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Concentration and velocity measurements in the flow of droplet suspensions 
through a tube* 

T. A. Kowalewski 

Institute of Fundamental Technological Research, Polish Academy of Sciences, Swietokrzyska 21, 00-049 Warszawa, Poland 

Abstract. Two optical methods, light absorption and LDA, are 
applied to measure the concentration and velocity profiles of 
droplet suspensions flowing through a tube. The droplet concen- 
tration is non-uniform and has two maxima, one near the tube 
wall and one on the tube axis. The measured velocity profiles are 
blunted, but a central plug-flow region is not observed. The 
concentration of droplets on the tube axis and the degree of 
velocity profile blunting depend on relative viscosity. These 
results can be qualitatively compared with the theory of Chan 
and Leal. 

List of symbols 

a particle radius, m 
= a /R ,  non-dimensional particle radius 

c volume concentration of droplets in suspension, m3/m 3 
cs stream-average volume concentration of droplets in 

suspension, m3/m 3= 2 n ! c v r d r ) / ( 2 r ~ ! v r d r  

D = 2 R, tube diameter, m 
L optical path length, m 
Li j  path length of laser beam through the j-th concentric layer 

when the beam crosses the tube diameter at the point on the 
inner circumference of the i-th layer, m 
exponent in Eqs. (3) and (4) R 
volumetric flowrate of suspension, m3/s, = 2 ~ S v r dr  
tube radius, m 0 
= 0~. vs D /p c ,  flow Reynolds number 
radial position (r = 0 on a tube axis), m 
= r /R ,  non-dimensiofial radial position 
velocity of suspension, m/s 
= v/v~, non-dimensional velocity 
centre-line velocity of suspension (r = 0), m/s 
= Q/7~ R 2, stream-average velocity of suspension, m/s 
streamwise position (x = 0 at tube inlet), m 
= x / D ,  non-dimensional streamwise position 
density of continuous phase, kg/m 3 
density of dispersed phase, kg/m 3 
stre~tin-average density of suspension, kg/m 3, equals density 
when homogenized 
= ~ J -  Oc, phase density difference, kg/m 3 
viscosity of continuous phase, Pa • s 
viscosity of dispersed (droplet) phase, Pa • s 
=/~d/Pc, viscosity ratio 
interfacial tension, N/m 
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1 Introduction 

Two phase flow started to gain attention from the moment  
when Segr6 and Silberberg (1962) studying the flow of  
dilute solid particle suspension through a tube, found that 
the particles tend to concentrate midway between the tube 
wall and its axis. Later, Karnis et al. (1966) showed that 
such particle migration is complex and depends on both 
flow conditions and particle size. 

From the point of  view of  applications, the case of  
dense suspensions is most interesting. However, when the 
stream-average concentration of  particles is greater than 
1% the interparticle interactions cannot be neglected, and 
so the problem becomes difficult, both experimentally and 
theoretically. Two basic flow characteristics are important:  
the particle concentration profile and the velocity profile. 
The first measurements of  both profiles were made  by 
Karnis et al. (1966) by direct observation of  single tracer 
particles added to a suspension. However, due to the 
tedious technique, the results obtained were meagre. 

The main aim of  the present work was to develop more 
accurate and convenient techniques for studying flows of  
highly concentrated suspension. For  the measurement  of  
the particle concentration a laser optical method was 
developed, and for measurement of  velocity, the well 
known Laser Doppler Anemometry (LDA) technique was 
adapted. It was found possible to apply these optical 
methods to dense suspensions when the phases were 
closely matched in refractive index, so the suspension was 
optically homogeneous. In this paper we describe details 
of  the experimental techniques and report some results 
obtained for the flow of  droplet suspensions. 

2 Experimental 

Particle concentration and suspension velocity were mea- 
sured separately in two different experiments on the same 
flow system. The droplet suspensions were prepared in the 
same way and had similar properties, except that for con- 
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centration measurements the dispersed phase (droplets) 
was dyed to obtain sufficient light absorption. 

