
An Experimental Study of Instabilities and 
Other Flow Properties of a Laminar Pipe Jet 

Flow patterns in an axisymmetrical laminar pipe kt with a flat entering 
velocity profile and a diametrical expansion ratio of 1:2 was investigated 
using nondisturbing flow visualization. A wavelike instability was discovered 
in the detached shear layer even at the lowest Reynolds numbers, and for 
Reynolds numbers greater than 350 tangential motions were observed, re- 
sulting in considerable turbulence near the mean position of re-attachment. 
This turbulence even at low Reynolds explains local high rates of mass and 
heat transfer. The mean re-attachment position depends on Reynolds num- 
ber. 

Instantaneous mean velocity profiles and wall shear stresses were deter- 
mined. 
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SCOPE 

Because of the experimental difficulties involved, few 
engineering studies of flow conditions at the entry and exit 
of pipe sections have been made. The abrupt expansions 
and contractions resulting from the installation of orifices, 
valves, p.ipe joints, etc. often result in flow separations and 
local recirculations which have an important effect on heat, 
mass, and momentum transfer. 

Spalding and his group at London Imperial College 
have been developing general procedures for predicting 
heat and mass transfer for turbulent flows. Their equations 
consider not only total turbulent energy, but also vorticity, 
a basis which is a theoretical improvement and leads to 
additional constants or functions to be determined by ex- 
periment. Separated flow is an important regime for testing 
and developing the procedures, and the pipe jet, having 
axial symmetry, is an obvious choice for study. Runchal 
(1969) from Spalding’s group studied the mass transfer 
experimentally and theoretically for this system and it was 
suggested by Spalding that the fluid dynamics be studied 
in Toronto using Hummers (1967, 1969) technique. The 

fluid mechanics show a surprising degree of turbulence in 
the attachment region even at low Reynolds numbers, 
which may largely explain why the experimental mass 
transfer is much greater than the predicted mass transfer 
in this region. 

The fluid mechanics, not only of the attachment region 
but also of the entire reverse flow region, can be studied 
using the nondisturbing flow visualization technique. The 
method consists of dissolving a photochromic dye in the 
test fluid and producing colored traces (tautomeric reaction 
of the dye) by irradiation with a narrow beam of ultraviolet 
light from a giant pulse ruby laser with frequency doubler. 
Quantitative measurements were made from high speed 
movies. 

Prior to the present study, only qualitative fluid flow 
measurements using suspended metal powder have been 
obtained in the system. Theoretical studies with many 
assumptions have been made by Macagno and Hung 
(1966) and Le Feuvre (1969). 

CONCLUSIONS AN D SIGN IF ICANCE 

A nondisturbing flow visualization technique has been 
used to study the flow properties of a laminar pipe jet with 
flat entering velocity profile. The Reynolds number range 
from 90 to 1,355 based on the nozzle diameters was in- 
vestigated. 

1. Mean axial and radial velocities at different distance3 
from the jet entrance were measured and calculated as a 
function of radial position y/DAT for the range of Re 
studied. 

Correspondence concerning this paper should he directed to J. W. 
Smith. F. Frantisak is with International Nickel Co. Ltd., Toronto, 
Canada. 

2. The present experiments have shown the existence 
of regular waves in the region of the detached shear layer 
that bounds the jet emerging from the circular orifice of 
the nozzle. The existence of these periodic fluctuations 
helps explain previous large differences between theoreti- 
cally predicted and measured mass transfer coefficient. 

Furthermore, as the attachment is approached, the flow 
becomes increasingly irregular or “turbulent.” Approaching 
the re-attachment zone, the flow acquires, in addition to 
the motion along the tube axis and the radial motion, a 
substantial circumferential component. The effects of these 
phenomena have not been included in the theoretical pre- 
dictions. These wavelike instabilities were observed 
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throughout the whole Reynolds number investigated. 
3. A clear transition in the waves from irregular sinu- 

soidal to varicose was observed at ReN = 350. Above this 
Reynolds number, the position of the re-attachment zone 
fluctuated widely. The varicose wave behavior was not ob- 
served in a pipe jet with developed laminar starting profile 
at ReN = 754. 

*. The frequencies of the waves, expressed as Strouhal 
numbers, agree reasonably well with those reported by 
Becker and Massaro (1968) for a free jet with flat velocity 
profile. The displacement between the two curves is at- 
tributed to the effect of the pipe wall on the oscillation. 
The shedding frequency is a direct function of the square 
root of Reynolds number. In the same graph the experi- 
mental data of Beavers and Wilson (1970) for a parabolic 
entering profile jet in a water tunnel are also plotted. 
These authors found the Strouhal numbers for Reynolds 
larger than 700 and approximately the same entrance ori- 
fice diameter as ours to be independent of the flow rate 
and equal to 0.63. 

