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Abstract-An experimental and analytic investigation of mass, momentum, and heat transfer in a free 
turbulent flow field is presented. In particular, the case of a jet issuing from a circular orifice into the free 
ambient atmosphere of a laboratory room is studied. Three basic flow conditions are considered: (1) 
isothermal mixing of an air jet with the surroundings, (2) isothermal mixing of a binary mixture (air/COz)jet 
with the surroundings, (3) nonisothermal mixing of a heated air jet with the surroundings. Specially designed 
aspirating probes are used to measure the mean fluxes of mass, momentum and total enthaipy. These 
properties are considered to be the dependent variables defining the flow field. Accurate measurements of the 
more usual variables, such as mean species mole fraction, mass-averaged mean velocity and mean 
temperature are a by-product of the raw data from the aspirated probes. 

The normalized results indicate that, for identical initial conditions the flux of mass and the flux of total 
enthalpy behave identically and that both of these variables decay faster and have larger halfwidths than does 
the momentum flux. However, the radial coordinate at which the value of the flux variable is sensibly equal to 
zero, that is, the mean “edge” of the jet, is found to be the same for all fiux variables. 

An extended version of the Reichardt inductive theory offree turbulence is found to adequately predict the 
entire flowfield for all of the conserved flux variables. 
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TT - 7-7. ; 
axial velocity component ; 
radial velocity component; 
mass rate of production of species i ; 
axial coordinate ; 
x/d ; 
virtual origin ; 
mole Fraction of species i ; 
mass Fraction of species i; 
mass fraction of species other than 
ambient species. 

Greek symbols 

A(x), generalized transfer coefficent, 
equation (3); 

(Pt quantity defined in Table 1; 

P. density ; 

%T transformed axial coordinate, 
equation (8); 

% x!d ; 
0, 4PJPer 1’2. 

Subscripts 

4 denotes air ; 

;. 

denotes carbon dioxide; 
denotes centerline; 

e, denotes ceterline conditions at exit; 

I, denotes jet exit conditions ; 
,=a denotes ambient conditions. 

Superscripts 

371 

r 

f denotes time-averaged quantity ; 
denotes fluctuation quantity. 
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1. INTRODL~CTION 

A RECENT workshop on nonhomogeneous turbulent 
mixing [I], provides an excellent review of the leading 
edge of research on such flows; other conference 
proceedings also yield a good overview [2. 31. Parti- 
cularly impressive is the sophistication of the experim- 
ental techniques required to probe the detailed struc- 
tural aspects of these flows as well as the enormous 
difficulties faced by analytical modelers [4-g]. The 
objective of this investigation is to approach the 
problem of mass, momentum. and heat transfer in a 
turbulent jet from a very simplified point of view. 

It is becoming increasingly clear that there is 
developing a divergence between analysis and experi- 
ment, if only because these groups are focusing upon 
two different sets of dependent variables. In this spirit, 
we wish to set down some of our experiences with one 
of the first approaches to the problem of free turbul- 
ence that departed from the accepted norm: the 
inductive theory of free turbulence due to Reichardt 

PI. 
It is our intent to show the outcome of this basic 

concept, extended by Baron and Alexander [IO], of 
treating the mean fluxes of mass, momentum, and 
energy as the dependent variables in free mixing 
problems. This effort was prompted by a desire to 
exploit the simplicity of the analytic aspects of the 
theory, to provide a reasonably unified attempt at 
assessing the value of the theory for academic com- 
pleteness, to capitalize on the possibility of developing 
simplified diagnostic equipment for such complex flow 
problems, and of course by a curiosity as to the extent 
to which the theory could continue to yield the 
accuracy that we (and others) had found in years of 
familiarity with it. 

The flow field to be considered in this work is the 
turbulent, incompressible, axisymmetric free jet. Three 
basic cases are treated: (a) an isothermal homo- 
geneous jet (the “cold” jet); (b) an isothermal non- 

homogeneous jet (the “binary” jet); (c) a non- 
isothermal homogeneous jet (the “hot” jet). The 
variable density cases studied included situations with 
reasonably large initial density differences (greater 
than 25%) so that the density effects considered are not 
entirely passive. A new type of isokinetic sampling 
probe was developed which allowed all the pertinent 

flux variables to be deduced with that instrument alone 
so that sequential measurements at a given location 
could be performed. Furthermore, the conventional 
kind of dependent variables such as velocity. tempera- 
ture, and concentration could also be deduced from 
the raw data with what appears to be reasonable 
accuracy. 

First the basic concept of the inductive theory in an 
extended form is discussed and the solutions pertinent 
to the present cases are derived. Then the special flux 
sampling probe developed for this investigation is 
described and evaluated. Next, the three fundamental 
cases mentioned above are treated in detail and the 
experimental results are compared with the theory. 
Following this the special combined result of the study, 

such as mass entrainment, and the results for the 
conventional flow variables are discussed. 

2. DISCWSION OF THE EXTENDED 
REICHARDT ANALYSIS 

For the condition of steady two-dimensional or 
axisymmetric flow, the conservation equations can be 
expressed, with the use of the global continuity 
equation and after the usual time-averaging, in the 
general form listed below: 

;: (PW 1 + ;; [~%)U(P )] = Q, (1) 

where j = 0 for two-dimensional flow and ,j = 1 for 
axisymmetric flow. Table I lists the variables which 
may be represented by CP and Q where molecular 

transport and body forces are neglected. 

Table 1 

Quantity ‘P Q 

Species mass 

Momentum 

Energy 

Ii,, 

?P ?P 
- --, -- 

?.Y ir 

Q,, 

Note that the system ofequation (1) will be devoid of 
the usual correlations of turbulent flow if the quantities 
within the parentheses are treated as a single variable. 

