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Experimental studies of the mixing of coaxial streams of a natural gas and air a t  atmos- 
pheric pressure were made at  Reynolds numbers of 44,000 and 79,000 under conditions 
where the turbulent-velocity profile of nearly uniform flow was altered as  little as  feasible 
by the blending of the two streams. 

Total diffusivities of natural gas in air for the region near the center of the conduit 
were computed from the data for turbulent, steady, nonuniform flow. The total diffu- 
sivities were found to be rather complicated functions of the conditions of flow. Limitations 
in the configuration of the apparatus did not permit a study of the behavior of the total 
diffusivities to be made over as  wide a range of flow rates as would be necessary to in- 
vestigate the large-scale trends indicated by this study. 

The transfer processes in a turbulent 
stream are considered here to result from 
a combination of the transport associated 
with the molecular migration of the com- 
ponents of the phase and the transport 
due to the relative macroscopic motions 
resulting from turbulence in the fluid 
as well as its gross motion across the 
section. Transfer of material through a 
unit area of surface by diffusional proc- 
esses only may be expressed for radial 
transport as 

where mAd is the weight of component A 
transported by diffusional processes per 
unit area and per unit time. For con- 
venience Equation (1) is often expressed 
as 

where eDa is the eddy diffusivity for 
component A .  The eddy diffusivity and 
molecular diffusivity, or Fick diffusion 
coefficient, may be combined in one 
term, the total diffusivity, g D n .  Equation 
(2)  may then be written as 

Likewise equations for momentum 
transfer in fluid flow may be developed. 
The corresponding result to compare with 
Equation (3) for the case of a fluid 
flowing uniformly through a straight, 
circular conduit is 

where 7 is the shear stress in pounds per 
square foot. Reynolds (9) proposed that 
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E,, the eddy viscosity, and ec, the eddy 
conductivity, were equal. Experimental 
evidence (11) indicates that for practical 

Fig. 1. Schematic diagram of turbulent- 
diffusion apparatus. 
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Fig. 2. Arrangement of probe and piezometer 
ring. 

purposes a proportionality may be 
established between g, and g D a .  

It was the intent of the present work 
to  investigate further the nature of eon 
in the initial mixing of two concentric 
streams where the turbulent-velocity 
profile of the central, main stream was 
altered as little as possible by the addi- 
tion of the diffusing component. I n  
particular it was desired to establish the 
behavior of eDa along the axis of the 
coaxial streams. 

THEORY 

For steady state the rate of accumula- 
tion of the diffusing component in a fixed 
element of volume is zero. Therefore the 
sum of the divergences of the convective 
and diffusional fluxes of the component 
is zero or, expressed analytically, 

= 0 = V * U A U  
d U A  -- 
at 

In  Equation (5 )  it is implicitly assumed 
that there is isotropic turbulence and 
therefore isotropic eddy diffusivity. Also 
the Fick diffusion coefficient is assumed 
to be isotropic in character. The assump- 
tions are not necessary in the develop- 
ment of the final expression for the radial 
eddy diffusivity but are made to simplify 
the writing of the equations. If cylindrical 
symmetry is assumed and diffusional 
transport in the direction of flow neg- 
lected, there is obtained for a perfect gas 
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Equation (6) is more easily used in integrands frbm the center of the channel 
treating experimental data if the inte- to the p+:n question. 
grations are made with respect to An exL ,sion for the eddy viscosity 
(r/ro)z where ra is the radius of the channel. may be developed also. In the analysis 
The transformation then gives for the it is assumed that there are cylindrical 
eddy diffusivity in the r direction 

( 7 / Y O ) *  

5 [fty l(r’Tm)* n,u, cirG)Z] - nA [(rr.)1 u, cif;y] 
(7) dX 

3 u dna ~ D A  = 

The advantages of using the variable 
(r/ra)2 are twofold. Derivatives of the 
composition with respect to (r/ro)z do not 
go to zero a t  the center of the channel, 
and the terms being differentiated with 
respect to z are seen to be simply the 
space-average values of the respcctive 
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Fig. 3. Composition as a function of the 
square of the relative radial position- 