5. The position of the re-attachment zone was found 
to move downstream with increasing Re until the transi- 
tion at Re = 350, above which it approached the limiting 

- 

Y .c 
value of - of about 3 obtained from Runchal's work 

DN 

(1969). 
6. Instantaneous wall shear stresses calculated from the 

velocity gradients agreed qualitatively with the theoretical 
prediction of Le Feuvre (1969), which does not account 
for wave behavior. 

7. After the re-attachment zone, the recovery of flow 

from the effect of separation is gradual. At - = 15.5 the 
X 

D N  

i 

velocity profile was still only partially developed. 
The series of experiments reported in this paper were 

designed to provide information and a better understand- 
ing of the behavior of a laminar incompressible flow be- 
hind a sudden enlargement of a pipe. 

For an optimum design of an engineering device, the 
location of the re-attachment zone is very important. The 
heat and mass transfer coefficients here are three of four 
times greater than in the region further downstream, where 
regular pipe flow becomes re-established. 

An understanding of mass and heat transfer phenomena 
in separated flow regions such as occur in the pipe jet can- 
not be reached unless fluid flow characteristics are known. 
These have been obtained quantitatively and reliably for 
the first time in a sudden pipe expansion and are reported 
in this paper. 

* 

Separated flows are often encountered in engineering 
problems and result in advantages, such as an increase in 
transfer rate, or disadvantages, such as an increase in the 
pressure loss. Because of the experimental difficulties in- 
volved, relatively few experimental measurements have 
been made in this field. 

If the diameter of a pipe suddenly expands, the flow 
separates from the wall and re-attaches again in a region 
downstream; such a situation is sometimes called a pipe 
jet. Two entering velocity profiles are of general interest: 
the flat profile and the Poiseuille profile. A nearly flat pro- 
file was obtained in this work using a specially-designed 
nozzle. 

Figure l b  illustrates the circular pipe with a sudden ex- 
pansion in which the steady flow pattern may be consid- 
ered as composed of a main stream gradually increasing 

reverse 
flaw- 

srrkam 
lines 

Dimensions in cm 

Fig. 1. The pipe j e t 4  sudden enlargement in a circular pipe a. 
test nozzle, b. the geometry of the pipe jet. 

in diameter from the edge of the expansion to the re- 
attachment point and an annular eddy enclosed between 
the surface of the main stream and the walls of the tube. 
Hence there is a central region with a positive velocity in 
the x direction, surrounded by a shell of liquid moving in 
the opposite direction. The central positive region expands 
with increasing distance x from the expansion until it 
reaches the wall at the zone of attachment. A surface of 
zero axial velocity passes through the center of the eddy 
and separates the positive core from the negative shell. 
Flow in the negative shell could be considered approxi- 
mately annular, but with a flow of liquid radially through 
the surface of zero axial velocity. 

The separation that occurs at the edge of the expansion 
step produces a free shear layer between the main stream 
and the annular eddy. 

Thom (1932) first studied analytically the difficult b- 
drodynamic problem in a pipe jet and obtained a numerical 
solution at a Reynolds number of 10. 

roduced a computer simu- 

the flow by suspending aluminum powder in a test mineral 
oil and recording the stream lines photographically. More 
recently Spalding (1969) presented a numerical finite- 
difference procedure for the solution of the full, elliptic, 
partial-differential equations of steady two-dimensional 
flows with recirculation. LeFeuvre (1969) applied the pro- 
cedure to predict the laminar flow downstream of a sudden 
enlargement in a circular pipe, and Runchal (1969) stud- 
ied the turbulent problem. Experimental studies have been 
confined mainly to heat transfer and turbulent flow. Ede 
and co-workers (1956, 1962) reported local heat transfer 
coefficients and the results of flow visualization experiments 
for water flowing through a pipe jet with an expansion di- 
vergence ratio of 1:2. Seban et al. (1959) measured local 
heat transfer coefficients downstream of a surface step for 
the flow of air. Krall and Sparrow (1966) also determined 
local heat transfer coefficients for fluids with Prandtl num- 

Macagno and Hung (1966) 
lation of the laminar flow an B experimentally visualized 
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bers between 3 and 6 for the same geometry. Mass trans- 
fer measurements have been made recently by Runchal 
(1969, 1971) for very high Schmidt numbers in turbulent 
flow. 

The results of all these workers may be summarized as 
follows: heat or mass transfer coefficients are less than in 
steady developed pipe flow immediately after the separa- 
tion; further downstream in the re-attachment zone than 
in the pipe these coefficients become as much as two or 
three times higher. 

Hummel's flow visualization technique permits the com- 
pletely nondisturbing study of complex flows and on Spald- 
ing's suggestion was applied to the study of flow in the 
pipe jet. 

The photochromic technique is nondisturbing because 
a beam of ultraviolet light is used to introduce a colored 
dye trace in a solution containing a photochromic dye. The 
trace can then be followed with a high speed motion pic- 
ture camera. Quantitative measurements with as good time 
and space resolution as are obtainable from hot wire ane- 
mometry techniques are attainable with the technique. 