When equation (I) is integrated over all space, we 
obtain 

Hence, in the absence of generation terms such as 
pressure gradients, chemical reactions, heat addition, 
etc., equation (2) states that the total flux of each 
quantity originates entirely at the initial station and is 
invariant. 

The crux of the present analysis lies in the suggestion 
made by Reichardt [9] and generalized by Baron and 
Alexander [lo] that 

Thus the system described by equation (1) becomes 

This equation is analogous to the equation for heat 
conduction where diffusivity is a function of time and 
heat is generated within the system. If Q is linear in the 
dependent variable. then the equation is linear and 
may be treated by many well known analytical tech- 
niques with the specification of the proper boundary 
and initial conditions. Rather arbitrary conditions 
may be specified at the initial station; this permits 
analysis of many geometrical configurations and the 

attendant initial distributions of pucp. 
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Solutions of the system of equation (4) is straight- 
forward so that only a brief outline of the procedure is 
necessary here. We seek solutions for the case of no 
generation terms when these equations take the form 

where V, = u, h, -h, or Y,., and with initial conditions 

_il__ ’ 
at x=0: #X&i, = 

I 

,f;*(r’) 
d 

for r’ < - 
2 

(6) 
0 for r’ 2 i 

and boundary condition 

put+0 -+ 0 as Y + -I_ . (7) 

Here, d is the diameter of the orifice. 
The parameter A(x) is unknown and must be 

obtained by comparison between theory and experi- 
ment. We extend the Reichardt approach still further 
by introducing the transformation 

or 

dx = A(X) d?c, 

Under the transformation (S), equation (5) becomes 

The solution of (9) for arbitrary initial conditions is 

x IO 

where l&r’/2~) is a modified Bessel function of order 
zero. The specific solution for each case indicated 
above is obtained by specification of each initial 
condition &Jr’) and specification of the form of the 
transformation (8). 

Note that A(x) may be a different function for each 
of the dependent variables represented by p. Such 
would be the case if there is a different rate of mixing, as 
the term is usually applied, for each of the dependent 
variables. Upon application of the transformation 
represented by equation (8), however, a single form for 
the governing equations is obtained. Thus, in the 
transformed system of coordinates, the only difference 
in the solution for each of the dependent variables is 
the result of different initial conditions, and for identi- 
cal initial conditions, the solutions for each of the 
variables are identical. In the inductive theory, differ- 
ence in the rates of mixing are manifested only in the 
form of the transformation between Z and 2. 

The property of the inductive theory discussed 
above can be used to establish the extent to which 
preferential mixing exists for the flux variables. Corn- 

paring the transformation between .? and 2 is especially 
useful because of the ability of the inductive theory to 
account for variation in centerline decay and halfwidth 
growth that is a result of differences in initial con- 
ditions. Thus, in this work, a difference in the rate of 
turbulent mixing will be defined as a difference in the 
transformation between 2 and 2, and a quantity A will 
be said to mix faster than a quantity B if for a given 
value of R the corresponding value of 2 for quantity A is 
greater than the corresponding value of 2 for quantity 
8. 

3. DEVELOPMENT OF EXPERIMENTAL 
TECHNIQCTES TO MEASURE FLUX VARIABLES 

(A) The basic vmss,~ux probe 
The concept underlying the mass flux probe was the 

capture of a mean streamtube with the same diameter 
as the inside diameter of the probe; in the ideal case the 
static pressure at the probe entrance should equal the 
free stream static pressure. By locating static pressure 
taps near the inlet of the probe it would be possible to 
determine when the above condition is satisfied. Once 
the condition of isokinetic sampling is achieved a flow 
meter could be used to quantitatively fix the mass flow 
passing through the probe; since the area of the inside --. 
of the probe is known, the local mass flux prc may be 
determined. 

Of course, the geometry of the inlet, among other 
things, can seriously affect the actual pressure mea- 
sured at the probe entrance. In addition, the con- 
struction of a small (1.6 mm OD) probe, necessary for 
good resolution, dictates a simple inlet design to avoid 
impossible manufacturing situations. To evaluate dif- 
ferent inlet geometries a larger (6.4 mm OD) probe was 
constructed incorporating removable inlets and pla- 
ced in the test section of a low turbulence wind tunnel. 
A venturi upstream of the vacuum pump was used as a 
flow meter and the inlet static pressure was continually 
monitored along with the test section stati~pressure by 
means of an inclined manometer. These evaluations 
were performed over a range of velocity of appro- 
ximately 3-22 m/s, and in all cases a good correlation 
between the inlet pressure and the mass flux for the 
isokinetic sampling condition was noted. 

Five different inlet geometries were investigated ; the 
design which was finally chosen is shown in Fig. 1. The 
pressure taps were located immediately behind the end 
of the inlet radius; this gave a reading slightly below 
free stream static pressure at the isokinetic sampling 
condition. To achieve the desired pressure reading it 
was only necessary to patiently enlarge the inside 
diameter of the inlet with a tapered reamer to a very 
Blight extent. 

If no sample is withdrawn the probe becomes an 
impact tube and the pressure measured at the inlet taps 
is effectively the mean total pressure of the flow. Thus it 
is seen that the probe sensitivity is proportionat to the 
square of the velocity of the flow. The accuracy of the 
probe depends upon the accuracy of the pressure 
readings and the flow meter and can be about 1%. 
Sensitivity to yaw was also investigated and the probe 
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FIG. 1. Mass flux probe inlet geometries tested and details of 
final design. 

used was fairly insensitive up to angles of about 20’, i.e. 
about the same sensitivity to yaw as an impact tube. 

