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LDV measurements of an air-solid two-phase flow in 
a horizontal pipe 
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Measurements of air and solid velocities were made in an air-solid two-phase flow in 
a horizontal pipe by the use of a laser-Doppler velocimeter (LDV). The pipe was 
30 mm inner diameter, and two kinds of plastic particles, 0.2 and 3.4 mm in diameter, 
were conveyed in addition to fine particles (ammonium chloride) for air-flow detection. 
The air velocities averaged over the pipe cross section ranged from 6 to 20m/s and 
the solid-to-air mass-flow ratio was up to 6. Simultaneous measurements of both air 
and 0.2 mm particle velocities were found possible by setting threshold values against 
the pedestal and Doppler components of the photomultiplier signal. 

As the loading ratio increased and the air velocity decreased, mean-velocity 
distributions of both phases increased asymmetrical tendency. I n  the presence of 
0.2mm particles, a flattening of the velocity profile was remarkable. The effects of 
the solid particles on air-flow turbulence varied greatly with particle size. That is, 
3.4 mm particles increased the turbulence markedly, while 0-2 mm ones reduced it. 
The probability-density function of the air flow deviated from the normal distribution 
(Gaussian) in the presence of particles. Finally, the frequency spectra of air-flow 
turbulence were obtained in the presence of 0.2 mm particles by using a fast Fourier 
transform (FFT). As a result, it was found that t,he higher-frequency components 
increased with increasing loading ratio. 

1. Introduction 
Laser-Doppler velocimetry (LDV) is becoming popular for fluid measurements, 

although it  is still rather expensive. As  is well known, the most outstanding merit of 
the LDV is that it does not intrude into the flow. LDV makes i t  possible to measure 
fluid velocities that cannot be measured by conventional Pitot tubes and hot-wire 
anemometers. Hence the usefulness of LDV is clearly acknowledged at  present. 
However, when we try to  apply LDV technique to some flows, we must cope with 
several difficulties that  are inherent to the flows. Since basic aspects of the LDV 
technique have been established, various examples of LDV measurements are now 
being accumulated by many workers. The present paper deals with such an appli- 
cation of LDV to two-phase flow. This paper shows the results that  the authors 
obtained in an air-solid two-phase flow in a horizont,al pipe. Below we describe 
previous work on the air-solid two-phase flow in a pipe. 

The air-solid two-phase flow in a pipe has long been investigated in connection 
with pneumatic conveying of solid particles. Pneumatic-conveying facilities consist of 
a blower, solid feeder, transportation pipe and receiver of the solids. Phenomena in 
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the transportation pipe are the most interesting from the fluid-dynamic viewpoint. 
It was in the 1920s and 1930s that  research about the flow in such a pipe started, which 
investigated the relation between the particle flow rate and pressure drop. Gasterstadt 
(1924), a pioneer in those days, took instantaneous photographs of flying particles. 
Subsequently, research with the same pattern has been done, theoretically and 
experimentally. Namely, researchers have been making measurements of the 
pressure drop due to the presence of particles, and have been seeking equations 
correlating experimental data by the use of various empirical coefficients. Since the 
pressure drop is the most important quantity in estimating the power required for 
transportation, i t  is natural that  the pressure drop was studied first of all. Even now, 
the importance of the pressure drop is not altered. However, the problem is that  
available methods for predicting the pressure drop are not satisfactory, even though a 
number of experiments have been carried out for various sorts of particles and given 
conditions. Eventually, we must realize that, no matter how many measurements of 
one-dimensional quantities like the pressure drop are made, we cannot make progress 
in treating this flow unless we obtain information about its internal structure. A few 
research workers tried to obtain behaviour of the particles by using high-speed cine 
cameras (Adam 1957; Doig & Roper 1967; Jotaki & Tomita 1971) and other optical 
methods (Kramer & Depew 1972). However, they did not get detailed information 
about the gaseous phase. That is because hot-wire probes cannot be used, owing to  
solid particles moving a t  high velocities. For the moment, the object of the study of 
the air-solid two-phase flow is to clarify the flow mechanism resulting from interaction 
between gaseous and solid phases. To achieve this, new devices have been required. 
The LDV is considered to be such a device, by which further progress in the research 
is expected. 

