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PREFACE 

This report is published to provide coastal engineers with a study 
of the operating characteristics of a miniature electro-optical instru
ment for measuring suspended sediment concentrations in laboratory 
experiments. The study defines the capabilities and limitations of the 
existing version of this instrument, and identifies possible improvements. 
The results describe limitations and capabilities of the instrument when 
used in experimental studies of sediment suspended under shoaling waves. 
The work was carried out under the coastal processes program of the U.S. 
Army Coastal Engineering Research Center (CERC). 

This report is published, with only minor editing, as received,from 
the contractor; results and conclusions are those of the authors and are 
not necessarily accepted by CERC or the Corps of Engineers. 

The report was prepared by Frederick A. Locher, John R. Glover, and 
Tatsuaki Nakata, while on the staff of the Iowa Institute of Hydraulic 
Research (IIHR), University of Iowa, Iowa City, Iowa, under CERC Contract 
No. DACW72-73-C-0022. The electro-optical instrument was originally 
developed under CERC Contract No. DACW72-68-C-0009 (described in IIHR 
Report No. 120) by J.R. Glover, P.K. Bhattacharya, and J.F. Kennedy. 

The authors gratefully acknowledge the assistance of Mr. Vaiyapuri 
Danushkodi, graduate research associate, who conducted many of the 
experiments, Ms. Daryl Henderson in report preparation, and Dr. John F. 
Kennedy, director of the IIHR. 

Dr. R.J. Hallermeier was the CERC contract monitor for the report, 
under the general supervision of Dr. C.J. Galvin, Jr., Chief, Coastal 
Processes Branch, Research Division. 

Comments on this publication are invited . 

Approved for publication in accordance with Public Law 166, 79th 
Congress, approved 31 July 1945, as supplemented by Public Law 172, 
88th Congress, approved 7 November 1963. 
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INVESTIGATION OF THE OPERATING CHARACTERISTICS OF THE 

IOWA SEDIMENT CONCENTRATION MEASURING SYSTEM 

by 
Frederiak A. Loaher~ John R. GZover~ 

and Tatsuaki Nakata 

I. INTRODUCTION 

This report presents results of an investigation conducted to 
evaluate the capabilities and limitations of the Iowa Sediment Concentra
tion Measuring System (ISCMS), an instrument developed for the measurement 
of suspended sediment concentration in situ. The necessity for such an 
instrument is obvious because withdrawal techniques are tedious and cannot 
provide information on.the temporal variation in sediment concentration. 
It seems clear that determination of the temporal variation in suspended 
sediment concentration will be required· to measure the fundamental 
quantities involved in the equations of motion and continuity for a 
sediment-fluid mixture and to provide an understanding of the basic 
mechanisms of entrainment and suspension of sediment. Although the ISCMS 
has been described in detail by Glover, Bhattacharya, and Kennedy (1969), 
a brief description of it will be presented here so that the underlying 
operating principle is understood and subsequent discussion is clear. 

The ISCMS is an electro-optical instrument consisting of a transducer 
and associated electronic package (Fig. 1). The operating principle is 
quite simple; a light source and light sensor are mounted in separate legs 
of a for~ed probe, and as sediment particles pass between the source and 
sensor, the light "seen" by the sensor is attenuated. This attenuation is 
detected and transformed into an output voltage that is directly proportional 
to the degree of light attenuation. In principle, if there are N particles 
of the same size, shape and material composition wholly within the tran~
ducer's field, the light blocked by the particles is proportional to ND , 
where D is a measure of particle size, such as particle diameter. The mean 
volumetric concentration of particles, C, is proportiona! to ND 3 • Therefore, 
the output voltage of the instrument is proportional to C/D. For a uniform 
size distribution of particles, the implication is that the output of the 
ISCMS is directly proportional to the concentration of suspended sediment. 