2.1 The flow system 

A constant stroke pump provided steady flow through a 
17.8 mm i.d., 150 cm long, vertically mounted glass tube, 
Fig. 1. Square cells with windows, filled with the immer- 
sion liquid, were fitted around the tube at four different 
points along the tube. At the tube ends mixing cells 
helped to achieve a uniform particle distribution at the 
flow inlet. To obtain the velocity measurements, the flow 
tube could be moved perpendicularly to the optical axis of 
the fixed anemometer by means of a micrometer screw. 
The position of the measuring volume within the tube was 
determined with an accuracy of 0.05 mm. 

The flow rate could be changed both electrically by 
means of the motor voltage control and mechanically by a 
gear system in the range 0.1-100cm3/s. However, be- 
cause of excessively high pressures developed at flow rates 
above 15 cm3/s, some measurements were limited to this 
value of flow rate. The flow rate was estimated by mea- 
suring the angular speed of the driving shaft of the pump. 
The flow direction could be changed with valves. Droplet  
suspensions were prepared by pumping the liquid to be 
suspended through a hypodermic needle into a vessel con- 
taining the liquid of the continuous phase. The suspension 
was then passed through a device producing constant 
shear flow between two coaxial cylinders, one rotating at 
constant speed inside the other. Here the final maximum 
droplet size was adjusted, determined by the shear rate in 
the gap between cylinders. The distribution of droplets 
size in suspension entering and leaving the flow tube was 
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analyzed under a microscope with the help of a photo 
camera and compared with observations of droplets size 
in the supplying tank. It was found that during the 
experiment the mean droplet size in suspension was 
constant within few percent error with the standard 
deviation in diameter of about + 50%. 

2.2 Materials 

The glass tube was of no. 732-01 Pyrex by Sovirel, the 
refractive index no = 1.474. The two liquids for a suspen- 
sion were prepared so, that they had the same refractive 
index for the laser light within +_ 10 -5 units. This match- 
ing was not possible solely by refractometry, and the final 
adjustment was achieved by tedious trials in which the 
laser beam was sent through the tested suspension upon a 
target for visual observation. The small differences be- 
tween refractive indices of suspension and the glass 
(0.005) have no significant influence on the accuracy of 
measurements taken at distances greater than 0 .2mm 
from the tube wall. 

The interfacial tension was measured with the method 
described by Mason and Clark (1965). 

The range of the stream-average concentration of sus- 
pended droplets was cs= 0 .05-0.4 .  The relative mean 
droplet size was d = 0.01 - 0.06. To cover a wide range of 
the viscosity ratio )~ of dispersed to continuous phase, the 
measurements of droplet concentration profiles were per- 
formed for four different systems of suspensions labelled 
A, B, C, D, and the velocity profile measurements were 
done for three different systems labelled E, F, G. The 
properties of these systems are shown in Table 1. 

6- 

Fig. 1. The flow system: I pump; 2 
Couette mixer; 3 flow tube; 4 cell with 
immersion liquid; 5 motor; 6 stirrer; 
7 valves; 8 tank with breaker; 9 air 
valves; 10 reg. d.c. power supply; 
/ 1 revolution meter 
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Table 1. Description of systems and physical properties of fluids, 295 °K 
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System Continuous phase Dispersed phase /~c, Pa.s 2 A0, kg/m3 y, N /m  Re 

A glycerine + water + tetrachlorethane + silicon 0.053 0.07 1 • 10 .6 0.016 0.3 -50  
ammonium iodide oil + dye a 

B paraffin oil castor oil + methanol + 0.190 0.15 2 • 10  - 4  0.005 0.06--30 
methyl phthalate + dye b 

C paraffin oil castor oil + methyl 0.190 1.7 1.6 - ! 0 -4 0.008 0.06- 30 
phthalate + dye b 

D glycerine + ammonium castor oil + dye ° 0.091 7.2 4 '  10 - 4  0.017 0.12-60 
iodide 

E castor oil glycerine + ammonium 0.9 0.09 3.9 " 10 -4 - 0.05-1.8 
iodide + water 

