75 inches and wat provided with s.  faired entry of the type 

used for subsonic flow. The ratio of zns  initial jet area to the minimum 

annular, eecendary-air area was 1 to 0.33 (compared to about 1 to 15 for 

the high-velocity jets). Holes were located at 1-inch intervals along 

the duct to permit static pressure measurements and impact tub« traverces. 

During any run, all the data were obtained in one session. The 

principal dat«* consisted of measurements of the primary air-flow, the 

duct static Treasure profile (along the axis), and the duct impact-tubo 

traverseii at various croflB-eectiona along the duct, Each impact-.tube 

traverse consisted of about 15 readings along ono radius of the duct» 

The entrained-air flow was calculated by difference. The toial 

air flowing in the duct wae found ~uj z. graphical evaluation of the impact- 

tube travisrtes, weighting eaoh value according to the annular area 
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represented "by that reading- The primary air fraction of this total 
: 

flew was subtracted to give the secondary air flow. The calculated total 

air flow varied from the mean by about + 10 percent from station to sta- 

n«M 

Air Entrainment by a Slow Jet 

Initial Velocity 
of Jet, ft./sec. 

Entrainnert Ratio 
Average    At Maximum Static Pressure 

U7.U 
97.5 

0.36            0.29 
o }•'•                             0.27 
0.32               0.28 

I 
I 

tiot along the duct length.  Since the test conditions did not change, 

the variability might be attributed to differences in the degree of 

turbulence along the duct.  The same jhenomenon was noted earlier by 
I 

Eenze (U) and by Danielson (3_). 

Although the total air flow varied frcm the mean by + 10 per- 

centv the secondary air flow varied even more. The secondary air flow 

was about one third of the total flow, hence the secondary air flow varied 

from the mean by as much as + 30 percent.  This fact rnust be kept in mind 

when Table I is examined. 

i Table I is a summation of the entrainr.ent calculations for the 

tests. Runs were made at three primary-jet velocities: 50, 100, and 

J?5Q feet per second.  The entrainment ratio ia seen to be abouh 0.3. 

There appears to be a slight dependence of entrainment on Jet velocity, 

but this is certcinly not significant in view of the uncertainty in the 

secondary air flow. It is concluded that the entrainment ratio is 
I 
\ independent of ths Jet velocity. 

1 \ 1 \ 
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due  diameters, the value depending on the experimental design.  The 

apparatus design of course 1B of xrime importance.  If a faired jet- 

nozzle had been used for the present tests, it is entirely possible that 

different entraicraents and different -nixing lengths would have resulted. 

Nevertheless, it seemu that a duct having & leagfch-to-diameter ratio of 

ten is sufficient to obtain complete mixing of a jet with entrained air, 

regardless of whether the jet velocity is high or low, whether the en- 

trapment ratio is high or low, and probably whether ths nozzle is faired 

or a simple pipe.  In come cases a shorter duct will be sufficient. 

Considering the mixing length, an unexpected fact was die- 

covered. The mixing length is the distance necessary for a flowing, non- 

mixed stream to become completely mixed. The point of final complete 

mixirg may be determined by static pressure measurements, or by velocity 

profile determinations. 5"or the early high-velocity jets, both methods 

were used, and the values agreed. The profile typical oi flow in a pipe 
i 

occurred first at a distance of seven duct diameters from the nozzle 

(2,3i*0.  The static tressure was a maximum at -tJs# same location. How- 

ever, for the low velocity JetB, the two criteria of complete mixing gave 

distinctly different values for the mixing length. The mixing length was 
i 

5 five duct diameters as determined b^ static pressures; it was ten diameters 

according to the velocity profiles.  This was true at 'ail three test velo- 

f 
cities.  This of course means chat a stable flow near the duct wail occurs I 

f before mixing is complete in the main bull: of fluid. 

Other workers have reported mixing lengths of from four to ten 

I 
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