The ISCMS has been designed so that when the light source is completely 
blocked, (e.g., by a paper card), the output voltage is approximately 12 
volts. When the probe is in clear water, the output is adjusted to zero 
volts. The quantity 6V/V0 is the change in voltage from the reference 
zero divided by the voltage with the source blocked, (i.e., V0 ~ 12 volts) 
and measures the proportion of light attenuated by particles within the 
probe field. Calibration curves with ~V/Vo expressed as a function of C/D, 
referred to by Glover, Bhattacharya, and Kennedy (1969) as "unified" cali
bration curves, will be discussed further in Section II. 
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Figure 1. Electronic package and standard transducer. 
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Two probes were tested in this investigation. The first will be 
referred to as the standard probe, and was constructed with a P-N 
gallium arsenide light source, type TIL24, and NPN planar silicon 
phototransistor light sensor, type TIL604. The diameter of source and 
sensor is 1.55 millimeters. The second probe, referred to herein as the 
Zarge probe, was constructed with a TIL67 NPN planar silicon photo
transistor sensor, and a TIL31 PN gallium arsenide light source, both 
with a diameter of about 4.82 millimeters. Figure 2 is a photo of both 
probes, which indicates their relative sizes. The term sensing voZume 
will refer to the volume of fluid in which the presence or absence of 
particles is detected by the instrument. 

The manner in which the ISCMS responds to a group of particles and 
to a single particle is treated in subsequent sections. The instrument's 
capability to measure temporal mean concentrations is discussed in Section 
II. Problems with nonuniformities in the transducer field which would 
lead to different output voltages for different particle positions in the 
sensing volume are presented in Section III. The frequency response of 
the ISCMS, which determines whether the device can respond to high 
velocity particles is discussed in Section IV. The implications of the 
instrument frequency response limitations·are indicated by measuring 
spectra of the ISCMS output with suspended sediment in an oscillatory 
flow, a laboratory flume, and in a field of homogeneous turbulence. The 

··results of tests conducted in an oscillatory flow facility are presented 
and evaluated in Section VI. Finally, the use of the ISCMS for measuring 
the instantaneous suspended-sediment concentration is discussed in detail, 
and recommendations for improvement of the instrument are suggested. 

II. DETERMINATION OF THE MEAN CONCENTRATION OF SUSPENDED SEDIMENT 

The optical principle used in the ISCMS design suggests that the 
output voltage is proportional to C/D. Several ·tests' with quartz sand 
conducted by Bhattacharya (1971) demonstrated that the output of the 
ISCMS could be correlated with C/D, where C is the time averaged concen
tration (Fig. l}. It should be noted at this point that such tests 
cannot indicate whether any physical significance can be ascribed to the 
instantaneous value of the ISCMS output, since any nonuniformity in the 
response of the instrument to particle position within the probe field 
will be averaged out in obtaining mean voltages. ' 

1. Calibration Apparatus and Initial Tests. 

Bhattacharya (1971) used a fluidized bed for the calibration tests 
reported in Figure 3. The improved calibration apparatus which has since 
been constructed, consists of a cylindrical Lucite tank in which a series 
of grids are oscillated. An apparatus of this type (Fig. 4), was described 
by Rouse (1938) and used extensively by Dobbins (1944). The concentration 
distribution in this "turbulence jar" is exponentially distributed, pro
viding a check on the withdrawal samples used to correlate the concentration 
and mean voltage from the ISCMS. An improved standard probe was assembled 
with a different source-sensor pair than Bhattacharya's (1971). In view of 

II 



' 

• 

Figure- 2. Large probe (upper) and standard probe (lower). 
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Figure 4. "Turbulence jar" 
calibration apparatus. 
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these changes, calibration tests for the determination of C were repeated 
to test the response of the new standard probe. Results of the tests with 
two different sand sizes superposed, which was as anticipated. However, 
results from a series of tests conducted with several samples of well 
sorted sand by M. M. Das (refer to CERC memorandum for record CMfR) of 
19 May 1972) exhibited much more scatter than was observed by Bhattacharya 
(1971) in his calibration tests, as may be seen by comparing Figure 5 with 
Figure 3. The two runs with Iowa sand samples are consistent,· ou"'t-the · · · 
slopes of the calibration curves for the three different sand samples are 
different. It should be noted that changes in the zero voltage for the 
instrument will simply displace the data parallel to the reference line, 
with the slope of the calibration curve remaining unchanged. If some 
zero shift is allowed, then the two sets of data for the Iowa sample and 
CERC sand with 0.177 ~ d ~ 0.105 millimeter are consistent among them
selves, but not with each other. 