Properties of the  flow investigated in these experiments 
include the steady behavior before the re-attachment zone 
and near the jet entrance, the periodic behavior of the 
waves, the apparently random behavior near the re-attach- 
ment point, and the region after the attachment point. 

EXPERIMENT 

Test Solutions Used 
The test solutions were prepared using two different dye 

materials: 2- ( 2',4'-dinitrobenzy1)pyridine ( DNBP) dissolved in 
ethyl alcohol and the spiropyran: [TMINBPS: E. Fisher private 
communication; Koelsch and Workman ( 1952)] dissolved in 
kerosene. The physical properties of these solutions are tabu- 
lated in Table 1, together with other experimental conditions. 

Both indicators respond with maximum optical density in 
the UV region (Hardwick et al., 1960; Berman et al., 1959). 

The first indicator dye, DNBP was used in work described 
elsewhere (Popovich and Hummel 1967; Frantisak et al., 
1969). The TMINBPS indicator material produces an excellent 
blue trace in kerosene which when photographed with a yellow 
sodium lamp gave good contrast, and it has been used for most 
of the experiments described here. 

The nitrospyran reaction is 

CH3, ,CII, 

From the above equation, it can be seen that the color is 
produced as a result of breaking of the carbon-oxygen bond 
in the spiropyran ring, producing a merocyanine structure. This 
reaction is reversible spontaneously after a few seconds so that 
one may work under normal illumination without an accumula- 
tion of color. The time stability of the dye, however, is long 
enough for all the measurements required. 

The indicator solutions tend to decompose on long standing, 
and freshly prepared solutions were used for these experiments. 
The low concentration of solid dye added to the solvent (0.1 % 
by weight in the case of DNBP and 0.02% by weight in the 
case of TMINBPS) were not sufficient to affect the density and 
viscosity of the solvent. 

Optical Arrmgement 
Figure 2a is a schematic diagram of the apparatus. A giant 

pulse ruby model TRG-104A laser with a peak power up to 
100 MW and a wavelength 6943A was used. A second har- 
monic generator reduced the wavelength to 'h, and at the same 
time reduced the energy. Taking into account the additional 
losses due to the optical systems, the energy of the resulting 
trace may be estimated to be roughly 0.01 joule or less. The 
pulse had a duration of about 30 nanoseconds and the trace 
was formed in less than three microseconds (Mosher e t  al., 
1962). Under certain conditions, the diameter of the beam has 
been reduced to about 2 5 ~ .  

The laser beam (Figure 2a and c )  was directed normally to 
one of the test section walls in order to avoid refraction. The 
lenses contracted the beam with the focus of the second lens 
falling into the liquid. The camera was placed at 90" to the 
beam path and the light source (sodium lamp) located behind 
the test section on the optical axis of the camera. The opening 
of the camera was synchronized with the triggering of the laser 
power supply. 

A better qualitative visualization of the flow can be obtained 
by using a continuous source of UV light, rather than the laser, 
which can only be triggered infrequently because of the time 
required to accumulate electrical charge in the power supply 
and to cool the ruby. In this work, the Phillips CS-100 watt 
mercury lamp was placed in the position normally occupied by 
the laser head, as illustrated in Figure 2b, or nearly parallel 
to the movie camera at  90" to the laser beam Figure 2c. The 
optical system included two rectangular mirrors and lenses 

TABLE 1. EXPERIMENTAL CONDITIONS AND DATA 

Input energy to the laser 750 Joules 

Indicator Solvent 
conc., conc., Solution Y x 102 
wt. % wt. % temp., "C. cm2/s Re ReN 

ethylalcohol 

( p  = 0.800) 
0.10 DNBP 95 % 22 1.69 58 1 

666 
540 
389 
253 
213 
149.5 

2.75 104 
76.2 
63.7 
58.2 
46.5 
43.2 

0.02 Kerosene 
Nitrospyran ( p  = 0.805) 25 

1166 

1355 
1100 
754 
503 
422 
296 
205 
151 
125 
118 
92 
88.5 

f 
CPS 

9.80 
8.10 
7.83 

- 
0.246 

0.236 
- 

Reattachment 
S zone, r cm X / D N  

- 6.81-9.93 

0.560 5.60-9.76 
0.565 6.66-10.5 
0.442 7.70-1 1.9 
- 15.6-17.2 
- 17.3-19.8 
- 18.2-19.2 
- 12.5-13.0 
- 9.0-10.0 
- 6.66.8 

0.159 - 

0.203 - 
- 5.8-6.0 

4.80-7.00 

3.95-6.88 
4 70-7.40 
5.43-8.40 

11.0-12.1 
12.15-13.9 
12.8-13.5 
8.8-9.16 
6.3-7.05 
4.65-4.78 - 
4.07-4 20  - 
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which produced five beams of UV light. A shutter was used 
to interrupt the beam of light at different time intervals. Heat 
effects produced by the lamp were minimized by locating it at 
a distance of about 70 cm from the test section and by using 
long focal length quartz lenses. At low flow rate or in regions 
of low flow rate, great care was taken to insure that no local 
heating or cooling effects affected the flow. 