The miniature probe derived from the larger scale 

experiments described above has an inside cross- 
sectional area of 1.96 x lo- 3 cm’. The range of velo- 
cities to be measured in the jet flows was from 
essentially zero up to about 66m/s. Thus it was 
necessary to build a system to regulate and measure a 
very small mass flow. In addition the flow meter had to 
measure the flow for various gas mixtures and for 
various flow temperature. Several different techniques 
were considered for the quantitative measurement of 
the mass flow: because of the intent to study non- 
homogeneous, nonisothermal flows, a calibrated 
needle valve was finally chosen as the flow meter, pri- 
marily for its versatility. The actual valve used was a 
Nupro very fine needle valve with a micrometer 
handle. The bore was enlarged and a new needle 

fabricated to achieve the desired flow rates. The 
micrometer handle allowed readings to three signi- 
ficant figures. 

Calibration was performed by evacuating a cham- 
ber of known volume and then filling the chamber 
through the valve at a constant setting to a pressure of 
about 250 mm Hg ; measuring the time necessary to fill 
the chamber allows computation ofthe mass flow. For 
consistency, the valve was calibrated while connected 

to the probe. Due to minute machining flaws a 
considerable number of data points were necessary for 
good calibration. The reader is advised that there is 
considerable difficulty in such a calibration and an 
alternate flow meter would be desirable. 

With no internal flow the mass flux probe becomes 
an impact tube. The mean total pressure thus mea- 
sured can, with the knowledge of the mean static 
pressure, yield a reasonable inference as to the mean 

square velocity ~1’. The mass flux probe itself measures 

pu, or ii in a constant density flow. Thus it is possible to 
deduce a reasonable estimate of the turbulence in- 
tensity in a constant density flow with this mean 
measurement device from the relation 

provided that the measurements can be performed 
with sufficient accuracy. Note that this equation 
involves the differences of squares and errors will be 
greatly amplified. If reasonable results are obtained for 
the intensity, it appears safe to conclude that the mass 
flux probe is an accurate device for measurements in 
turbulent shear flows. 

Using the method described above, profiles of 
intensity, nondimensionalized with respect to the 
centerline velocity. are shown for the isothermal 
homogeneous jet described in Section 4, as a function 
of rls for various x/d locations in Fig. 2, and are 
compared to the hot-wire results of Wygnanski and 
Fiedler [Ill. While there is noticeable scatter in a 
given profile, the overall results are considered quite 
good. This technique will be pursued in future studies 
and these simple results are presented here only for 

FIG. 2. Intensity of axial velocity fluctuations deduced from mass flux probe measurements. Curves shown 
for comparison are indicative of hot wire measurements repotted in [l I]. 
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FIG. 3. Schematic diagram of gas sampling and analysis system. 

purposes of itlustrating the practicality of the mass flux 
probe. 

(B) The system for species mass fiux meuswements 
The gas analyzer constructed for the present work is 

a dynamic system employing a term&or element 
thermal conductivity cell manufactured by the CarIe 
Instrument Corporation. The distinguishing feature of 
this system is that the mass flux probe metering system 
is incorporated so that the total mass flux of the flow is 
analyzed without changing the sampling rate at the 
probe itself. A schematic diagram of the gas analyzer is 
shown in Fig. 3. The gas analyzer indicates the mole 
fraction of the contaminent species (carbon dioxide in 
the present quasi-binary mixture); this provides the 
correction factor for the total mass flux measurement 
recorded previously and the mass fraction of the 
species in question. The product of the mass fraction of 
a given species and the total mean mass Aux gives a 
reasonably accurate measure of the relevant species 
mass flux, when the sample is well mixed. Thus all 
quantities of interest here, for the case of an isothermal 
flow of a binary gas mixture, namely the momentum 
flux, p$, the mass flux of carbon dioxide, pcu, and the 
mass flux of air, pau, may be inferred from measure- 
ments made with one probe, essentially simul- 
taneously. 

(C) The system fur e~~~a~~~~~~.~ rne~.~~re?~e~~s 
A calo;imetric probe employs a coolant and a 

simple energy conservation principle to measure the 

energy content of a flow. A modified version of a 
commercial calorimetric probe manufactured by the 
Greyrad Corp. was originally considered for the 
enthalpy flux measurements in this investigation. The 
Greyrad probe was designed for high heat flux appii- 
cations such as plasma diagnostics; as a consequence 
several problems arose during the course of calibration 
that precluded the use of this probe for the present low 
heat flux cases. 

A new calorimetric probe which directly in- 
corporated the previously described mass flux probe 
was designed and constructed. This probe was made 
by machining a spiral channel into the outside wall of a 
copper tube and then shrink fitting this tube into a 
stainless steel tube. The new design insulated the 
coolant inlet as much as possible and the internal 
thermocouples were made to be adjustable within the 
probe ; both these improvements were made to try to 
improve the performance based upon the experience 
with the Greyrad probe. In addition the new probe had 
the special mass flux measuring inlet as an integral 
part. 

Even after all the care in design and m~ufacture it 
was found that the enthalpy flux calibrations made 
with this new probe in the potential core region of a 
heated jet were disappointing. It was determined that 
most of the heat was being conducted away by the 
probe body rather than being transferred to the 
coolant. This was the basic problem with the calorim- 
etric types ofprobe. To eliminate this conductive loss it 
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appears to be necessary to fashion almost all the probe 
out of a low conductivity material, e.g. ceramic. 

To overcome these accumulated problems a third 
probe was constructed to measure the enthalpy flux. 
Simply stated, the new probe is a mass flux probe 
constructed primarily of ceramic material with a fine 
beaded thermocouple suspended within the probe 
directly behind the inlet pressure taps. In this fashion, 
the total temperature of the sample may be determined 
in the state of isokinetic sampling as well as the mass 
flux: from these quantities the total enthalpy flux may 
be deduced. As in all applications of the mass flux 
probe, the device is considered to operate as an 
integrating device and no detailed accounting of the 
fluctuations is obtained. However, experience with this 
probe, as will be evident from the results yet to be 
presented, indicates that the technique is basically 
sound and provides sufficient accuracy for most appli- 
cations. 