Reynolds number of 44,000. 

symmetry, constant specific weight, and 
no effect of potential fields and that the 
time-average velocities in the 0 and r 
directions are zero. With these assump- 
tions, the Navier-Stokes equations, com- 
bined with the equation of continuity, 
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Fig. 5. Velocity as a function of the square 
of the relative radial position-Reynolds 

number of 44,000. 
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Fig. 4. Variation of velocity and composition with azimuthal position-Reynolds number 
of 44,000. 
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result in the following equation for 
steady state, turbulent flow: 

By use of the same transformation as 
was applied to Equation (6), the expres- 
sion for the total eddy viscosity is found 
to be 
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Fig. 6. Total diffusivity, ED, and total vis- 
cosity, e,, as functions of position-Rey- 

nolds number of 44,000. 

Since the pressure drop in gaseous 
streams a t  low Reynolds numbers is 
relatively small, dP/az may be approxi- 
mated from generalized friction-factor 
data (6) as follows: 

This expression neglects the effect of 
diffusion on the shear a t  the wall. The 
total eddy viscosity then becomes 

In  Equation (11) the second term on the 
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Fig. 7. Composition as a function of the 
square of the relative radial position- 

Reynolds number of 79,000. 
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mixing section was not suqcient for full 
development of uniform flow !,efore mixing, 
but the apparatus was used; nevertheless, 
because of interest in making a t  least a 
preliminary study of the nature of the eddy 
diffusivity along the center line of the flow 
channel. 

A schematic diagram of the apparatus 
used in the diffusion measurements is shown 
in Figure 1. Air a t  ambient temperature 
was circulated by the blower A through a 
tube B and orifice section C to a plenum 
chamber D a t  the ceiling. Here the air 
changed direction and was passed down 
through the test section E, which was 6 in. 
in diameter. The central air stream F was 
concentric with an annulus G through which 
natural gas was introduced. Gas entered 
the annulus atj ambient temperature and 
a t  a rate measured by a separate orifice 
meter. A t  section H ,  where the natural gas 
joined the central air stream, the annulus 
had a nominal width of W in. but a differ- 
ence in radius varying between 0.120 and 
0.130 in. The volumetric flow rate of the 
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right-hand side is the derivative with 
respect t o  x of the space-average value 
of the square of the velocity from the 
center line t o  the point in question and 
becomes zero for uniform flow. 

EXPERIMENTAL EQUIPMENT 
AND PROCEDURES 

The equipment used in this study of 
turbulent diffusion was constructed for an 
earlier investigation of mass transfer be- 
tween air and water droplets. Modifications 
were made to accommodate an annulus 
for the introduction of natural gas. It was 
realized that the upstream length from the 

Fig. 8. Velocity as  a function of 
the square of the relative rad- 
ial position-Reynolds number 

of 79,000. 

gas through the annulus was made to cor- 
respond roughly to the flow rate in the same 
annulus located downstream but in a full 
channel. Also just before reaching the 
%-in. annulus shown in Figure 1, the cross 
section of the gas stream was contracted 
slightly to minimize the lateral velocity 
component of the gas when it joined the 
central air stream. As the air and gas 
stream passed through the Lucite test 
section J ,  measurements of velocity and 
concentration were made as functions of 
the radius of the channel and the distance 
downstream from the point of initial mixing 
a t  H .  At the outlet of the flow apparatus 
the mixed gases were passed through a 
flame holder and burned. 