Other experimental details, such as optical and photographic 
materials, have been described previously by Frantisak et al. 
( 1969) and Iribarne et al, (196s). 
Apparatus: The Flow Circuit and Test Section 

A schematic diagram of the apparatus used is given in Figure 
3. Vibrations were avoided by using only the hydrostatic head 
of the liquid in a vertical system to obtain the flow. Fluid 
flowed from tank 1 through a nest of 1 mm diameter by 10 
cm long glass capillaries to insure uniformity of the stream lines 
and to dampen any vibrations resulting from the flow from the 
upper tank. The nozzle and expansion section illustrated in 
Figure l a  was situated 250 cm or 180 diam. downstream from 
the flow straightening section. The total length of the vertical 
section was 345 cm. The nozzle used was designed by Dr. 
Runchal of the Imperial College to provide a flat velocity pro- 
file and to reduce the thickness of the boundary layer to a 
minimum. All experiments were conducted downstream of the 
sudden ex ansion to and below the re-attachment zone (Point 
P, Fig. lap. The axes of the small and large tubes were made 
to coincide exactly by visual observation of the jet. 1 TANK 2 

Fig. 3. Schematic diagram of the flow system. 

Sodium Lamp 

Translucent Glass 
Laser 

Test 
Tube 

Generator 

Movie 
Camera 

X 
Fig. 4. A sequence for Re = 389 and - = 0.56. Frame numbers 

are shown in the figures. Time per frame = 0.01656 sec. 
DN 

Power 
Supply 

Mercury Lamp 
(100 Watts) 

Movie 
Camera 

abSodium Lamp 
ttl 

Mercury LamD 

Movie 
Camera 

Power 
Supply 

Fig. 2. Optical arrangements of the test equipment. a. The laser 
beam normal to the test section and camera axis. b. UV beam from 
the mercury lamp normal to the test section. c. As in (a) but with 

the mercury lamp parallel to the camera. 

X 
Fig. 5. A sequence of frames for Re = 389 and - = 3.53. Time 

per frame = 0.01656 sec. 
DN 

A square plexiglass box Elled with the test liquid was in- 

The laser head was mounted on two jacks which permitted 
stalled to reduce optical distortion caused by the round tube. 

vertical alignment. 

INTERPRETATION OF EXPERIMENTAL DATA 

Typical experimental results are shown in Figures 4 and 
5, which are two sets of sequences of pictures of the trace 
at different times for Re = 389 and x = 0.8 cm and 5.0 cm 
respectively. These figures illustrate clearly the regions of 
the main and reverse flow. The points corresponding to 
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zero axial velocity are shown with an arrow in two of the 
pictures. 

Frame 100 in Figure 4 gives the position of the dye 
trace 1.5 seconds after the triggering of the laser. The dis- 
tance travelled by the trace is proportional to the velocity 
of flow in a particular region. Thus, the velocity in the 
region of reverse flow is much greater 5 cm downstream, 
as shown in Figure 5 than 0.8 cm downstream as shown 
in Figure 4. The distance travelled by the peak of the 
distorted parabola after 50 frames, the same time interval, 
is much greater in Figure 5 than in Figure 4. It is also ap- 
parent that the thickness of the annular region is changing 
with distance from the expansion region. 

The instantaneous axial velocity u(y, t )  of the trace can 
be determined from the change position of the traces 

Re . 389 
IME = 1.546 sec. 

IME -0.314 sac.  

I \TIME ~0.063 sec 

0.5  0.6 0 . 7  0.8 0.9 I .o 
Y/D, 

Fig. 6. Time variation of the velocity profile. Re = 389; x = 0.8 cm. 

0.2 L 
- 
0 

+ 
0.2 

E! 
"N 
0.4 

0.6 

0.8 

REVERSE FLOW 
t 4  

Re -309 
X c m  X / D N  

A 0.00 0.56  
0 2 . 5 0  1.76 

5.00 3.53 

I I  1 I I I 

0 0.2 0.4  06 0.8 1.0 
Y / D N  

Fig. 7. Velocity profiles a t  different distances x from the jet en- 
trances. CN = 16.9 cm/sec; Re = 389. 
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frame-by-frame and the time between frames. For reasons 
discussed below, the accuracy with which u( y, t )  can be 
calculated for a given x depends on the framing rate. 

Typical trace velocities for the nominal axial position 
x = 0.8 cm (x/DN = 0.56) and for Re = 389 are shown 
in Figure 6. The instantaneous trace velocities are plotted 
as a function of y/DN, where y is the distance from the 
center of the tube normal to the wall and DN is the diam- 
eter of the nozzle. Because the trace is moving upstream 
in the region of annular flow and downstream in the core 
region, its velocity distribution changes with time since the 
axial position of each fluid element changes with time and 
the velocity distribution depends on axial position x. The 
distances between traces divided by the time increment 
give average axial velocities for the time increment and 
for the space traversed by the dye trace. These calcula- 
tions are strictly valid only if the flow is unidimensional. 
However, radial velocities were calculated by mass balance, 
and as discussed later, no corrections were made. With 
the sufEciently small time increments used here, no cor- 
rection was required for the change in velocity of the trace 
with axial position. 