LDV requires the presence of seeded particles as light scatterers. I n  that sense the 
LDV technique has been considered to be suited to  two-phase flow, which includes 
particles naturally. I n  fact most previous works using LDV in two-phase flow were 
concerned with the measurements of the velocity, concentration and size of such 
particles (e.g. Durst & Umhauer 1975; Birchenough & Mason 1976). In  contrast, 
there have been very few works dealing with the gaseous phase, even if LDV has been 
used. This situation is the motivation of the present work. In  order to detect the fluid 
motion, we must seed small scattering particles, in addition to the large particles that 
are conveyed in the pipe. I n  this work, a frequency tracker was used to process the 
signal from a photomultiplier. Simultaneous measurements of air arid solid velocities 
were attempted by developing a special signal-processing device. 

2. Experimental equipment and method 
2.1. Pipeline 

Figure 1 shows the experimental pipeline. The air was supplied by a turbo-blower and 
passed the flow-rate measuring section where a Pitot tube was set up. A part of the 
air passed the small particle-generating chamber, which provided scattering particles, 
and returned to the main pipe. The air was mixed with large particles a t  the particle- 
feeding point and driven to the horizontal test section as a two-phase flow. The 
internal diameter of the test pipe was 30-5mm, and the test section was made of a 
glass pipe whose mail thickness was 0.75 nim. The distance between the mixing point 
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and the test section was 3560 mm. Two kinds of plastic pellets were used, with mean 
diameters of 3.4 mm and 0.2 mm and density 1000 kg/m3. These particles were supplied 
by an electromagnetic feeder and separated from air by a cyclone separator. The 
larger particles of the above two kinds were regarded as monodisperse particles, but 
the smaller ones had a rather wide size distribution shown in figure 2 .  Fine tracers 
seeded for detecting the air flow were ammonium chloride smoke particles of mean 
diameter 0.6ym. Durst, Melling & Whitelaw (1976) mentioned that particles produced 
by such chemical reaction are not suitable for LDV because of poor controllability of 
the concentration rate. We solved this problem by developing a specially designed 
generator. Figure 3 shows the size distribution of the ammonium chloride particles 
captured a t  the test section. The concentration of the smoke was adjusted high 
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FIGURE 3. Size distribution of ammoniiiin chloride particles. 

enough that the spectrum of the tracker output compared well with that of a hot-wire 
anemometer up to several kHz in a single phase flow. We had to clean the test pipe 
out after about 20 minutes of measurement, because the fine particles tended to cling 
to the pipe wall. 

2.2 .  Optical arrangement and signal-processing system 

Figure 4 shows the optical arrangement and signal-processing system. The fringe- 
mode syst.em was adopted in this experiment. The beam from a helium-neon laser 
(15mW a t  a wavelength = 6328A) was split into two beams 50mm apart. The two 
beams were focused by a lens of focal length 100mm to intersect in the scattering 
volume within the pipe. Forward-scattered light was collected through lenses of focal 
length 100mm on to a photomultiplier. The principal characteristics of the optical 
system were : 

intersection angle between beams 25", 
fringe spacing 1.2pm, 
diameter of scattering volume a t  e-2 intensity 76.2,um, 
length of scattering volume at e-2 intensity 250,um, 

41, 
frequency-to-velocity conversion factor 0.6838 m s-lMH2-I. 
number of fringes in scattering volume 