The Lucite test section could be moved 
through a vertical distance of 5 ft. and 
rotated through an angle of 180 deg. On 
the test section was mounted a brass sleeve 
K holding the sampling probe with an 
opening 0.065 in. in diameter. The probe 
served also as a Pitot tube and could be 
moved across the diameter of the test 
section. At the highest traverse position 
the probe opening was 36.5 in. below the 
exit of the annulus a t  H of Figure 1. The 
brass sleeve K also served as a piezometer 
ring for measuring static pressures as shown 
in Figure 2. 

The composition of the flowing stream 
was established by measuring the specific 
weight of the phase by means of a special 
manometer (4 )  with gas columns 139 in. 
long. The difference in weight of gas in the 
two columns was obtained by observing 
the movement of a bubble in a horizontal 
capillary tube connecting the two sides of 
the manometer (3, 7 ) .  The equation of 
state of a perfect gas was assumed in 
converting the pressure measurements to 
composition data. 

After the velocity and composition data 
were obtained, they were smoothed by 
plotting as functions of the square of the 
relative radial position, (r/ro)2. The slopes 
of the curves, au,/a(r/r$ and an,/a(r/ro)z, 
were smoothed with respect to (r/ro)z and 2. 
The smoothed slopes were integrated to 
obtain the recorded values of n, and u,. 
This procedure was followed in order to 
increase the consistency of the results but 
did not decrease the uncertainty. 

EXPERIMENTAL RESULTS 

Studies of the mixing of the coaxial 
streams of air and natural gas were 
made at ambient temperature. For the 
first set of measurements the mean gas 
temperature was 71.6"F., and the bulk 
velocity was 14.4 ft./sec. The composition 
of the gas stream was 0.0435 mole 
fraction natural gas, taken as a mixture 
of methane and ethane with a mean 
molecular weight of 18.8, and the 
remainder was air. The test section had 
a diameter of 6 in., and the Reynolds 
number for the run was 44,000. 

The  composition measurements at a 
Reynolds number of 44,000 are shown in 
Figure 3, which also includes experimental 
points for x = 72.5 and 36.5 in. The 
tabulated experimental data are available 
(5).  

I n  the development of the composition 
data  for a Reynolds number of 44,000 
it was observed that the integral so' n,u, d(r/rO)2 indicated a progressive 
increase in the  weight rate of natural 
gas flowing in  the vertical plane common 
to the traverses. The apparent increase 
was attributed to  transports in  the 6 
direction as a result of concentration 
gradients. Figure 4 shows the magnitude 
of the gradients. The composition and 
velocity data  were collected in  the vertical 
plane at 0 = 30°, where the concentration 
gradients in the 0 direction were close t o  
a minimum. 

It was desired to  compute CD for the 
natural gas for the case of symmetrical 
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fiow. Consequently the composition pro- 
files obtained experimentally were cor- 
rected. A reasonable basis for such cor- 
rections appeared to be an approach 
leaving the shape of the profiles un- 
changed as well as the concentration at 
the center of the channel. The experi- 
mental composition profiles were adjusted 
to follow the equation of continuity for 
the hydrocarbon constituent by equating 
the average concentration at each trav- 
erse to that at z = 54.5 in. The magni- 
tude of the corrections to n, did not 
exceed 7% of the local value. 

Besides the corrections to n, described 
it was also necessary to adjust the velocity 
0.2 ft./sec. or about 1% of the center-line 
velocity at  a downstream distance of 
z = 72.5 in. and a Reynolds number of 
44,000 in order to satisfy the equation of 

' I  I I 1 I X=72.5  IN. 
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continuity for the stream as a whole. The 
velocity data are shown in Figure 5. 

From the symmetrical velocity and 
'composition data, values of ED and E, 
were computed by use of Equations (7) 
and (11) respectively. Figure 6 shows the 
results. There is also included in Figure 6 
a curve showing em as obtained ( I )  for 
steady, uniform flow between parallel 
plates. 

Another set of measurements was made 
at a Reynolds number of 79,000, which 
corresponded to a bulk velocity of 26.4 
ft./sec. The mean temperature was 
75.2"F. and the composition of the exit 
stream was 0.0481 mole fraction natural 
gas. 