F castor oil + methyl paraffin oil 0.35 0.58 8 ' 10 -5 - 0.12-4.6 
phthalate 

G castor oil + methyl paraffin oil 0.049 4.2 7 • 10 .5 - 0.9 -30  
phthalate + methanol 

a Ferro Enamds Blue Dye PC42 - Holland; b Methylviolett 2B, Loba-Chemie - Austria; ° Oil Green G, Zachem-Poland 

2.3 Particle distribution measurements  

2.3.1 Method 

The present measurements are based on the pr inc ip le  of  
light absorption by dyed suspended droplets.  To obta in  
concentrations, use is made  of  the Lamber t -Beer  law: 

I =  I0 e x p ( -  k c L) ,  (1) 

where I0 and I are the light intensities before  and after  
passing through the sample, k is the extinction coefficient,  
and L is the length of  the light path  across the sample.  

The flow tube is scanned lateral ly by a laser beam 
which describes parallel  chords across the circular  tube 
cross-section. In the numerical  da ta  t rea tment  the flow 
axial symmetry is assumed, and the tube cross section is 
divided into n concentric layers of  equal  thickness. In 
order to simplify calculations we take into account only a 
quadrant  of  the tube cross-section, Fig. 2. The layers are 
labelled 1,2 . . . . .  n from the outside rim. Laser beam 
positions are labelled likewise. The length of  the i-th l ight  
path through the j - th  flow layer is Li/  and can be easily 
calculated from the Pi tagorean theorem. The concentra-  

Fig. 2. The scheme of concentration calculations 

tion distribution is determined by solving the set of  n 
algebraic equations: 

Ii = Io exp 9 Li j  , (2) 

i =  1, 2 . . . . .  n, Ii is the intensity of  the emergent  laser 
beam along the i-th chord, and cj is the drople t  concen- 
tration in the j - th  layer. 

qhe chosen value of  n was 100. 

2.3.2 Apparatus 

The optical system which forms a 50 gm dia. laser beam 
for scanning the tube cross-section is shown in Fig. 3. The 
beam from a He-Ne laser source is first co l l imated  by 
diaphragms and focused by a 105 mm lens on a 10 lain pin- 
hole aperture. The beam is then collected by a 30 m m  lens 
and reflected by a mirror  which rotates at constant  speed 
(usually 15 r.p.s.). The axis of  revolut ion is normal  to the 
incident beam and located at the focus of  a third lens. 
Hence, for each posit ion of  the mirror  the l ight  beam 
emerging from this lens is paral lel  to the lens axis, 
changing position only in the direct ion normal  to the axis. 
The electric signal f r o m  the receiving pho tod iode  was 
registered digitally by a special signal analyzer  (ANOPS 
100, produced at Warsaw Polytechnic) al lowing au tomat i c  
averaging of  the required set of  measurements  in m e m o r y  
(usually from 5 to 8 single mir ror  revolutions).  The 
absorption curves obtained in this way, before the final 
computation described above, were smoothed numer ica l ly  
by the least squares method. The device allows measure-  
ments of the local concentration with spatial  resolut ion of  
about 100 gm. Reproducibi l i ty  of  the local concentra t ion 
values was within 10% standard devia t ion  error. The 
calculated stream-average concentration was constant  
within 2% standard deviat ion error. 
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Fig. 3. The optical system for concentration 
measurements 
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Ul 
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I Frequency 
meter Fig. 4. The Laser-Doppler system 

2.4 Velocity profile measurements 

A differential Doppler system (Fig. 4) with optical com- 
pensation for removing the pedestal was employed. This 
technique, developed by Bossel et al. (1979), uses laser 
beams polarized at right angles by a Wollaston prism. The 
scattered light is analyzed by a second Wollaston prism 
and received by two detectors. The signals are 180 o out of 
phase, so by subtracting them the background light 
arriving in phase at the detectors is removed. To obtain a 
Doppler frequency, the signal from the detectors was sent 
through the differential input of a Tektronix 7623 oscil- 
loscope and, t~)gether with a marker signal from an 
external generator, into a Tektronix Spectrum Analyzer 
7313/7L5. The spectrum was analyzed within 100 s full- 
scale span time, observed on the screen and recorded by 
XY plotter. Such an arrangement made it possible to 