Large particles of several millimetres diameter cause drop-out of the Doppler 
signal in the case of the forward-scattered-light system. When the particle diameter is 
reduced from the order of a millimetre to a hundred micrometres, the Doppler signal is 
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obtained from such large particles as well as much smaller tracers of several micro- 
metres. The intensity of the light scattered from the large particles is stronger than 
that from the small tracers. That is, the light from the large particles has a large 
pedestal amplitude. Making use of this difference in properties of the scattered light, 
simultaneous measurements of velocities of both air and solid phases are possible, so 
long as we succeed in differentiating the signals from both phases into the signals 
from each of them. However, the pedestal amplitude also depends on which part of the 
scattering volume with finite dimensions the particles pass through. Therefore a signal 
separation based on only the pedestal amplitude is insufficient to  distinguish between 
large and small particles. If a comparison of the pedestal amplitude is made for the 
particles crossing the central part of the scattering volume, the signals of both 
particles can be distinguished accurately. Doppler signals from those particles have 
many waveforms. Hence, Maeda, Hishida & Furutani (1980) separated the signals by 
taking the wavenumber into account in addition to  the pedestal amplitude, and 
measured an air-solid two-phase flow in a vertical pipe. We made an attempt a t  using 
the amplitude of the Doppler component. It is known that the Doppler amplitude is 
large when the particles cross the centre part of the scattering volume. Therefore, 
effective signals from those particles are obtained by setting a threshold value for the 
Doppler amplitude. As for the pedestal, we set two threshold values to extract the 
signals with sufficiently large pedestal and sufficiently small one. The signals with 
intermediate pedestal amplitude were regarded as ambiguous data and excluded from 
the subsequent processing. The details of the procedure are described below. 

Figure 5 shows a time chart of the signal plocessing. Signal A is the output from 
the photomultiplier, where the Doppler component is superimposed on the pedestal 
one. The signal A is processed with a frequency tracker (KANOMAX model 27-logo), 
which gives an analogue voltage output B proportional to the Doppler frequency. 
Signal C is a synchronized pulse which the tracker gives at every moment when it 
processes the signal A .  The procedure to distinguish which parts of signal B correspond 
to large or small particles is as follows. Signal D, the pedestal component, is obtained 
by a low-pass filter. Two thresholds TI and T, are imposed on signal D, and square 
waves E and F are obtained which correspond to the pedestal amplitude larger than 
Tl and smaller than T,, respectively. Further, signal G is derived from E and F through 
an exclusive NOR gate. G = 0 means that the pedestal amplitude is between Tl and 
T,. I n  this method, such a signal is regarded as an ambiguous one for which we cannot 
decide whether it represents a large or small particle. Thus discrimination between 
effective and ineffective signals with respect to the pedestal is made by referring to the 
signal G. Along with the above process for the pedestal component, the Doppler 
component is obtained from signal A by using a high-pass filter. A threshold value T, 
is imposed on this Doppler amplitude, and the wave I is obtained by a comparator. By 
taking the envelope of the wave I ,  a square wave J is produced that corresponds to the 
Doppler amplitude larger than Td. Next, the wave K is obtained from a logical product 
of G and J by an AND gate. The value of K = I means that the signal can be dis- 
tinguished, that is the signal satisfies both conditions (i) that it is not ambiguous with 
respect to the pedestal amplitude, and (ii) that the Doppler amplitude is sufficiently 
large. As is noticed in the outputs B and C, the tracker holds the output voltage B 
when the Doppler signal to be processed disappears. Therefore the time periods of 
B and K are not necessarily coincident. To make a comparison between B and K 
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easy, a D-flip-flop circuit is useful. When K and C are put into the D-PP circuit, signal 
L is obtained. The value of L = 1 corresponds to a distinguishable hold signal. I n  
signal M obtained from P and C through the D-FP circuit, the value of M = 1 corres- 
ponds to a hold signal which has the large pedestal amplitude. Here discrimination 
between large and small particles can be made easily in signal B, where the discrimi- 
nated parts are shown by arrows. That is, the signals of L = 1 and M = 1 come from 
the large particles, and those of L = 1 and M = 0 from the small particles. I n  the above 
process, the case of L = 0 is rejected as an ambiguous signal. However, usually the 
large pedestal does not occur from the small particles. Thus i t  does not make a large 
difference to accept the signal of L = 0 and M = 1 as the large particle. 

We investigated the effects of the thresholds T,, T2 and Td. For instance, signals 
having the pedestal amplitude smaller than T, were sampled during a certain period. 
Figure 6 shows the relation between TI and the number of samples. The sample 
number increases as T, increases, but the rate of increase is different according to  the 
range of TI. Namely, the number increases sharply with T, a t  first, but beyond a 
certain value of T, it increases a t  a smaller rate. This means that samples include 
almost all signals coming from both large and small particles when T, is adjusted to be 
larger than a critical value. There were also the same critical values in T, and Td as 
in T,, which indicated saturation of the sample number. Hence the threshold values 
were adjusted by referring to those critical values. 