Smoothed composition data are shown 
in Figure 7 and Table 1. Figure 8 records 
the corresponding velocity data. As in 
the case of the lower Reynolds number, 
corrections were made to n, in order to 
compute en  for symmetrical flow. Figure 
9 depicts the variation of velocity and 
composition with azimuthal position. 
Figure 10 shows values of eD and em for 
the Reynolds number of 79,000. Also 
shown in Figure 10 is a plot of E, as 
obtained for steady, uniform flow be- 
tween parallel plates (f). 

Random fluctuations in the composi- 
tions and velocities at  a Reynolds number 
of 79,000 were initially much greater than 
for the measurements at the lower 
Reynolds number. To mitigate the con- 
dition a grid with triangular holes 0.25 

Fig. 9. Variation of velocity and composition with the azimuthal position-Reynolds 
number of 79,000. 

in. on a-side constructed from wires 
0.1 in. in diameter was placed in the air 
channel 4.0 f t .  above the exit of the 
annulus. The large-scale fluctuations were 
substantially reduced. The mean values 
of the point compositions were, however, 
essentially unchanged. Also the effect 
of the grid on the smaller scale turbulence 
in the stream should have been in a large 
measure damped out by the time an 
element of fluid reached the point of the 
discharge of the annulus (2) .  

It was observed that the axes of sym- 
metry of the velocity and composition 
profiles did not correspond to the axis 
of the channel as they did a t  the lower 

RADIAL POSITION $ 
Fig. 10. Total diffusivity, fD, and total viscosity, cm, as functions of position-Reynolds 

number of 79,000. 

Reynolds number. As the downstream 
distance increased, the displacement be- 
came greater. At z = 72.5 in. the dis- 
placement was approximately 0.2 in. 
The warping of the concentration and 
velocity profiles was thought to result 
primarily from eccentricity in both the 
annulus and the Lucite tube. The maxi- 
mum variation from the nominal inside 
diameter of 6 in. for the Lucite tube was 
0.03 in. 

As a check on the slightly nonuniform 
flow when diffusion was occurring, veloc- 
ity profiles were obtained for the case 
where no natural gas was flowing through 
the system. Figure 11 shows the results 
for the case where the total flow rate 
was approximately the same as for the 
diffusion experiment at a Reynolds 
number of 44,000. It can be seen that 
the nonuniformity was associated with 
the geometry of the channel and was not 
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a result of diffusion. The dashed lines 
represent the regions of greatest un- 
certainty in the measurements 

DISCUSSION OF RESULTS 

The Fick diffusion coefficient D for 
methane in air a t  32°F. is 1.7 X 10-4 
sq. ft./sec. (10) and the kinematic 
viscosity for air a t  70°F. is 1.64 X 10-4 
sq. ft./sec. (8). By comparison of these 
molecular quantities with the eddy 
quantities in Figures 6 and 10, the large 
contribution of turbulent exchange to 
material and momentum transfer may be 
observed. 

RADIAL POSITION (ef 
Fig. 11. Change of velocity with distance 
downstream in absence of diffusion- 

Reynolds number of 44,000. 

Uncertainties in the values of fD for 
the particular experimental arrangement 
stem mainly from the effects of the 
slight eccentricities in the annulus section 
and the Lucite tube combined with an  
insufficient length of straight section 
before the mixing of the coaxial streams 
of air and natural gas. The short length 
of straight section did not allow satis- 
factory development of normal uniform 
flow in the central air stream, as the 
approach was only 8 diameters in length 
as compared with a recommended value 
of 45 diameters (1%’). As a result of the 
channel geometry there was a 0 or 
azimuthal component of velocity as well 
as components in the r and x directions. 
The flow was not then just t n  10- d’ imen- 
sional in the r and x directions. Even 
though suitable corrections were made 
for the lack of symmetry, use of a 
channel allowing strictly two-dimensional 
cylindrical flow would greatly improve 
the analysis of the results. 