4. THE ISOTHERMAL HOMOGENEOUS JET 

The constant density, or “cold jet”, investigation was 
performed using a vertically oriented jet chamber. This 
facility was also used for the heated jet study and will 
be described in more detail in a subsequent section. 
The exit velocity was nominally 63 m/s and the exit 
profiles of mass and momentum flux were deduced 
from measurements using total and static pressure 
probes 0.45mm in diameter. The mass flux probe 
previously was used for all other measurements. 

(B) Integral properties 

For a free jet the total momentum flux is conserved 
and thus the integral of the momentum flux data at any 
downstream station should be a constant. Figure 4 

shows normalized results of direct numerical in- 
tegration of the momentum flux data. Note that the 
total momentum flux is conserved within deviations of 

less than 9y0 of the initial value. 
The mass flux measurements were performed simul- 

taneously with the total head measurements to avoid 
errors due to incorrect probe positioning, etc. Direct 
numerical integration of the mass flux data yields the 
total mass flux of air at that location which, when 
compared to the initial mass flux of the jet, is a measure 
of the entrainment. The results for the integrated mass 
flux profiles are also shown in Fig. 4; the entrainment 
is found to assume a linear growth in the far field. 

(C) Centerline behaoior of,flux cariables 

The centerline values of momentum flux, non- 
dimensionalized with respect to the exit value, is 
shown in Fig. 5, for both experiment and the present 
theory. The data is seen to decay asymptotically as .x 2 
as expected. Note that the theoretical curve is plotted 
as a function of the transformed variable ;( ; of course, 
the initial profile used for the theoretical curve is that 
actually measured at the jet exit. By matching the 
centerline values of momentum flux a relation between 
x and 2 can be obtained. Such a relation may be found 

M ,‘doro O 0, 
-MT 091 ~_ O O o O 

FIG. 4. Integral characteristics for cold jet. Upper graph 
shows variation of normalized integral of momentum flux 
with streamwise distance. Lower graph shows normalized 

mass entrainment variation with streamwise distance. 

ji 
FIG 5. Centerline characteristics for cold jet. Symbols are 
experimental data and are referred to X while the solid line is 
the theoretical result for centerline momentum fux and is 

referred to j. 

in other ways, e.g. by matching halfwidths, but the 
present method has proven to be both accurate and 
convenient. 

Centerline values of mass flux of air are also shown 
in Fig. 5 and are seen to decay inversely with x/d in the 
far field; this is expected since the mass flux for this 
homogeneous case is proportional to the mean stream- 
wise velocity. The mass flux is not a conserved 
quantity, and since a generation term for it in the 
describing equations has not been formulated, no 
theoretical results are given. 

(D) Havwidrhs 
The halfwidths for all the flux variables are pre- 

sented in Fig. 6 as a function of x/d. All the halfwidths 
are found to assume a linear growth with the constant 
of proportionality for the mass flux case equal to about 
0.08 ; this value is consistent with typical mean velocity 
halfwidth results. 
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6. Streamwise growth of the cold jet half-widths. Solid 
lines are added to illustrate linearity of data. 

The full solution for the momentum flux field of the 

isothermal homogeneous jet is compared to the expe- 
rimental data in Fig. 7. The relation between X and ;( 
was obtained as explained previously. Note that the 
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FIG. 7. Comparison of experiment and theory for momen- 
tum flux field of cold jet. 

theory predicts the developing region accurately as 
well as giving a very good description of the far field 
region wherein similarity is achieved. 

5. THE ISOTHERMAL, NONHOMOGENEOUS JET 

(A) Experimentalfucility and exit corzditions 
The nonhomogeneous jet investigated consisted of 

carbon dioxide premixed with air to a molar con- 
centration of 20% within the settling chamber. The 
mass flux probe described previously was used to 

measure the momentum flux, pu’, and the mass flux of 

carbon dioxide and of air. pc u and pA U, respectively. A 
schematic diagram of the facility used is shown in 
Fig. 8. The exit velocity was about 63 m/s. 

The exit profile of momentum flux was obtained by 
using 0.45 mm diameter pitot and static pressure tubes 
and a water manometer. The relatively large diameter 
of the mass flux probe did not permit accurate 
measurement of the exit profile of the species fluxes in 
the high shear region near the edge of the orifice. 
However, measurements over the central region of the 
jet in the plane of the orifice indicated that the CO, 
mass flux was constant. Since the gases were premixed 
and the flow at the exit plane is laminar, the density is 
fixed and the mass flux profiles at the exit is characte- 
rized by the profile of velocity. The total mass flux of 
CO, leaving the orifice calculated in this way was 
found to agee with that entering the settling chamber 
through the calibrated sonic orifice. 

(B) Integral properties 

For the nonhomogeneous jet, two integral quan- 
tities are conserved, namely the total momentum flux 
and the total mass flux of carbon dioxide. The results of 
a direct numerical integration of the raw data for these 
two quantities is shown in Fig. 9. The measurements 
indicate reasonably good conservation of these in- 
tegral quantities, with deviations within IO?,, of the 
initial value. 

FIG. 8. Schematic diagram of the binary jet experimental facility. 
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FIG. 9. Integral characteristics of the binary jet. The graphs 
show streamwise variation of total momentum flux, total 

carbon dioxide mass flux, and mass entrainment. 