The value of uN, the axial velocity in the center of the 
jet at the nozzle, was determined by measurement because 
the velocity profile is not completely flat at the nozzle exit. 
The centerline value of the velocity in the jet was deter- 
mined for different axial positions and the value at the 
nozzle was then determined by extrapolation. UN was about 
3% greater than uam the average velocity in the nozzle. 

In general, the data given in this investigation are the 
average of at least 10 traces obtained under the same con- 
ditions. In steady flow the standard deviations of the means 
were up to 3.5% of the velocity values. 

RESULTS 

Behavior Near the Jet Entrance 

At various axial locations near the jet entrance, averaged 
axial velocity profiles like those shown in Figure 7 were 
obtained for Re = 389. The spread of the jet is apparent, 
as is the development of the flow reversal near the wall. 
These velocity profiles were very reproducible and bore 
little resemblance to those obtained near the re-attachment 
point. Little or no evidence of the wave formation and pat- 
terns which are characteristic of the flow near the re-attach- 
ment point was observed in the region close to the jet 
entrance. Figure 7 is a dimensionless plot of u/uN at differ- 
ent distances r from the jet entrance. Negative values of 
the velocity ratio, therefore, represent regions of flow 
reversal. 

Figure 8 is a plot of the distribution of the mean velocity 
relatively close to the wall region. A velocity profile ob- 
tained far downstream from the nozzle entrance at x = 22 
cm is shown on the figure as a dashed line. Also plotted 
on the graph is a line which represents the laminar velocity 
profile for X/DN + t4 (that is, fully developed flow). 

The radial velocity component v in the y direction, 
where y is the distance from the center line, can be readily 
calculated from a mass balance and the axial velocities if 
the flow is two-dimensional and steady. The results plotted 
in Figure 9 as dimensionless velocity against dimen- 
sionless radial position Y/DN show that except very near 
the nozzle and in the annular zone radial velocities are 
much less than axial velocities at the same axial position. 
The inflections at 0.40 and 2.50 cm occur at a Y/DN of 
approximately 0.5 immediately below the nozzle and in 
the region of maximum shear. Since the change is from 
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Fig. 8.  Velocity profiles before and after the re-attachment zone 
Re = 389. 

positive to negative, the direction of radial flow changes 
suddenly from away from the center to towards the center. 
Further downstream, the results show the expected flow of 
fluid from the core to the wall region as the annulus 
shrinks. 

No correction to the axial velocities was made although 
in principle one is necessary because the radial velocities 
were generally much less than the axial velocities. 

Formotion of Waver 
The flow separation that occurs at the edge of the nozzle 

produces a laminar free shear layer, which lies between the 
internal stream and the region of low velocity in annular 
flow. The existence of fluctuations in this region is an im- 
portant finding in the present work. These disturbances are 
regular pulsations or oscillations in the detached shear 
layer. They were postulated by Charwat et al. (1961), to 
account for an unsteady flow in an airflow passing over 
a notch (cavity) found using a spark Schlieren photogra- 
phy method. Reiman and Sabersky (1968) also noticed 
regular oscillations in the free shear layer of laminar flow 
over a set of transverse rectangular slots. 

More recently, Becker and Massaro (1968) studied the 
stability of an axisymmetrical jet with a flat velocity pro- 
file. The air stream was made visible with a mist of con- 
densed oil. The jet was subjected to different acoustic 
excitations, but measurements were also made of the shed- 
ding frequencies with minimal laboratory noise (in “si- 
lence”). 

Other recent studies in this field include the work of 
Beavers and Wilson (1970). It contains observations on a 
regular periodic flow at a bounding jet emerging from a 
sharp-edged two dimensional slit or a sharp-edged circular 
orifice. The experiments were carried out in a water 

rectangular tunnel for Re 500-3000. Visualization of the 
flow field was realized by introduction of dye through 
small tubes. These and Becker’s and the present results are 
compared in this paper. 

The instabilities are best illustrated by traces generated 
with the continuous UV light source. The laminar boundary 
layer remains laminar for some considerable distance after 
it leaves the nozzle before fluctuations begin. For very low 
velocities, as shown in Figure 10, the fluctuations are sinu- 
soidal. Only one half of the jet is shown, because the trace 
did not penetrate the entire jet. 

The crest of the wave has been indicated with an arrow 
on both photographs, the right-hand one corresponding to 
some time later than the left-hand one. When the mean 
velocity increases, the instability becomes varicose at a 
ReN A 350 and the waves roll down into a succession of 
ring vortices as shown in Figure 11. The instability is at- 
tributed to the sharp change in velocity between the jet 
and relatively stagnant annular eddy. The varicose behav- 
ior was not observed in a pipe jet with a developed laminar 
starting profile at ReN = 754. 