2. Sand and Walnut Shell Experiments. 

Two series of tests were run to check this apparent disagreement. 
The first test was conducted with three different sediment samples, two 
consisting of quartz sand, dso = 0. 25 millimeter, and dso = 0~14 · 
millimeter, where dso is the median diameter, and one of .crushed walnut 
shells dso = 0.2 millimeter. The size distributions for these samples 
are sh~wn in Figures 6, 7-, and 8. Figure 9 depicts the "unified" calibration 
curve with AV/V0 plotted as a function of C/0. The results from the two 
quartz-sand samples are consistent, but the slope of the calibration 
curve with the walnut shells is markedly different. One reason for this 
difference in calibration slopes is the difference in specific gravity 
between the sand (2.65) and the walnut shells (1.33). The concentration 
Cis a weight per unit volume (mg/1), and for particles of the same size, 
there are a greater number of walnut shell particles present than sand 
particles at the same concentration by weight. Therefore, the unified 
.calibration curve as suggested by Glover, Bhattacharya, and Kennedy (1969) 
is valid only in comparing particles of the same specific weight or if the 
concentration is expressed volumetrically. If the concentration C is 
divided by y, the specific weight of the material, then the quantity C/yD 
represents a volume ratio, and is indicative of the volume of material 
scattering light in the sensing volume. Hence, the abscissa should be 
C/yD to account for materials of different spe·cific weight. 

The quantity C/yD has been plotted against AV/Vo on F~gure ·10,' which 
still indicates a difference in calibration slopes. This difference is 
attributable to the fact that the transparent quartz particle permits some 
of the light transmitted from the source to.pass through the particle to 
the sensor. The walnut shells are opaque and light is blocked from passing 
through the particle. Therefore, for the same particle size at the· same · 
volumetric concentration, the crushed walnut shells block more light than 
the sand particles, which results in a larger value of \I:N/Vo. for a fixed 
C/yD (Fig. 10) • . . . 
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The above observation concerning the opacity of the material led 
to an examination of the Iowa sand, CERC sand, and crushed walnut shells 
under a microscope; photos of a part of each samp.le are shown in Figure 11. 
The scale in the photos is a transparent plastic ruler with millimeter 
graduations. The Iowa sand sample seems to be composed entirely of quartz 
particles more or less ;round in shape, with the surfaces "frosted" in 
appearance, a result of transport and accompanying abrasion of the particles. 
The CERC sand is more angular in shape, and consists of both feldspar 
and quartz. Hence for the same diameter sand, the CERC.sample would 
transmit less light and result in a higher ~V for.the same concentration 
as the Iowa sand. As shown in Figure 3, this is exactly what was observed 
in the calibration tests run by M. M. Das (CERC MFR, 19 May 1972) for 
the 0.250 > d > 0.177-millimeter sample. The walnut shells are opaque 
with a grainy surface texture (Fig. 12); this figure also shows enlarged 
sections of Figure 11. Th~ qualitative difference in reflectivity and 
transparency between the walnut shells and Iowa sand is evident in the 
photos, as is the difference in shape between the sands and the walnut 
shells. 

3. Experiments with Glass Beads. 

The second series of tests was conducted using four siz~s of glass 
beads, obtained from Ace Scientific Supply Company of Linden, New Jersey; 
the median diameters of the beads were 29, 62, 100, and 200 micrometers. 
Calibration data for the four samples of glass beads are depicted on Figure 
13. Note that for ~V/Vo less than about 0.05, all of the curves superpose, 
as would be expected since all of the particles are of the same material 
composition. However, the data points for the 29-micrometer sample are 
consistently lower than the other data for C/D greater than 5 x 104 • Also, 
the data for the 200-micrometer sample are consistently higher than the 
other data for C/D > 5 x 104 . This result is a consequence of the fact 
that at the same concentration, there are many more individual particles 
of the smallest size in the sensing volume than for the larger particle 
sizes. Table 1 shows the number of particles on the average in the sensing 
volume from the four respective samples for a fixed value of C/D, equal 
to 5 x 104 (mg/1) per millimeter. The sensing volume used in these cal- . 
culations is a cylinder of diameter 1 millimeter, and height of 3.18 
millimeters, the distance between the source and sensor. The choice of a 
!-millimeter diameter rather than the physical size of the sensing element 
(1.55 millimeters) is based on measurements presented in Section III. 
Table 1 also lists the number of particles in the sensing volume at a 
concentration of 5,000 milligrams per liter. 