The remaining integral quantity of interest is the 
ratio of the total mass flux of air in the profile at any x 

station to the total mass flux of mixture at the jet exit. 
The result of numerical integration of the raw air flux 
data is presented in Fig. 9. The entrainment is found to 
asymptote to a linear growth, as expected. 

(C) Centerline behavior ofjlux aariables 

The centerline value of momentum flux, mass flux of 
carbon dioxide, and mass flux of air, non- 

dimensionalized with respect to the centerline exit 

values, are plotted as a function of x/d in Fig. 10. 
It is observed that the centerline values of momen- 

tum flux and of the mass flux of CO, decay as x-*.” 
far from the exit ; however, the potential core length for 

the momentum flux is 6.7 diameters while that of the 
mass flux of CO2 is 5.6 diameters. In this case, the 
initial profiles are nearly identical so that the more 
rapid decay of the CO, flux values is most likely not 
the result of initial conditions. By the conventional 
criteria for rates of mixing them, the mass flux of CO, 
would be said to mix faster than the momentum flux. 

The theoretical behavior of the centerline values of 
momentum flux and mass flux of CO, are also 

presented in Fig. 10 plotted as functions of the 
transform variable X. The difference in initial con- 
ditions for these two variables is so small that center- 
line behavior is almost indistinguishable in the trans- 
formed coordinate system. 

As in the previous case, the w vs 2 transformations 
are obtained by matching centerline values of the 

dependent variables. The detailed results of this pro- 
cess will be discussed subsequently. It is sufficient, at 
this point, to note that two distinct transformations 
are generated, one for the momentum flux and the 
other for the mass flux of CO,. These results, for the 
reasons discussed in Section 2, indicate that mass flux 
does indeed “mix” faster than momentum flux. 

The centerline values of mass flux of air are also 
shown in Fig. 10 and are seen to decay inversely with 
x/d in the asymptotic limit. Because the total mass flux 
of air is not a conserved quantity, the theoretical 
development would require a source term in the air 
flux species equation. The approach to formulating 
such a source term has not yet been developed and thus 
no theoretical description for the air flux was obtained. 

Another important conclusion results from the 
observed centerline behavior of the momentum flux. 

The present facility has also been used for homo- 
geneous mixing studies. The momentum decay in the 
present study is found to be absolutely identical to that 
of previous homogeneous cases; thus the change in 
exit concentration in no way affects the momentum 
flux field. 

i 

FIG 10. Centerline characteristics for binary jet. Symbols denote experimental data and are referred to .U 
while curves denote theoretical results and are referred to 2. 
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The halfwidths for all of the flux variables are 

presented in Fig. 11 as a function of x/d. All of the 

halfwidths are found to asymptote to a linear growth. 
Note that there is a small but distinct difference in the 
behavior of the halfwidths for the momentum flux and 
the mass flux of carbon dioxide. Following convention 
it can be said that the mass flux of CO, “mixes” faster 
than momentum flux in the sense that it has a larger 
halfwidth. 

25 

(J MOMENTUM FLUX 

D MASS FLUX OF co* 

2.0” 0 MASS FLUX OF AIR 

& 
d 

0 4 6 12 20 24 28 

I Id 

FIG. 11. Streamwise growth of binary jet halfwidths. Solid 
lines are added to illustrate linearity of data. 

It is observed that the present experimental 

measurements indicate a preferential transport ofmass 
flux over momentum Aux in the sense that at a given 
x/d location, the centerline value of mass flux of COZ is 
lower than that of momentum flux and its halfwidth is 
larger. However, the measurements also indicate that 
the values of radial coordinate for which no sensible 
measurement of each variable is obtainable are identi- 
cal for each flux variable. That is, the “edge” of the jet is 
the same for each quantity even though the mass flux 
of CO2 has a larger value for its halfwidth and a lower 
centerline value than does the momentum flux. Pre- 
vious experimental results, presented in terms of 
velocity and concentration, tended to indicate a dif- 
ferent “boundary layer thickness” for each variable. 
The present results, however, show that all the flux 
variables are distributed differently in a mixing zone of 
apparently unique width. 

The momentum halfwidths shown in Fig. 11 match 

exactly momentum halfwidths found in previous ho- 
mogeneous cases; once again, it is found that for 
identical initial conditions, the momentum field is 

sensibly independent of the gas mixture. 

(E) Theory compared to experiment 
Using curve fits to the initial data and the X vs 2 

transformation which shall be discussed subsequently, 
the complete analytic description of the momentum 
flux distribution and carbon dioxide mass Aux distri- 
bution was generated. Figures 12 and 13 compare the 
theoretical and experimental results for the entire 
momentum flux and carbon dioxide mass flux field 
respectively. Note that the results are presented in 

EXPERIMENT THEORY LSOUD LINE1 , 

FIG. 12. Comparison of experiment and theory for momen- 
tum flux field of binary jet. 
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FIG. 13. Comparison of experiment and theory for carbon 
dioxide mass Rux field of binary jet. 

terms of the physical coordinates, not similarity vari- 
ables; also note that the theory reasonably predicts the 
developing region of the jet in addition to the fully 

developed region. 

6. THE NON-ISOTHERMAL, HOMOGENEOUS JEI 

(A) Experimentul~ffciljt~ and exit conditions 
The non-isothermal jet facility exits vertically to 

avoid the asymmetries reported in [12] for horizon- 
tally flowing initially axisymmetric jets with densities 
different from the ambient density. The air supply is 
regulated and then passed through an electrical heater 
made from 4.7 mm dia nichrome wire; the temperature 
is regulated by a Capacitrol unit. The temperature of 
the air supply can be varied from room temperature to 
about 3OO’C. A schematic diagram of the homo- 
geneous jet facility is shown in Fig. 14. 
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FIG. 14. Schematic diagram of experimental facility used for cold jet and hot jet investigations. 