The values of the eddy diffusivity 
calculated from Equation (7) are sensitive 
to the change in composition with respect 
to distance along the flow channel. Eddy 
diffusivities in the present work are least 
reliable a t  the upper and lower ends of 

the working section, as at these locations 
greater corrections were made in the 
measured composition of the stream. 
The values of the eddy‘diffusivity are 
not believed to involve probable errors 
greater than 15% for the conditions 
studied. 

In  the case of the eddy viscosity, part 
of the uncertainty arose from the fluctua- 
tions in the velocity data. The corrections 
to composition had no effect on the values 
of eddy viscosities. Since the pressure 
drop was not well defined, the error 
introduced by using data obtained from 
correlations for pipes has a direct influ- 
ence on the eddy viscosities, as may be 
seen from Equation (9). It is estimated, 
however, that the eddy viscosities do 
not involve probable errors greater than 
15%. 

Both the eddy diffusivity and eddy 
viscosity are most reliable for values of 
(r/To) between 0.3 and 0.6, less reliable 
near the center of the channel, and least 
reliable a t  the walls. The regions of 
greatest uncertainty are indicated by 
the dashed curves. The gradation in 
uncertainty is partly the result of the 
corrections to the composition profiles 
and partly a natural consequence of the 
mathematical treatment of the terms in 
the equations for the eddy quantities. 

CONCLUSIONS 

From the consideration of composition 
and velocity as functions of (r/ro)2, 

values of the eddy diffusivity and the 
eddy viscosity may be established for the 
central portion of a nearly symmetrically 
flowing stream. Use of (r/r0) as the 
independent variable does not permit 
direct ascertaining of the center-line 
values of the eddy properties. 

The eddy properties are complicated 
functions of the particular conditions of 
flow and channel geometry. In  particular, 
the eddy diffusivity is especially sensitive 
because of the association between mass 
transfer of a particular component and 
momentum transfer. When values of the 
eddy diffusivity are reported, they should 
be defined in terms of the particular 
transfer and channel conditions. 

NOTATION 

A A  = Fick diffusion coefficient for 

d = differential operator 
f = Fanning friction factor 
g = gravitational constant, 32.2 ft./ 

sec.2 
hAd = weight rate of component A 

transport by diffusional process, 
lb./(sq. ft.) (sec.) 

component A, sq. ft./sec. 

nA 
n, 
P = pressure, lb./sq. f t .  
r 

r0 

= mole fraction of component A 
= mole fraction natural gas 

= radial coordinate in the system 
of cylindrical coordinates, ft. 

= radius of channel, ft. 

= time, sec. 
= vector velocity 
= fluctuating component of radial 

velocity, u,, ft./sec. 
= time-average point velocity in 

z direction, ft./sec. 
= bulk velocity, ft./sec. 
= axial coordinate in the system 

of cylindrical coordinates, ft. 
= del, a vector operator 
= eddy conductivity, sq. ft./sec. 
= total diffusivity for natural gas, 

= eddy diffusivity for component 

= total diffusivity for component 

= eddy viscosity, sq. ft./sec. 
= total viscosity, sq. ft./sec. 
= angular coordinate in the system 

of cylindrical coordinates, ra- 
dians 

= specific weight of system, lb./ 
cu. ft .  

= time-average point concentra- 
tion of A,  lb./cu. ft. 

= fluctuating component of con- 
centration of A, lb./cu. ft. 

= time average of indicated prod- 
uct, lb./(sq. ft.) (sec.) 

= specific weight of air at tem- 
perature and pressure for a 
given point, lb./cu. ft. 

= shear stress in 5 direction, lb./ 
sq. ft. 

= partial-differential operator 

sq. ft./sec. 

A ,  sq. ft./sec. 

A ,  sq. ft./sec. 

- 
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