As the concentration increases, the number of particles in the sensing 
volume eventually becomes so large that the effects of one particle being 
in the shadow of another becomes significant, and for the same degree of 
attenuation of light, there are actually more particles in the sensing 
volume than can be detected by the sensor. This effect should result in 
a consistent deviation of the data from a common calibration curve and 
for a given value of C/D. The largest particle size should give the 
largest value of ~V/V0,as is indicated on Figure 13. The data for the 62-
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Iowa sand 
d50 = 0.25 rnrn 

Walnut shells 
d

50 
= 0.2 rnrn 

CERC sand, 0.1 77 > d > 0.105 rnrn 

lm~ 

lmm 

.I 

Figure 11 . Photomicrographs of Iowa sand, CERC sand, and 
crushed walnut shells. 
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Iowa sand, dso = 0.25 mm CERC sand, 0.177 > d > 0.105 mm 

Crushed walnut shells, d50 0.20 mm 

Figure 12. Enlarged views of parts of samples depicted in 
Figure 11 showing qualitative differences in 
shape and surface texture. 

23 



0.11 f-

0.10 

c 091-

0.08 

>. 
;; 0.07 
<I 
t-
:::> 
~ 0.061-
:::> 
0 

0 
w 
N 0.05 
.J 
<( 
::E 
0: 
0 z 0.04 

0.03 

0.02 

0.01 

c 

* 

* 
* 

0 
0 

* 0 

0 0 

l 

* 0 
0 

0 

* 0 

* 

* I 

0 

* 
* 

0 

0 
0 0 

* 0 

0 

* 0 

0 

0 
0 

* 200-micrometer glass beads 

o 100-micrometer glass beads 

o 62-micrometer glass beads 

o 29-micrometer glass beads 

OL-----~'------~-----~·----~----~·------~----~·~--~ 
2 4 6 8 10 12 14 

C/0 (mg/1/mm)XI0- 4 

Figure 13. Calibration curve for glass beads, 
standard probe. 
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Table 1. Number of particles in sensin,g volume. 

Average no. 
C/D D c Mass of one No. of particles of particles 

(ppm/nun) (nun) (mg/ 1) particle (grams) per cm3 in sensing 
volume 

5 X 10 Li 0.200 10,000 1.11 x 10- 5 900 2.24 

5 X 10 It 0.100 5,000 1.39 X 10-6 3,607 8.99 

5 X 10 4 0.062 3,100 3.31 X 10- 7 9,374 23.4 

5 X 10 4 0.029 1,450 3.38 x 10- 8 42,847 106.3 

2.5 X 10 4 0.200 5,000 1.11 X 10- 5 450 1.12 

5 X 10 4 0.100 5,000 1.39 X 10'-6 3,607 8.99 

8.1 X 10 4 0.062 5,000 3.31 X 10- 7 15,119 37.7 

17 X 10 4 0.029 5,000 3.38 X 10- 8 147,754 368.4 

and 100-.micrometer beads are practically the same, but the data for the 
29-micrometer particles clearly show effects of some particles being 
shadowed by others. 

The scales on Figure 13 are much larger than those used by 
Bhattacharya (1971) (Fig. 3). The rather small deviations observable 
of Figure 13 simply would not show up on the scales used in plotting 
Figure 3. Note als·o that the data for the two largest particles in 
Bhattacharya's (1971) tests are consistently higher than the data obtained 
with the smallest particle, and that the data for the 0.115 millimeter 
size do not extend into the region near the origin. This data set is so 
consistently above the other data that the entire set is suspect. 

Photomicrographs of the 200- and 100-micrometer beads are shown in 
Figure 14. The beads are clearly more transparent than either sand 
sample shown in Figure 12. The effects_of transparency, even for material 
of the same specific gravity, on the ISCMS response is again evident by 
comparing the calibration slopes with C/D = 5 x 104 mg/1/mm in Figure 13 
with the data for the quartz-sand sample shown in Figure 9. For the 
same value of C/D, the glass beads do not attenuate as much light as the 
quartz sand, and the calibration slope for the glass beads is clearly 
less than that obtained for the quartz sand. 