0 0 2  

0-01 

- 

z 
3 
\ o  
I> 

+ 

0.01 

0.02 

E 

I 1  
MAIN FLOW 

f i  
R e  -389 

X cm X I D N  
A 0 40 0 20 
o 2 . 5 0  1.76 
I 6 . 5 0  4 . 5 8  

0 0.2 0 4  0.6 0.8 1.0 
Y I D N  

Fig. 9. Radial velocity a t  different distances x from the jet en- 
trance Re = 389. 

Fig. 10. Sinusoidal fluctuations, Re = 58.2. The arrows indicate the 
crest of the waves. 
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Anzlysis of the waves show that they are not completely 
regular, and their am litudes and tendency to crest changes 

the tangential movement. It was observed that the vortices 
disintegrate as they come close to the re-attachment zone. 

The frequency of the waves was determined using two 
techniques: stroboscopic illumination and direct reading 
on the films. Direct reading required the analysis of a great 
number of frames. 

The distance L from the nozzle mouth to the point at 
which the waves fold or roll back, also called the ‘wave- 
breaking length‘, was found to be a function of the square 
root of the reciprocal of the Reynolds number. The length 
L can be easily observed in Figures 10 and 11. 

The shedding frequency is usually expressed in terms of 
the dimensionless Strouhal number ( f  D N / U N )  against the 
Reynolds number based on the nozzle diameter as shown 
in Figure 12. The curve of Becker and Massaro (1968) 
for free-jet vortex shedding frequency in “silence” has also 
been plotted for comparison. The slopes are the same 
(0.5), but there is a displacement which may be attributed 
to the effect of the pipe wall on the oscillation. These re- 
sults indicate that the shedding frequency S is a direct 
function of the square root of the Reynolds number 

S = constant ReNn 

periodically. These B ifferences are, in part at least due to 

Fig. 11. Varicose fluctuations, Re = 389. 

0 OUR DATA 

MASSARO 8 BECKER (1968) 

4 0  . BEAVERS 8 WILSON (1970) 

10 

Fig. 12. Strouhol number versus nozzle Reynolds number. 
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Fig. 13. Frequency distribution of up and downward motion a t  the 

wall as a function of -, Re = 389; 0 = up; + = down; A = 
up and down in the same frame. 

X 

DN 

The black points on the same graph represent the mea- 
surements obtained by Beavers and Wilson (1970). They 
found that the Strouhal numbers for both the plane and 
axisymmetric jets are independent of the Re numbers. 

The  Re-attachment Zone 
Because of the waves, the flow in the re-attachment zone 

is very irregular, and the position of the re-attachment point 
oscillates up and down stream around a mean value of x 
for a given Reynolds number. The dye traces were ob- 
served in the motion pictures to flow sometimes upwards 
and sometimes downwards, and tended to swirl around the 
wall at a velocity which was frequently large relative to 
the velocity in the axial direction. This unsteady condition 
led to considerable experimental difficulty in determining 
the re-attachment region. The laser and mercury lamp were 
used in different positions as described in Figures 2b and 
2c to explore the re-attachment region. It was generally 
easier to determine the length of the eddy or distance to 
the re-attachment point at very low Reynolds numbers, 
because then the fluctuations are sinusoidal and the propa- 
gation velocity of the waves is very low (0.156 cm/s for 
ReN = 118). For these very low Reynolds numbers, the 
re-attachment can be said to occur at a definite point rather 
than in a zone. (See Table 1.) 

Higher stream velocities required the analysis of about 
7,000 frames (about 10 min. of film) for each re-attach- 
ment distance and the criterion adopted for its determina- 
tion at a given value of Re was as follows: In the upper 
region near the nozzle every trace shows an upward motion 
near the wall. Downstream, at a sufficiently great distance 
from the jet entrance, the opposite is true. Along an inter- 
mediate interval of the distance x, successive traces will 
show both upward and downward motion. This region has 
been called the re-attachment zone. In this interval the 
frequency of upward motion as shown by different traces 
varies continuously from 100 to O%, defining the upper 
and lower limits of that zone. Frequency distribution 
curves were computed and plotted for upward and down- 
ward motions, an example of which is given in Figure 13 
for Re = 389. Here the re-attachment zone is found to lie 
approximately between 5 and 8 for the values of ~ D N ,  
hence the interval is about 4 cm. The triangles in this 
graph indicate observations in the middle region where 
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Fig. 14. Sequence of frames for Re = 389 a t  the re-attachment zone 
using the optical arrangement of Figure 2c (time per frame = 

0.0413 sec). 

changes in the direction of motion occurred so quickly that 
different traces in the same frame, 1/12 sec., moved in 
different directions. 

Figure 14 illustrates for Re = 389 fluctuations in the 
vicinity of the attachment point. Both the mercury lamp 
and the laser were used in this figure. The mercury lamp 
beams (lines A on the picture) penetrate into the liquid 
parallel to the camera at 90" from the laser beam (line B )  . 