measure very low frequencies of multiparticle Doppler 
signals (from about 30 Hz), considerably below the range 
of ordinary frequency trackers used for LDA. The ac- 
curacy of measured Doppler frequencies was about 0 .5-  
2%, depending on the frequency. The velocity measure- 
ments were performed at a distance of 50 cm from the 
tube inlet, for 7 to 12 different points on the tube radius. 
The spatial resolution of the system was about 0.1 mm 
except for the region of about 0.2 mm from the tube wall 
where, due to the effect of the residual difference in re- 
fractive indices of the tube glass and the medium, mea- 
surements were impossible. As the two phases of the sus- 
pension had closely matched refractive indices, there was 
no laser light scattering by droplets. However, it was 
found that sufficient LDA signal could be obtained from 
light scattered by impurities present in the liquids - so no 
extra seeding was needed. 
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3 Results  

3.1 Particle distribution 

The main finding of the present measurements is the non- 
uniform concentration of  droplets along the tube radius, 
with a characteristic double-humped shape, Fig. 5. It was 
observed that for suspensions of  low relative viscosity 2 
(systems A and B), the value of  the central max imum in- 
creases and that of the side maximum decreases as the 
distance from the tube inlet x grows. The reverse relation 
was observed for high relative viscosity (systems C and D) 
in which case the central maximum decreases with dis- 
tance from the tube inlet. 

It was also observed that the radial position of  the side 
maximum for the tested systems shifts in a relatively 
narrow range (0.15-0.25 tube radii from the tube wall) 
towards the tube axis as the distance from the tube inlet 
or the flow Reynolds number grows (Figs. 6, 7). 

The stream-average concentration of  droplets in the 
tested range, G =  0.05-0.4, has relatively small influence 
on the concentration profiles, mainly smoothing the 
double-humped shape with a small shift of  the side maxi- 
mum closer to the tube wall for higher values of  particle 
concentration. 

0.30 
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0.20 

3.2 Velocity profile 

The present measurements show velocity profile blunting 
for the flow of all the tested suspensions. Because o f  the 
high accuracy of  the L DA measurements, it was possible 
to determine that even near the tube axis there still are 
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Fig. 5. Droplet concentration profiles: 
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Fig. 6. The relative distance from the wall of the side maximum 
as a function of the distance from the tube inlet: 
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Fig. 7. The relative distance from the wall of the side maximum 
as a function of the Reynolds number: 2=0.15, 8=0.01, 
c s = 0.05. Closed circles: ~ = 10; open circles: 2 = 80 

measurable velocity gradients and thus a plug flow region 
does not occur. 

The blunted parabolic shape of  the measured velocity 
profiles is well described by the formula proposed in 
previous ultrasonic measurements (Kowalewski 1980): 

v = v0 (1 - 7N).  (3)  

The exponent N is an indicator of  the profile blunting. In 
non-dimensional form eq. (3) reads 

N + 2  
g =  N (1--iN)" (4) 

The value of N was determined from this equation by 
least-squares fitting of the experimental data. 

The dependence of  the profile-blunting characteristic 
N on the stream-average concentration of  droplets cs is 
shown in Fig. 8. Measurements performed for suspensions 
of  low relative viscosity 2 (system E) are compared with 
some available data for the flow of  similar suspensions. 
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Fig. 9. Velocity profile blunting parameter vs. flow rate: 

Symbol 2 c s 
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There are no reports on suspensions of highly viscous 
droplets to compare with our results for systems F and G. 

As can be seen in Fig. 8, velocity profiles at low volume 
concentrations of droplets (c,= 0.1) exhibit very slight 
blunting ( N ~  2). The blunting increases markedly at 
higher concentrations (c+. = 0.4). The value of the blunting 
parameter N depends also on the viscosity ratio 2 and the 
flow rate Q. It is evident that the degree of blunting is 
minimal for suspensions with the smallest viscosity differ- 
ence between the phases (indicated by system F). The 
effect of the flow rate is shown in Fig. 9. The degree of 
blunting generally decreases with increasing flow rate. 
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4 Discussion 

The results provide insight into the flow of concentrated 
suspension of droplets. The observed effects, namely non- 
uniform droplet distribution and deviations from the 
parabolic velocity profile, are undoubtedly due to the 
hydrodynamic interactions of droplets with each other 
and with the tube wall. Unfortunately, a theoretical 
treatment of particle behaviour in tube flow of such dense 
suspensions is not yet available. 