I n  the case of particles of 3.4 mm diameter, the size of particles was so large that 
the Doppler signals dropped out when the particles crossed the beam. It was therefore 
impossible to get any information about the 3.4 mm particles. On the other hand, the 
air-flow signals from small tracers were discriminated automatically from the 
frequency tracker output. Thus the comparator in the above signal-processing system 
was omitted in the experiment using 3.4 mm particles. 

2.3. Other remarks 

As is shown in figure 4, all the data were stoied in an analog data recorder (TEAC 
mode1 R410). The data in the recorder were sampled at intervals of 0-025ms and 
recorded on magnetic tape in digital form for subsequent numerical analysis by a 
large computer (FACOM M200). The records were over a period of 1.64 s (216 readings). 
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FIGURE 7.  Relations between the pressure drop and superficial air velocity : 
(a)  3.4 mm particles; ( b )  0.2 mm particles. 

The mean air velocity was also measured using a Pitot tube, the results of which were 
compared with those of LDV. 

The air-solid two-phase flow in the horizontal pipe generally has an asymmetric 
structure in the vertical direction, which is due to the effect of gravity. The gravi- 
tational force makes the flow more complicated in the horizontal pipe than in the 
vertical one, as was mentioned by Owen (1969). The weakness of the one-dimensional 
theory of the two-phase flow is caused by this asymmetric structure. Since we had an 
interest in the asymmetry, we traversed the measuring point (scattering volume) 
vertically in the horizontal pipe. Although the traversing itself could be done 
satisfactorily by an appropriate mechanism, the effect of refraction had to be taken 
into consideration because the angle between the beam and the pipe wall changed 
during traversing. Therefore deviation of the measuring point from an expected 
position due to the refraction was calculated, based on the geometrical optics. As 
a result, we confirmed that the influence of refraction could be neglected so long as 
the traversing was made in the range 1.1 < 14mm in the case of the present pipe, 
30.5 mm in diameter. 
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3. Results 
3.1. Pressure drop 

The relation between the pressure drop and the air velocity is the most important in 
designing pneumatic-conveying facilities. Although our main interests are in the basic 
aspects of the phenomena in the pipe, it is necessary to  know where the present results 
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are situated in the pressure-drop us. air-velocity diagram. The diagrams are shown in 
figure 7, where APIA1 is the pressure drop per unit pipe length at  the measuring 
section, Umean is the superficial air velocity, defined as the velocity averaged over the 
pipe cross-section, and m is the loading ratio, defined as the solids-to-air mass-flow 
rates ratio. Several curves are based on the experimental results, and plotted points 
correspond to the present LDV experiments. The loading ratios m or solid concen- 
trations were adjusted to be small compared with the conditions in practical con- 
veying, because measurements of the forward-scattered-light mode were difficult at  a 
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large loading. As is well-known, the total pressure drop in a dilute phase transportation 
is the sum of the pressure drop due to the air only and the additional drop due to the 
particles. The pressure drop due to the air is proportional to Ukean a t  a large Reynolds 
number, while the additional drop is inversely proportional to where n is 
determined empirically. Therefore the total pressure drop has a minimum value at  a 
certain value of the velocity iimea,,. 
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3.2. Probability densities of air and particle velocities 

Whether signals are discriminated correctly between air and particles is checked by 
using the probability densities of both velocities. Figure 8 shows examples of prob- 
ability densities. Generally, the velocity difference between air and particles is large 
near the pipe centre, and thus probability distributions a t  such a position deviate 
from each other. If the discrimination were incomplete, the probability density would 
show an unusual profile, because one of the signals would be taken partly for the other. 
Figure 8 does not show such an unusual shape, and therefore the signal discrimination 
is found to be satisfactory. 

3.3. Mean velocities of air and particles 
Figure 9 shows mean air velocities measured by LDV and a Pitot tube in the presence 
of 3-4 mm particles, where Zmax is the maximum velocity in the section and r is the 
vertical distance measured from the pipe axis with the upward direction positive. The 
outer and inner diameters a t  the open end of the Pitot tube were 1 and 0*6mm, 
respectively. The figure indicates that  the results of both methods show good agree- 
ment, meaning that an ordinary Pitot-tube method is useful in the two-phase flow 
of coarse particles so far as the mean velocity of air phase is concerned. 