The nominal initial conditions for this investigation 

were a temperature of 150-C and an exit velocity of 
about 75 m/s. The exit profile of momentum flux was 
measured with 0.45 mm dia pitot and static tubes and 
water manometer. The exit profile of total enthalpy 
flux was computed from measurements of the pitot and 
static pressure and temperature measurements using a 
thermocouple. 

(B) Illregral properties 

For the non-isothermal jet, two integral quantities 

are conserved ; namely, the total momentum flux pu2 
and the flux of the stagnation enthalpy less ambient 

enthalpy pu(h, -h, ) which shall be referred to as 
enthalpy flux. The result of a direct numerical in- 
tegration of the raw data for these two quantities is 
presented in Fig. 15. The measurements again indicate 
good conservation of total momentum flux and total 
enthalpy flux, within lOD/, at all locations. 

The remaining integral quantity is the ratio of the 

total mass flux in the profile at any x station to the total 
exit mass flux. The results of numerical integration of 
the raw mass flux data are shown in Fig. 15. The 
entrainment is found again to asymptote to a linear 
growth. A comparison of the mass entrainment pro- 
perties of all the jets examined will be presented 
subsequently. 

(C) Centerline hehacior offlux mriables 

The centerline values of momentum flux, enthalpy 
flux, and mass flux, nondimensionalized with respect 
to the exit values are plotted as a function of x/d in Fig. 
16. It is observed that the centerline values of the 
momentum flux and the enthalpy flux decay as X-’ far 
from the exit; however, the potential core for the 
momentum flux is 6.9 diameters while that of the 
enthalpy flux is 5.5 diameters. In this case, the initial 
profile of the enthalpy flux is considerably less “full” 
than that of momentum flux so that it is expected that 
the enthalpy flux should decay faster, and it would, 
therefore, be difficult to unambiguously compare the 
rates of mixing between the two. 

X/d 

FIG. 15. Integral characteristics of the hot jet. The graphs 
show streamwise variation of total momentum flux, total 

enthalpy flux. and mass entrainment. 

The theoretical behavior of the centerline values of 
momentum flux and enthalpy flux, plotted as a 
function of the transform variable 2, are shown in the 
same figure. The difference in initial conditions for 
these two variables is seen to manifest itself as a shift 
between the two curves. 

As was done previously, the X vs 2 transformations 
are obtained by matching centerline values of the 
dependent variables. The results of this technique are 
discussed in detail subsequently. Similar to the non- 
homogeneous jet, two distinct transformations are 
generated for momentum flux and enthalpy flux. The 
results indicate that enthalpy flux “mixes” faster than 
momentum flux. Note that this comparison can be 
made despite the difference in initial conditions. 

The centerline values of mass flux are also presented 
in Fig. 16 and they are seen to decay linearly with x/d in 
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FIG. 16. 

10-Z 2 4 5 8 lo-’ 2 4 6 s 100 

ji 

Centerline characteristics for hot jet. Symbols denote experimental data and are 
curves denote theoretical results and are referred to 2. 

the asymptotic limit of large X. Since the total mass flux 
is not conserved, no theoretical solution was de- 

veloped. 
An important conclusion obtained from the center- 

line behavior of momentum flux is that it is not affected 
by heating so long as the initial conditions on momen- 

tum flux remain the same. Note that there is no 
appreciable difference in momentum flux behavior 
between the isothermal nonhomogeneous jet (refer to 
Fig. 10) or the non-isothermal homogeneous jet (refer 
to Fig. 16). 

(D) Halfividth,s 
The halfwidths for all the flux variables are pre- 

sented in Fig. 17 as a function of x/d. All of the 
halfwidths are found to asymptote to a linear growth. 
Note that the enthalpy flux halfwidths are distinctly 

larger than the corresponding momentum flux half- 
widths so that in this sense, it can be said that enthalpy 
flux “mixes” faster than momentum flux. 

It is observed that the present experimental 
measurements indicate a preferential transport of 
energy over momentum in the sense that at a given 
value of x/d, the centerline value of enthalpy flux is 
lower than that of momentum flux and its halfwidth is 

larger. However, the measurements again indicate that 
the values of radial coordinate for which no sensible 

FIG. 17. Streamwise growth of hot jet halfwidths. Solid lines 
are added to illustrate linearity of data. 

referred to .% while 

measurement ofeach variable is obtainable is identical 

for each flux variable. That is, the “edge” of thejet is the 
same for each quantity even though the enthalpy flux 
has a larger halfwidth and a lower centerline value 
than does the momentum flux. Previous experimental 
results presented in terms of velocity and temperature, 
tended to indicate a different “boundary-layer thick- 
ness” for each variable. The present results, however, 
show that the flux variables are distributed differently 

in a mixing zone of apparently unique width. 

(E) Theor!, compured to rxperirnerlt 

Using the s vs 7 transformations, the complete 
analytic description of momentum flux and enthalpy 
flux was generated. Figure 18 compares the theoretical 
and experimental results for the entire momentum flux 
field of the non-isothermal jet. Figure 15 compares the 
theoretical and experimental results for the entire 
enthalpy flux field. Note that the results are presented 
in terms of physical coordinates, not similarly vari- 
ables, and that the theory adequately predicts the 
developing region of the jet in addition to the fully 
developed region. 

A-A-A 
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FIG. 18. Comparison of experiment and theory for momen- 
tum flux field of hot jet. 
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F~ti. 19. Comparison of experiment and theory for enthalpy 
flux field of hot jet. 