The concentration of the indicator was doubled to re- 
duce the penetration length of the trace which also in- 
creases its intensity for better observation of the tangential 
and axial turbulence near the wall. In these frames it is pos- 
sible to observe the chaotic motion of the traces in the x 
and y direction and around the wall in a circumferential 
movement. Shortly after the trace had been introduced 
with the laser at the right wall it became irregular bending 
while moving from one side to the other in the liquid. 
Practically no trace in the re-attachment frame was like 
another, indicating a high degree of turbulence in this re- 
gion. This turbulence undoubted is responsible for much 
of the increase in heat and mass transfer in this region. 

Figure 15 shows the lengths of the separated regions 
expressed as x / D N ,  against Re based on the nozzle diame- 
ter and are also included in Table 1. 

The vertical segments indicate the re-attachment zones 
with their upper and lower limits computed as illustrated 
in Figure 13. 

The data of Macagno and Hung (1966) for an entering 
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parabolic profile and Reynolds number up to 200 are plot- 
ted on the same graph. They are in quantitative agreement 
with our results over the same range of Reynolds number. 

Also shown on the graph are the theoretical predictions 
of LeFeuvre (1969) shown as a dashed line. This pre- 
diction was made for a completely flat entering velocity 
profile, and momentum transfer due to the formation of 
waves was not taken into account in their model. 

For higher Reynolds number (> 5,000) Runchal's 
( 1969) measurements obtained using an electrochemical 
method, are also represented for Schmidt numbers 1,400 
and 2,500. The points indicate the locations where the 
mass transfer coefficients were found to be a maximum, 
which are expected to correspond with the location of the 
re-attachment zone. 

On this figure, it can be seen that the re-attachment 
point moves farther from the nozzle as the Reynolds num- 
ber is increased up to approximately 350, and then begins 
to fall again. 

A change in the flow regime at a ReN of 350 is clearly 
indicated by this change. A considerable tangential motion 
was observed at this Re, but not at the lower Re (90) stud- 
ied. Development of the tangential motion is therefore 
most likely responsible for the change in the behavior of 
the re-attachment zone. 

Below a ReN of 350, the re-attachment zone, as defined 
earlier and illustrated in Figure 13, is very small. Above 
ReN = 350, the observed zone was much longer. 

As the stream velocity increases, the attachment zone 
moves closer to the nozzle, apparently approaching a con- 
stant position, as indicated by the results obtained from the 
mass transfer data. 

After the re-attachment of the boundary layer, the flow 
returns gradually to a parabolic velocity profile. Although 
flow reversal is no longer present, the measurements indi- 
cated that in this region the flow is still under the influence 
of the pipe jet. As an example, Figure 16 for x = 13 cm 
and Re = 389 shows the influence on the trace of large 
eddies. At about 22 cm downstream (Figure 8) the veloc- 
ity profile was found to be only partially developed. 

I I 

i n  I 
-lot I o2 10' 10' lo5 

Re, 

Fig. 15. Variations of relative eddy length versus nozzle Reynolds 
number. Dashed line: predictions of LeFeuvre (19691, 0 Macagno 
and Hung (1967), Present work, and A Runchal (1969) Sc = 

2500 Sc = 1400. 

Fig. 16. Sequence of frames for Re = 389 after the re-attachment 
zone a t  x = 13.0 cm (time per frame = 0.0413 sec). 
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Fig. 17. Nondimensional wall shear stress versus X/DN for Re = 
389. Dashed line: predictions of LeFeuvre (1969) 0 time-average 

values instantaneous values present work. 

Wall Shear Stresses 
The instantaneous values of the wall shear stress were 

calculated from the velocity gradient in the viscous sub- 

layer T~ = p ($) where p is the dynamic viscosity. 

The instantaneous wall shear was calculated from succes- 
sive picture frames and the overall average value7, was 
computed for each trace sequence. The nondimensional 
wall shear stress expressed as Cf = Tw/p u ~ 2  is plotted 
against X / D N  for Re = 389 in Figure 17. For the region 
of re-attachment, some instantaneous values, shown as 
black points, of this nondimensional group are also shown 
on the graph. They illustrate the chaotic movement up- 
wards and downwards of the flow in this region. The point 
on the right represents the calculated shear-stress for fully- 
developed flow. On the same graph, the theoretical curve 
obtained by LeFeuvre, is plotted as a dashed line. 
LeFeuvre’s analysis did not include the effect of insta- 
bilities (sinusoidal or varicose) and hence would not 
be expected to predict the experimentally measured values. 
Agreement is qualitative, however. 
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N O T A T l  ON 