Figure 10 shows mean air velocity profiles in the presence of 3.4mm particles 
measured by LDV with different superficial air velocities and loading ratios. The 
profiles show asymmetric distributions, and the points corresponding to the maximum 
velocities shift upward, as the loading ratio increases and the air velocity decreases. 
Solid particles tend to be distributednear the bottom side in the horizontal pipe because 
of the gravity force. As a result, fluid motion is more retarded there by the particles. 
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The same results have been already found by several workers using the Pitot tube 
(Welschof 1962). 

Air and particle mean velocities in the presence of 0.2 mm particles are shown in 
figure 11.  The figure shows a flattening of the particle-velocity profile compared with 
the air-velocity profile. As the case of 3.4mm particles, asymmetric profiles are 
noticeable at low superficial air velocities and high loading ratios. When a comparison 
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is made between 0-2 mm particles and 3.4 nim ones a t  the same superficial air velocity, 
i t  is found that the flattening of the air-velocity profile is more remarkable in the case 
of 0.2 mm particles. 

3.4. Intensities of ,fluctuating velocities 

So far there have been very few measurements of the fluid turbulence in the air-solid 
two-phase flow in a pipe. Similar measurements of LDV to the present were made in 
a liquid-air two-phase flow in a vertical channel by Ohba & Yuhara (1979), and in a 
liquid-solid flow in a horizontal pipe by Zisselmar & Molerus (1979). However, the 
flow characteristics in those works are different from the present experiment in many 
respects. Some workers attempted to measure air turbulence in the air-solid two- 
phase flow before LDV was available. For example, Maeda, Mitsueda & Ikai ( 1  976) and 
Maeda, Hishida & Furutani (1980) used a hot-wire anemometer in a flat-plate bound- 
ary layer and in a vertical pipe flow, and Soo, Ihrig & El Kouh (1960) used a tracer- 
diffusion technique in a square duct with helium as the tracer. I n  those works, measure- 
ments were restricted to the case of very low loading ratios or concentrations, and thus 
the effect of particles on the flow was not so marked. Figure 12 shows distributions 
of turbulence intensities (?)&/iimean of air flow in the presence of 3.4 mm particles, 
where zc' is the axial fluctuating component of air velocity. The figure indicates a large 
increase in the turbulence intensity caused by the particles. As the loading ratio in- 
creases, the turbulence increases from the bottom side, and shows an asymmetric dis- 
tribution. This tendency becomes more noticeable a t  low superficial air velocities and 
high loading ratios, as in the case of the mean-velocity distribution. However, the 
turbulence intensity near the upper wall of the pipe does not increase very much. This 
is because the local concentration of the particles is low near the upper wall even a t  the 
high loading. Turbulence in the present test section was fully developed in the single 
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FIGURE 14. Relation between the turbulence intensity of air and loading ratio 
in the presence of 3.4 mm particles (2r /D = - 0.918). 

phase, and therefore the increase in turbulence due to the particles means that the 
turbulence produced by the particles overcomes that of the fully developed pipe flow. 
I n  other words, the turbulence is not suppressed by the particles, which is different 
from the case of fine particles shown later. I n  the case of coarse particles like 3.4 mm 
particles, the velocity difference between particles and air is usually large and each par- 
ticle sheds a wake disturbance to  the flow like a turbulence-generating grid. I n  order to 
confirm the mechanism of turbulence increase mentioned above, the Reynolds number 
of the flow around the particle is briefly discussed. The velocity ratio of particle to air 
can be estimated to be about 0.8 in the case of large particles like the 3.4 mm particle. 
Thus for, example, the velocity difference or relative velocity is 2 m/s when the mean 
air velocity is 10 m/s. The Reynolds number based on the relative velocity and particle 
diameter is about 470. At this Reynolds number, the particle sheds vortices vigorously, 
as many experiments have shown (Achenbach 1974). 