7. FURTHER RESULTS for the nonuniform as well as the uniform jets tested. 

(A) The coordinate travuformation 
In all the cases presented here the centerline proper- 

ties of the conserved flux variables have been matched 
to those obtained analytically in order to effect a 

relationship between the physical coordinate \-and the 
transformed coordinate x. The hypothesis of this 
extended Reichardt free-mixing theory is that a unique 
relationship exists between the two, i.e. there is a 
unique A(x) for identical mixing processes. The data to 
support this hypothesis is shown in Fig. 20 where it is 
clear that all the data for momentum flux matching fall 

0 
0 02 0.4 05 0.8 10 12 

- X 5 

FIG. 20. Correlation of physical and transformed coor- 
dinates for all cases tested. Upper curve is for momentum flux 
and lower curve for enthalpy flux and carbon dioxide mass 

flux. 

essentially upon one curve while all the data for mass 
flux and enthalpy flux matching fall together upon a 
second curve. 

It is suggested then that mass and enthalpy mixing 
are identical processes distinct from the process of 
momentum mixing. In addition, the coordinate re- 
lations shown (or the use of A = dj/d.? obtained from 
the data) should be useful for determining the mass, 
momentum, and enthalpy flux fields for axisymmetric 
free jet mixing flows when the initial conditions are 
known. 

(B) Mass entrainment correlation 
All the data for mass entrainment (normalized with 

respect to the total exit mass flux) is quite well 
correlated by the reduced coordinate (p, /pJ’!‘.x/d as 

shown in Fig. 21. This correlation may be approxi- 
mated as 

for 

(p, /p,)“2s/d > IO 

FIG. 21. Correlation of mass entrainment data for all jets 
investigated. 

The commonly accepted coefficient for the cor- 
relation equation is 0.32 obtained by Ricou and 
Spalding [13] as a result of an ingenious experiment 
which obviated the need for profile integration. How- 
ever, their data is for the far field of axisymmetric jets, 
x/d > 25 and in the near field as studied here more 
diversity in the magnitude of this coefficient is obser- 
ved among various researchers. 

(C) Behavior of the conventionalflow variables 
The centerline behavior of the velocity, total tem- 

perature, and concentration deduced from the raw 
data for all cases tested is shown in Fig. 22. It should be 
noted that the so-called momentum diameter 0 = 
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4. 

FIG. 22. Correlation of centerline properties of conventional 
variables for all jets investigated. Straight lines added to 

illustrate data trend. 

FIG. 23. Correlation ofhalfwidths ofprofiles ofconventional 
variables for all jets investigated. Straight lines added to 

illustrate data trend. 

(p,/p,)- i!‘d properly scales the axial coordinate and 
that the normalized temperatures and concentrations 
follow one curve while the normalized velocities follow 
another. The data are seen to assume linear behavior in 
the far field, as expected. The straight lines faired 
through the data are characterized by slopes which are 
in good agreement with previous investigations. For 
example, Becker et nl. [14], in their study of the 
concentration field of a round jet, reviewed the results 
of eleven other reports on the concentration and/or 
temperature fields of round jets. The average value of 
the reported slopes of the temperature or con- 
centration curves is 0.204 while for the present study it 
is 0.215. Six of the eleven studies cited gave velocity 

results with an average slope of 0.158 compared to the 
present value of 0.160. 

In the same fashion the halfwidths for velocity, 

temperature, and concentration are scaled by the 
momentum diameter. Here again, the temperature and 
concentration fields spread identically and at a faster 
rate than the velocity field, as shown in Fig. 23. The 
average value of the temperature or concentration 
half-width slope, as reported by [14], is 0.102 and in 

the present study it is 0.108. The velocity half-width 
slope has an average value of 0.087 while here it is 
0.089. Again it is seen that the results of the present 

work, in terms of conventional variables, is in good 
agreement with previous investigations. 
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TRANSPORT DE MASSE. DE QUANTITE DE MOUVEMENT. 
D’ENERGIE DANS LES JETS LIBRESTLJRBULENTS 

R&sum& --On prCsente une ttudc expCrimentale et analytique du transfert de masse. de quantit& de 
mouvement et de chaleur dans un 6coulement turbulent et iihre. On etudie en particulier Ie cas d’un jet 
issu d’un oritice circulaire et entrant dans I’atmosphire d’une salle dc laboratoire. On considitre trois 
conditions d’koulement : (I) mClange isotherme d’un jet d’air avec I’environnement, (2) m&Ian&e isotherme 
d’un jet de m&mge binaire (air;COz) avcc l’environnement. (3) m8ange non isotherme d’un jet d’air chaud 
avec I’environnement. Des sondes $ aspiration specialement conCues sont utilisies pour mesurer les flux 
moyens de masse. de quantiti de mouvement et d’enthalpie. Ces propri&t& sont considbCes comme les 
variables dt-pendantes d&fin&ant le champ ~~~)ujern~nt. Des estimations pr&ises des variables plus 
usuelles telles que fraction molaire moyenne d’esptces, vitesse massique moyenne et tempitrature moyenne 
sont dt!duites des r&.ultats bruts des khantillons a@&. Les rbultats normalis& indiquent que, pour des 
conditions initiales identiques les ftux de masse et d’cnthalpie totale sent identiques et que ces deux 
variables dbcroissent plus vite et ont des demi-largeurs plus tpaisses que le flux de quantitC de mouvement. 
N&moins la coordonn&e radiale B laquelle la valeur de la variable flux est sensiblement &gale h z&o, 
c’est h dire le “bard” moyen du jet, cst trouvte Etre la m6me pour tow les flux. 

On propose unc version Clargie de la thi-orie inductive de Reichardt pour la turbulence libre alin de 
predire correctement le champ complet dans I’t-coulement des variables de flux. 