The results of the two series of tests described above show that 
the presentation of data on a unified calibration curve suggested by 
Glover, Bhattacharya, and Kennedy (1969) is valid only if the material 
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, .. lmm 200]lm 

100]lm 

Figure 14. Photomicrographs of 200- and 100-micrometer 
glass beads. 
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composition of the different size samples is the same. The ISCMS must 
be calibrated for each material, and if quartz or other transparent 
material is used in an experiment, care should be taken to see that 
staining of particles from rust or changes in surface texture due to 
abrasion during transport does not occur. Periodic checks on the instru 
ment calibration are required. 

4. ISCMS Output for Sand and Walnut Shell Samples. 

Qualitative differences among the responses of the ISCMS to differe1 
materials are shown in Figure 15, which shows oscillograms of the ISCMS 
output voltage for three different samples at three concentrations. 
Corresponding photos for each sample were obtained at· approximat~"ry the 
same concentration, in milligrams per liter, in the turbulence jar. 'The 
zero voltage for all cases is at the second division from the bottom 
approximately, except for Figure 15 (c-1), where the zero shifted slightl 
below the base line. Note that the ISCMS output voltage has large 
fluctuations relative to the mean for all cases. These fluctuations are 
caused by particles entering and leaving the sensing volume. For example 
Figure 15 (b-1) shows rather extensive time periods when there is nothing 
in the sensing volume at all, as might be expected for a low concentratio: 
of the largest particle size and from the results presented in Table 1. 

Another aspect of the ISCMS response may be observed by comparing 
Figure 15 (b-1) to 15 (c-1). Note that there are significant voltage 
readings below the zero reference for the 0. 25-millimeter sand particles 
in comparison with the walnut shell traces, a statement which is generall) 
true in comparing the two data sets. This effect is the result of light 
being reflected off the surface of the quartz particles into the sensor 
as the particle enters or leaves the sensing volume. The surface of the 
crushed walnut shells does not reflect light as well as the quartz sand, 
so drops below the reference level are not nearly so evident. 

These negative voltages, which are indications of light intensities 
above the ambient light level with no particles in the sensing volume, 
register as negative concentrations, a physically unappealing situation. 
Fortunately, the instrument is equipped with a bipolar integrator, and 
if an electronic counter is connected to the positive output, then only 
positive voltages are used in computing the mean concentration. However, 
if the zero concentration reference shifts, say in the positive direction, 
for example, then these negative spikes may interfere with proper measure
ment. This problem will be referred to further in Section IV where the 
instantaneous output of the ISCMS is discussed. It is clear from this 
discussion that careful adjustment and maintenance of the instrument 
zero-setting control is required. 

5. ISCMS Output for Glass Beads. 

Oscillograms of the ISCMS output with the standard probe for the 29-, 
62-, 100-, and 200-micrometer beads are shown in Figure 16. Note the 
change in signal characteristics with a change in particle size and 
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I\) 
(X) 

(a - 1) Vert. 0.2 V/div 
C = 1,200 rng/1; 0.14 - rnrn sand 

(b- 1) Vert . 0.2 V/div 
C = 1,040 rng/1; 0.25 - rnrn sand 

(c - 1) Vert. 0.2 V/div 
C = 1,650 rng/ 1; 0.2 - rnrn walnut 

I . 

1 I . 

;l~~vJ~J~ww~~ 
(a- 2) Vert. 0.2 V/div 

C = 4,800 rng/1; 0.14 - rnrn s and 
(b - 2) Vert. 0.5 V/div 

C = 4,760 rng/1; 0 . 25 - mm sand 
(c - 2) Vert. 0.5 V/div 

C = 4,820 rng/1; 0.2 - rnrn walnut 

(a - 3) Vert. 0.5 V/div (b- 3) Vert. 1.0 V/div (c-3) Vert. 1.0 V/div 
C = 11,000 rng/1; 0.14 - rnrn sand C = 12,800 rng/1; 0.25 - rnrn sand C = 10,400 rng/1; 0.2 - rnrn walnut 

Figure 15. Oscillograrns of the ISCMS output for two quartz sands and crushed 
walnut shell s , s tandard probe, turbulence jar. 