Figure 13 shows the relation between the turbulence intensity a t  the pipe axis and 
the loading ratio. The intensity is proportional to the loading ratio within the range 
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of the present experiment. Figure 14 shows the turbulence intensity a t  2rlD = - 0.918. 
Some sign of turbulence suppression is observed near the bottom, although the 
particles increase the turbulence in most parts of the pipe section. That is, the turbu- 
lence intensity begins to decrease near the bottom as the loading ratio exceeds a 
certain value. Generally, the pipe flow has the maximum intensity near the wall. 
Near the bottom wall, the velocity difference between both phases is small and the 
particle concentration is high. In such a place, the particles tend to act as a damper 
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against the existing turbulence. Figures 13 and 14 show that the intensity is smaller 
a t  a lower air velocity. That may be because the particle free path is short'er a t  a low 
velocity, and thus the particles cross the mean flow more frequently than a t  a high 
velocity. 

Figure 15 shows the turbulence intensity of air flow in the presence of 0.2mm 
particles. It is found that the turbulence is greatly suppressed, in contrast to  the case 
of 3.4 mm particles. Reduction in the intensity is more remarkable in the lower half 
of the pipe section, which is due to the high concentration of the particles. The 
turbulence intensity decreases with increasing loading ratio. As the loading ratio 
becomes larger, the region of low turbulence intensity spreads over the section, but 
the minimum level of the intensity remains the same. I n  the present stage, we cannot 
decide whether the reduction is really saturated, because the accuracy of LDV is not 
good enough in the case of small turbulence. Nevertheless we can conclude from a 
comparison between the results of 3.4 and 0-2mm particles that  the effects of the 
particles on the air turbulence are very different with the particle size. As is pointed 
out, the accuracy of LDV measurement of turbulence is worse than the hot-wire 
anemometer. However, the change in turbulence due to the particle is so remarkable 
that what is mentioned above is not affected by the measuring error, at least quali- 
tatively. 

The foregoing results raise a problem in the theoretical treatment of the two-phase 
flow in the pipe. Most previous theories dealing with particle motion have made use of 
the drag force on the particle, which was obtained in a uniform laminar flow. As was 
shown by Torovin & Gauvin (1960), the drag force is largely affected by the free-stream 
turbulence, and thus the turbulence should be taken into account in the calculation of 
particle motion. I n  addition to that, the present results imply that information about 
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turbulence in a single phase pipe flow is not accurate in the two-phase flow, because the 
existing turbulence is also affected by the presence of particles. 

Figure 16 shows the intensity of fluctuating velocity of 0.2 mm particles (standard 
deviation). The fluctuation decreases as the loading ratio increases. The distribution 
of the fluctuation is generally flat and uniform, although it shows a maximum value 
near the pipe centre a t  a low loading ratio. The intensity is a little higher in the upper 
half of the section. Comparatively fine particles like 0.2 mm particles follow the mean 
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FIGURE 16. Intensity of fluctuating velocity of 0.2 mm particles: 

(a)  tZman = 6 m/s; ( b )  10 m/s; (c) 15 m/s. 

air velocity to some extent, but not the air turbulence. Small tracers for the air-flow 
measurement can be assumed approximately to form a continuous medium a t  a high 
concentration, but particles larger than several hundreds of micrometres cannot be 
regarded as such a continuous phase, even as an approximation. Therefore the 
velocity fluctuation of those particles has a different mechanism from the air-flow 
turbulence. Namely, the difference in the particle size and the collision of particles 
are the causes of fluctuation. 

3.5. Skewness and JEatness 

I n  § 3.2 we showed the probability-density functions of air and particle velocities to 
check the signal discrimination. It is meaningful to compare the single- and two-phase 
flows in the probability-density function of air flow when one is interested in charac- 
teristics of air turbulence in the presence of particles. The properties of the probability 
density curve can be expressed in terms of the skewness and flatness factors 

- -  s = U'3/(U12)3, 

- -  
F = u"/(u"),". 

Figures 17 and 18 show the distributions of these factors. When the probability follows 
the Gaussian distribution, S and F take the values 0 and 3 respectively. The figures 
indicate that the probability in the two-phase flow deviates from the Gaussian, i.e. i t  
has flatness larger than 3 and negative skewness. The reason for the above results is as 
follows. Large particles have generally smaller velocities than the mean air velocity, 
and they are thus accompanied by wakes. The moment that such a particle passes a t  
or around the measuring point, the instantaneous air velocity takes a small and peaked 
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FIQURE 18. Flatness factor of air turbulence in the presence of 
0.2 mm particles (iimean = 10 m/s). 
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value owing to the effect of the wake. As a result, the probability function becomes 
asymmetric, having a long skirt on the side of low velocity and showing negative 
skewness and large flatness. Near the pipe wall, the velocity difference is generally 
small, and thus the effect of the particles on the probability function is weak. 