Cf = nondimensional wall shear stress (?-,/p U N ~ )  
D = big diameter pipe = 2.81 cm 
DN = diameter nozzle = 1.42 cm 
DNBP = 2- (2’,4’-dinitrobenzyl) pyridine 
f = wave frequency 
L = distance from the nozzle mouth to the point where 

the waves fold or roll back 

R = radius big pipe 
RN = radius nozzle 
Re 
ReN = Reynolds number based on nozzle diameter 
S 
TMINBPS = 1,3,3-trimethyl-B’-nitroindoline-2-spiro-~- 

U = mean velocity in x direction 
u,, = average velocity at the nozzle 
UN = velocity at the center of the nozzle 
U ( y, t )  = instantaneous velocity in x direction 
V = mean velocity in y direction 
x = axial distance measured from the sudden enlarge- 

y = distance from the center, normal to the wall 
= evaluated at the wall 

Greek Letters 
p = dynamic viscosity 
v = kinematic viscosity 
p = density 
rW 
T, 

= Reynolds number based on big diameter pipe 

= Strouhal number (= ~ * D N / u N )  

benzopyran - 

- 

ment (x  = 0 at the jet entrance) 

= instantaneous value of wall shear stress 
= average value shear stress 

- 
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The Kinetics of Alkylation of 
Isobutane with Propylene 

J. RANDOLPH LANGLEY and RALPH W. PIKE 
Depar tment  o f  Chemical  Engineering 

Louisiana State University, Baton Rouge, Louisiana 70803 

A 17-reaction mechanism model was postulated to  describe the alkylation of isobutane with 
propylene using sulfuric acid as the catalyst. The scheme was based on the Schmerling car- 
bonium ion mechanism with modifications introduced to account for iCs and iC10 formation. 
Solving the steady state rate equations for the rate constants a set of 17 equations of the 
form ki = f(rcj, i c k ,  . . .)/g (ci, C k ,  . . . .) were obtained. Experimental measurements were 
made in  an ideally mixed, continuous-flow stirred-tank reactor, and the necessary data were 
obtained to compute the rate constants from 65°F t o  135°F. The reaction model was found to  
be valid i n  the range of 81°F to 135°F using a 95% sulfuric acid catalyst since the rate 
constants obeyed the Arrhenius theory. The results obtained a t  65°F and 95% sulfuric 
acid showed significant departure from the model. This was possibly due to a change in  reaction 
mechanism. There was an apparent change in  selectivity of the catalyst when the concentration 
was lowered to  90% sulfuric acid. This resulted i n  increased rates of  formation of ice’s 
and iCio’s and decreased rates of formation of iC5‘5, iC6P and iCs’s. 

The alkylation of a light i s o p a r s n  with a light olefin in 
the presence of an aqueous phase catalyst has been the 
subject of extensive study. Investigations have studied 
both the effect of process variables on yield and product 
distribution (1, 2, 5, 6, 9, 11, 14, 18, 19) and the possi- 
ble mechanisms of reactions ( 4 ,  5, 7, 8, 10, 12, 15, 17, 
19, 21, 22). However, the kinetics of the reaction have 
remained largely unexplored. There appear to be two 
main reasons for this: (1). the presence of many compet- 
ing reactions, and ( 2 )  two separate phases, hydrocarbon 
and aqueous. With the aqueous phase being the reaction 
medium, it is improbable that actual reactant and product 
concentrations can be measured. 

This paper deals with a kinetic study of the alkylation 
of isobutane with propylene in the presence of a sulfuric 
acid catalyst. To circumvent problems mentioned above, 
a modified Schmerling mechanism has been used in con- 
junction with an analogous nonreacting system and mass 
transfer relations to derive the mathematical model. 

Correspondence concerning this paper should be addressed to R. W. 
Pike. J. R. Langley is with Gulf General Atomic Inc., San Diego, Cali- 
fornia. 

THEORY OF T H E  A L K Y L A T I O N  M O D E L  

As Schmerling’s mechanism (7, 19) is the most compre- 
hensive one available, it served as the basis for the mathe- 
matical model used in this research. The mechanism for 
the isobutane-propylene reaction as presented by Schmer- 
ling describes possible routes of formation of C3 through 
iCs, iClo and iCll saturated hydrocarbon species; they are 
listed in Table 1. In this table modifications proposed by 
authors of later works such as Hofmann and Schriesheim 
( 4 ,  5 ) ,  Kennedy ( l o ) ,  and others (16, 21, 22) are also 
included. Specifically, the reaction to form the nonane 
fraction was a modification made in the light of the knowl- 
edge of Schmerling’s and others’ theories. This is Reaction 
(1-15) in Table 1. Also, the route of decane formation 
was tailored to account for the yields of this species over 
the temperature range investigated. The result is two re- 
actions, one expressing formation of the decyl ion and one 
expressing its consumption. These are Reactions ( 1-13) 
and (1-17) respectively. 

The formation of dimethyl-hexane via allylic ions as 
proposed by Hofmann and Schriesheim ( 4 ,  5) was consid- 
ered a modification. However, as experimental informa- 
tion was lacking to discern between this theory and 

AlChE Journal (Vol. 18, No. 4) Page 698 July, 1972 