(a-1) Vert. 0.2 V/ div 
C = 1,000 mg/ 1; size 200~m 

(b- 1) Vert. 0.2 V/div 
C = 600 mg/1; size 100~m 

(a-2) Vert. 0.5 V/ div 
C = 7,500 mg/ 1; size 200~m 

(b-2) Vert. 0.5 V/ div 
C = 3,850 mg/ 1; size 100~m 

(a-3) Vert. 0.5 V/ div (b-3) Vert. 0.5 V/div 
C = 11,600 mg/1; size 200~m C = 11,800 mg/ 1; size 100~m 

Figure 16. Osci1lograms of the ISCMS output for calibration 
tests in the turbulence jar, glass beads, 
standard probe. 

----
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(c-1) Vert. 0.2 V/ div 
E = 310 mg/ 1; size 62pm 

(d-1) Vert. 0.2 V/ div 
E = 580 mg/ 1; size 29pm 

(c-2) Vert. 0.5 V/ div 
E = 4,840 mg/ 1; size 62pm 

(d-2) Vert. 0.5 V/ div 
E = 4,060 mg/ 1; size 29pm 

(c-3) Vert. 0.5 V/ div 
E = 11,200 mg/1; size 62pm 

(d-3) Vert. 1.0 V/ div 
E = 11,300 mg/ 1; size 29pm 

Figure 16. Oscillograms of the ISCMS output for calibration 
tests in the turbulence jar, glass beads, 
standard probe -Continued. 
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Table 2. Effec t of averaging time i nterval . 

Sediment Average 
Size Concentration 
dso c 

(mm) 

SAND 0.14 
0.14 
0.14 

0.14 
0.14 
0.14 

0.14 
0.14 
0.14 

0~250 
0.2SO 
0.2SO 

0.2SO 
0.2SO 
0.2SO 

0.2SO 
0.2SO 
0.2SO 

WALNUT 0.203 
0.203 
0.203 

0.203 
0.203 
0.203 

(ppm) 

771 
771 
771 

4,330 
4,330 
4,330 

9,119 
9' 119 
9,119 

360 
360 
360 

4,S14 
4,S14 
4,Sl4 

9,097 
9,097 
9,097 

3,087 
3,807 
3,807 

6,700 
6,700 
6,700 

0.203 10,99S 
0.203 10,995 
0.203' 10,995 

Standard No. of 
Deviation Samples 

t 

(ppm) 

62.8 
55.4 
48.8 

178.9 
156.3 
129.8 

853.5 
832.1 
804.2 

81.0 
61.1 
51.6 

580.7 
527.1 
482.3 

1019.8 
829.0 
676.8 

215.6 
168.5 
139.S 

337.3 
290.6 
240.7 

326.0 
257.2 
206.4 
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200 
100 

40 

200 
100 

40 

.200 
100 

40 

200 
100 

40 

200 
100 

4C 

200 
100 

40 

200 
100 
40 

200 
100 

40 

200, 
100 

40 

Averaging 
Interval 

liT 

(sec) . 

10 
20 
50 

10 
20 
50 

10 
20 
50 

10 
20 
50 

10 
20 
so 

10 
20 
50 

10 
20 
50 

10 
20 
so 

10 
20 
50 

9096 Confidence 
Interval for Mean 
Concentration 

(ppm)< ~ < (ppm) c 

764 < ~ < 778 
762 < ~c < 780 
7S8 ~ ~c < 784 

- c 

4,310 ~ ~c < 4,351 
4,304 ~ ~c ~ 4,356 
4,295 ~ ~c ~ 4,36S 

9,019 < ~ < 9,219 
- c -

8,981 ~ ~c ~ 9,257 
8,905 ~ ~c ~ 9,333 

351 < ~ < 369 
350 ~ ~~ ~ 370 
346 ~ ~c ~ 374 

4,446 < ~ < 4,582 
4,427 ~ ~~ ~ 4,601 
4,386 ~ ~c ~ 4,642 

8,978 < ~ < 9,216 
8,9S9 ~ ~~ ~ 9,235 
8,917 ~ ~c ~ 9,277 

3,062 < ~ < 3,112 
3,059 < ~c < 3,11S 
3,050 < ~c < 3,124 

- c -

6,661 < ~ < 6,739 
6,652 < ~c < 6,748 

c 
6,636 ~ ~c ~ 6,764 

10,957 < ~ <11,033 
10,952 < ~c <11,038 
10,940 < ~c <_11,050 

- c 



concentration. In particular, the 29-micrometer size data do not show 
as large deviations from the mean as either the 100- or ZOO-micrometer 
data, simply because at the mean concentration, the entry or exit of a 
single 29-micrometer particle does not produce as significant a change in 
the light attenuated. Table 1 shows that the number of particles present 
in the sensing volume is much greater that for the other size beads. 