3.6. Frequency spectrum of air turbulence 

It is not an easy task to obtain frequency power spectra of turbulence in air-solid 
two-phase flows. As long as LDV is used, the calculated spectrum is limited to a not- 
too-high frequency range, because the signal from the tracker is more or less dis- 
continuous. Even when the concentration of tracers is high enough to detect small- 
scale turbulence, it is difficult to obtain the spectra at high frequency, because the 
tracers cannot follow the motion a t  high frequency, and because LDV has inherent 
noise problems in the high-frequency range, as is mentioned by several workers 
(George 1975). Besides the above difficulties, theie is another problem in the two-phase 
flow. The time-sequence signal is interrupted by the presence of large particles. The 
parts of signals corresponding to  the large particles or the parts that  are determined to 
be ambiguous in the discrimination circuit are missing for the air signal. The spectrum 
of the signal having such intermittent defects can be obtained by the Fourier transfor- 
mation of the autocorrelation function which is calculated by excluding the defective 
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parts. However, this method requires much computer time. Hence we attempted to 
calculate the spectra by the use of the fast Fourier transform (FFT), in which the 
defective parts are interpolated by suitable lines. I n  the case of 0.2 mm particles, the 
time length of one defect is so short that  the spectrum calculation can be done satis- 
factorily if proper interpolation lines are chosen. I n  order to  find the proper line, we 
made the following preliminary calculation. A waveform of single-phase air flow was 
taken and recorded on magnetic tape in digital form. First the spectrum of this wave 
was obtained by FFT. Then a number of defects were given to the above wave 
artificially, and a simulation signal similar to the two-phase flow was produced like 
signal A in figure 19. Intervals and lengths of the defect occurrences in the simulation 
signal were given by referring to the real two-phase-flow signal and using random 
numbers. Since the spectrum with no defect is known andregardedas the truespectrum, 
various interpolation schemes can be assessed by comparing the resulting spectrum 
with the true one. The following three interpolation lines are attempted. The first one 
is to hold the value before the defect, the second is to replace the defective part by the 
average value which is zero for the alternating component, and the third is to replace 
the defective part by a straight line connecting normal parts. The above interpolations 
are discussed in the paper by Buchhave, George & Lumley (1979), who introduced 
them to cope with the signal dropout due to scanty tracers. Figure 20 shows a compari- 
son in spectra between the three methods. The desirable interpolation is that which 
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FIGURE 21. Frequency power spectrum of air turbulence in the presence of 

0.2 mm particles (tZmmn = 10 m/s): ( a )  r = 8 mm; ( b )  0 mm; ( c )  - 8 mm. 

gives good agreement with the spectrum of the signal with no defect marked ( x ) in the 
figure. It is found in the figure that the first method is among the best, although it 
exaggerates the high-frequency component a little. The result of the second differs 
largely from the true spectrum. The third method estimates the high-frequency part 
less accurately, but we adopted this method to calculate the spectra of the two-phase 
air flow; the reason for this is mentioned below. While figure 20 shows the results 
near the bottom wall of the pipe, the same tendency was observed at other parts of 
the pipe section. 

Figure 21 shows the frequency power spectra of air turbulence in the presence of 
0.2 mm particles, where the spectra are normalized by u'2. The figure indicates that 
the spectral components a t  high-frequency increase with increasing loading ratio. As 
was mentioned above, to calculate the spectrum we used the third interpolation method 
which tends to underestimate high-frequency parts. In  spite of this tendency, the 
high-frequency parts increase in the presence of particles. The reason we adopted the 
third interpolation method is to obtain the present results more confidently. 

The authors are very grateful to Mr S. Takahashi and Mr T. Uwaji who carried out 
the experiment with great competence and enthusiasm. This work was partially 
supported by the Grant-in-Aid for Scientific Research from the Ministry of Education 
in Japan. 
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