STOFF-. IMPULS- UND ENERGIETRANSPORT IN TURBULENTEN 
FREISTRAHLEN 

Zusammenfassung- Es wird eine experimentelle und analytische Studie iiber den Staff-, Impuls- und 
Wiirmeiibergang in einem Feld freier turbulenter Striimung vorgelegt. Insbesondere wird der Fall des 
aus einer Dijse mit kreis~rmi~em Querschnitt in die freie Um~ebun~satmosph~e eines Laborraumes 
austretenden Strahles untersucht. Die grundlegenden Str6mungsbedingungen werden betrachtet: (1) 
isotherme Mischung dcs Strahles mit der Ilmgebung; (2) isotherme Mischung eines Strahles aus 
einem binaren Gemisch (LuftiCoz) mit der Umgebung; (3) nichtisotherme Mischung eines geheizten 
Luftstrahles mit der Umgebung. Speziell konstruierte Aspiriltionssonden werden zur Messung der 
mittleren Strtime von Masse. Impuls und tot&r Enthalpie uerwendet. Diese GriiBen werden als die 
das Str6mungsfeld definierenden ~~bh~ngigen Variablen betrachtet. Genaue Werte der gebrluchtichen 
GriiDen, wie des mittleren Molanteits, der mit den Massenanteilen gemittelten Geschwindigkeit und 
der mittleren Temperatur fallen als Nebenprodukte der mit den Aspirationssonden gewonnenen 
Me~atenan.DiedimensionslosgemachtenErgebnissezeigen,daDsich beiidentischen Anfangsbedingungen 
die Striime von Masse und tot&r Enthalpie identisch verhaiten und da8 diese beiden GriiDen schneller 
abnehmen und griiRere Halbwertbreiten haben als der Impulsstrom. Die radiale Koordinate jedoch, 
bei welcher die Stromvariable praktisch gleich null ist, d.h. die mittlere Strahlgrenze. ist fir alle 
Stromvariablen identisch. Es erweist sich, daB tine erweiterte Version der Theorie der freien 
Turbulenz von Reichardt das gesamte StrGmungsfeld beziiglich aller konservativen Stromvariablen 

angemessen beschreibt. 

flEPEHOC MACCbl, KOnMYECTBA _QBMXEHMEI M 3HEPTMM B TYPEiY_JlEHTHMX 
CBOlSOAHblX CTPYIIX 

AmtoTaqsrr- npOBeneH0 3Kcnepm4enTaflbHoe II aHankiTwuecKoe 13ccnefioBaHHe nepeHoca Maccbi, 

KOnM'(eCTBa IlUMXeHHR M Tenna B CBO60DHoM Typ6yJXHTHOM IlOTOKe. E) ‘WZTHOCTII. H3yYaeTC5l 
sny9aR crpyki. ucTeKaIomeB 543 xpyrnoro OTBepCTMR B OKpywaIoLuyto aTMocf&epy na60paTopHoro 

noMemewII. PaccivlarpMswoTcn Tpr4 0cnoBHbix peXwfa TeveHwi: (1) a3oTepMwiecKoe cMemew&ie 

EO3~yUlHOti CTpyM Pi OKpyXaKWeti Cpe,4bl;(2)R3OTepMWIeCKOe CMeUIeHlle CTpyU 6rrHapHoii CMeCU 

fBO?uyX-~02)coKpy~alome~ cpeooii;(3)~e~3oTep~ilrecxoec~eure~~ecrpy~~arpeToro~o3nyxa 

f OK~yXalOlU& CpeLlOti.&lri ~3MepeK~~Cpe~H~X nOTOKOB ~aCCbI,KOn~YeCTBa~B~XeH~~~O6~e~ 

3HTaAlbnMM MClIOJlb3yEOTC~ CIleIWaJibHO CO34aHHble aCnHpaTOpHble flaIWKA. C'iHTaEOT, YTO 3Tki 

xa,?aKTe,,MCTMKM RBIIREOTCII 3aBMCMMblMM RepeMeHHbiMkf, 0npenenRfowwti none TeqeHw. II0 

HeO6~a6OTaHH~lM LlaHHbIM ,!IJlR a~fl~paTOpHbiX IZaTYHKOB OnpeneJlRtoT TaGiCe TO'IHble 3Ha’feHUR 

‘raKM.x O6blqHO LiCnOnb'%yeMblX napaMeTpOB,KaKCpeLlHe-06IeMHan MO,IbHaR KOHIIeHTpaUHSl,CpenHe- 

MaCCOBaR Cpe,IHnic CKOPOCTb'M CpeflHSfl TeMnCpaTypa. 

lfO.?fyWHHble pe3yJIbTaTbl nOKa3bjBa~T, YTO npH ~~eHT~~HbIX Haqa~bHbIX yC.ROBKSZX nOBefieHlfe 

nOTOKa MaCCbl M nOTOKa 06L"efi 3HTaflbnllA OnllHaKOBO H YTO 06e 3TII nepeMeHHbIe CTpeMRTCn K 

nynto Gbtcrpee M k+MeDr 6onbmyto nonyuuip19sy, tier4 noTox KonwiecTBa nBwfemiI1. HaBneHo, 

ODHBKO. 9~0 p~~~~anbHa~ Koopnj~HaTa, npti ~o~opoti ae~~y~Ha nepeMeHH0~ noToKa npaxTarecril 

paBHa HynH) (T. e. CpeLlHMii <(KpafiD CTpyM)OIIMHaKOBa .IlJIR BCeX nepeMeHHbIX nOTOKa. 

HaitrreHo. 'iT0 o606LueHHb&i BaPMaHT MHnyKTMBHOk TeOpHll CBO6OJlHOii Typ6YJlCHTHOCTM 

PaCxapaTa y~o3~eTaop~Tenbno 0n~cbIaaeT none Te'feHuz n,w BceX ~e~MeH~blx ycra~oB~B~er0~~ 

noToKa. 