The data shown on the oscillograms indicate clearly that for particle 
sizes between 100 and 250 micrometers, and concentrations up to approxi
mately 15,000 milligrams per liter, passage of a single particle across 
the boundary of the probe field produces a significant change in voltage 
relative to the mean. Coupled with the fact that a small number of'par
ticles are within the sensing volume on the average, this observation 
means that the response of the instrument to a single particle is an impor
tant factor in interpreting the instantaneous value of the ISCMS output. 

6. Influence of Averaging Time on Estimates-of Mean Concentration. 

A final series of tests was conducted in a turbulence jar to determine 
the effects of averaging time and concentration on estimates of the mean 
concentration. While the calibration tests described above were being run, 
sequential 10-second averages of the ISCMS output were obtained. By 
combining adjacent 10-second averages to form a set of 20-second averages, 
and so on, the effects of averaging time upon the confidence interval for 
the mean could be determined. The results are presented in Table 2, which 
shows that averaging times greater than 10 seconds do not significantly 
effect the confidence interval for the sample mean. This result was 
anticipated, however, because the turbulence jar does not produce a flow 
with low-frequency fluctuations in concentration similar to suspended 
sediment under wave action. A histogram and cumulative distribution for 
a representative set of data are shown on Figure 17. A similar series of 
tests was conducted in the oscillatory flow facility with a period of 1.8 
seconds; some results are presented in Table 3. A histogram and cumula
tive frequency distribution for a typical set of data are shown on Figure 
L8. 

Sediment 
Size 
uso 

(nun) 

0.14 
0.14 
0.14 

Table 3. Effect of n'pctitions on datu. 

Average 
Concentration 

c 

(ppm) 

3,036 
3,036 
3,081 

Standard 
Deviation 

1" 

(ppm) 

283 
310 
239 

32 

No. of 
Samples 

44 
22 

8 

Averaging 
Interval 

t.T 

(sec) 

10 
20 
so 

90% Confidence 
Interval for 
Mean 
Concentration 

(ppm)< l-l c ~(ppm) 

2,939 ~ uc <3,133 
2,922 ~ uc ~3,150 
2,921 < uc 33,24~ 
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III. DETERMINATION OF THE ISCMS PROBE FIELD 

The discussion and data presented in Section II demonstrates 
conclusively that the ISCMS output can be used to measure mean concentra
tions in situ~ provided that the instrument is calibrated properly and 
that the averaging time is sufficiently long. Certain limitations are 
also imposed by the ISCMS frequency response characteristics, which will 
be discussed in detail in Section IV. None of the tests for determination 
of the mean concentration can provide any information with regard to the 
interpretation of the instantaneous value of the ISCMS output. The use 
of the ISCMS output to obtain, for example, correlation between the con
centration and velocity fluctuations for measurements of fundamental 
quantities involved in the continuity equation for the fluid-sediment 
mixture requires that the meaning of the instantaneous value of the ISCMS 
output be understood fully. 

Calculation of the average number of particles within the standard 
probe field, exemplified in Table 1,, together with .the oscillograms shown 
in Figure 15 indicate clearly the importance of the response of the ISCMS 
to the passage of a single particle through the probe field. The purpose 
of the investigations reported in this section is to define the response 
of the ISCMS for both the standard and large probes to single particle 
events to aid in the interpretation of the ISCMS output. 

1. Apparatus and Procedure. 

To obtain a quantitative measure of the variation in ISCMS response 
to a single particle passage through the probe volume, an idealized 
"particle" was manufactured by spattering India ink on a glass slide and 
then choosing several spots with the desired size and shape. This approach 
was adopted because there is no means of supporting a single glass bead or 
sand particle without introducing additional refractions of light within the 
probe field. The opaque, two-dimensional, simulated particle provided a 
nearly circular cross section which totally blocked the light. It also 
intercepted and avoided the further complication of transmission and 
reflection of light that would occur with a glass bead or sand particle. 