The problem of migration of a single deformable 
droplet in a unidirectional shearing flow, both with and 
without shear-rate gradients, has been theoretically con- 
sidered by Chan and Leal (1979). They show that cross- 
flow migration of the droplet depends on the magnitude 
of its deformation which is proportional to the non- 
dimensional parameter v0'/~c/7, the size of the drop, and 
the viscosity ratio 2. Their analysis considers two distinct 
cases: droplet close to the wall, and droplet in unbounded 
flow (far from the walls). In the first case the predicted 
direction of droplet migration is for all 2 towards the flow 
axis and its velocity decreases hyperbolically with distance 
from the wall. In the second case, in contradiction to 
previous theoretical and experimental reports, the direc- 
tion of droplet migration depends on the viscosity ratio 2; 
for 2 < 0.5 or 2 > 10 the migration is predicted to occur in 
the direction of the flow axis, but for intermediate values, 
0.5 < 2 < 10, migration is predicted to occur in the direc- 
tion of the nearest wall. The velocity of this migration is 
proportional to the distance from the flow axis. 

It is not possible to quantitatively compare this theory 
with the presented experiments conducted for highly con- 
centrated suspensions. There are, however, some qualita- 
tive indications that help to explain the present observa- 
tions. The existence of a concentration maximum near the 
tube wall, observed for all tested suspensions, may be 
understood as a consequence of short-range interaction 
between droplets and the tube wall. Droplets develop this 
maximum when forced away from the wall. At a short 
distance from the tube wall this force becomes negligible 
and due to the interaction with the "'unbounded" velocity 
field the droplets slowly migrate from the wall. This 
migration occurs in the direction to the flow axis for 
viscosity ratios 2 < 0.5 or 2 > 10, but for intermediate 
values also from the flow axis to a point where the lateral 
force induced by the flow field is equal in value to the 
force induced by the wall. 

The present observations show that the concentration 
of droplets at the tube axis depends on the relative vis- 
cosity 2, as is predicted by the Chan and Leal theory; for 
small 2 (systems A and B) the peak of concentration on 
the axis grows with distance from the inlet; for high 2 
(systems C and D) this peak decreases with the distance 
from the inlet. It can be expected that at a large distance 
from the inlet both observed concentration peaks will 
meet at an equilibrium position, on the flow axis or be- 
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tween the tube wall and the flow axis. The present  ob- 
servations confirm this trend, however,  the asymptot ic  
behaviour of  concentration profiles was not investigated. 
This was due to the fact that for much longer flow tubes 
droplet coalescence could not be neglected. The Chan and 
Leal theory does not allow for predicting such an equi- 
librium position for our highly concentrated suspensions. 

The distribution of  droplets across the tube m a y  
influence the velocity profile of  a suspension by changing 
the local effective viscosity, but there is no apparen t  cor- 
relation between concentration and velocity profiles. The 
observed velocity profile blunting depends mainly  on the 
stream-average concentration and on the relative viscosity 
2. The lowest value of blunting is observed for the system 
of almost equal viscosities of  the phases (system F). This 
is perhaps due to smaller damping of the velocity gra- 
dients when the viscosity of  the droplet  liquid is close to 
that of the carrier medium. 

The flow-rate dependence of  the velocity profile 
blunting points to non-Newtonian behaviour  of  the 
droplet suspension, but available rheological models  do 
not seem adequate to explain the observed effects. The 
velocity profile described by eq. (4) suggests a power- law 
model of  a pseudoplastic liquid, but the observed values 
of the velocity profile blunting parameters  N are much 
higher than those indicated by viscosity measurements  
with a shear viscosimeter for the same suspension (Gold-  
smith and Marlow 1979). Thus it seems that  non-uni form 
concentration of droplets in the tube and the effects of  

screening of the velocity gradients by neighbouring 
droplets are not included in rheological description of 
suspensions. 
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