The glass slide was mounted on a microscope traversing mechanism 
which permitted x-y positioning to within 1/10 millimeter. Motion in 
the z direction, defined as along the axis of the source-sensor pair, 
was controlled by a precision lead screw from a lathe tailstock and was 
measured by a dial gage to the nearest 1/1000 inch. The simulated par
ticle on the glass slide was then traversed along the z axis to ascertain 
variation in the probe response along the optical axis of the probe. At 
several sections between the source and sensor the particle was traversed 
in both the x andy directions orthogonal to the z axis, which determined 
the variation in response as the simulated particle passed through the 
probe field on a line intersecting the z axis. The tests were conducted 
in air with the instrument properly adjusted to account for this fact. 
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2. Standard Probe Field. 

Results from traversing the three simulated particles, 0.12, 0.25, 
and 0.38 millimeters in diameter, along the z axis of the standard probe 
are depicted in Figure 19. The ISCMS output voltage for each particle 
has been normalized with the reading obtained with the individual particle 
position as close to the sensor as possible. Note that as the particle 
was traversed from the sensor toward the source, the ISCMS response first 
increased by some 50 percent of the value measured at the sensor and then 
dropped rapidly to almost 50 percent of the initial reading when the 
particle was as close to the source as possible. It should be noted that 
a solid particle cannot get as close to either the source or sensor as the 
spot which was :us1.ed, but the voltage variations caused by a solid particle 
will vary quite significantly depending upon its position with respect to 
probe the elements. 

Figures 20 to 23 depict the variation is ISCMS response as the 
0.25- and 0.38-millimeter spots were traversed along the x and y axes at 
several sections between the source and sensor. The 0.12-millimeter par
ticle was not ~sed because the magnitude of the voltage change caused by 
this particle was so small that precise measurements were not considered 
feasible. These data show that there is a continuous variation in ISCMS 
output as the particle was traversed across the probe field. In fact, 
there was no place in the transducer field where motion of the particle 
did not result in a change in the ISCMS output. Furthermore, the diameter 
of the probe field is smaller than is indicated by the physical size of 
the transducing elements. 

However, Figures 20 to 23 indicate that the diameter of the probe 
field is equal to about 4-grain diameters, i.e., 1 millimeter for the 
0.25-millimeter particle (Figs. 20 and 21), and 1.52 millimeters for the 
0.38-millimeter particle (Figs. 22 and 23). It is assumed that the smaller 
spot defines the probe volume more exactly, so that the nominal diameter 
of the probe field is taken to be 1 millimeter as compared to the 1.55-
millimete.r nominal diameter of the source. Fresch (1972) found the sen
sing volume diameter to be 0.003 foot (0.914 millimeter) using a 0.127-
millimeter diameter wire as the light scatterer. These measurements are 
are the basis for the 1-millimeter-diameter sensing volume us~d in the 
computations shown in Table 1. It appears that the probe volUme depends 
on the size of the scatterer. Thus, the probe field diameter of 1 milli
meter is subject to some uncertainty and may need to be revised on further 
study. 

3. Large Probe Field. 

The same glass slide with the same ink spots posing as particles was 
then traversed through the probe field of the large probe. Results of 
traversing the 0.38- and 0.25-millimeter spots along the z axis from 
sensor to source are shown in Figure 24. In contrast to the standard 
probe, the response of the large probe to a particle of given size 
decreased monotonically from sensor to source, attaining a voltage about 
one-half that at the source when the particle was closest to the sensor. 
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Figure 19. Variation of ISCMS output for three particles 
traversed along the optical axis of the standard 
probe. 
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Figure 20. Variation of the output from ISCMS along the 
x axis for the 0.25-millimeter particle, 
standard probe. 
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Figure 21. Variation of the output from the ISCMS 
along the y axis for the 0.25-millimeter 
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When the two particles were traversed along the x and y axes away from 
the probe axis, variations similar to those for the standard probe were 
obtained, as shown by Figures 25 to 28. In fact, the surprising 
result is that the diameter of the large probe field is only about 
4-particle diameters for the 0.25-millimeter particle as shown in 
Figures 25 and 26, which means that the diameter of the larger probe 
sensing volume is practically the same as that for the standard probe 
field. This result is quite contrary to expectations, since the diameter 
of the element used in the large probe is 4.82 millimeters, or about 3 
times the size of the elements in the standard probe. Consequently, 
there should be no significant difference in the results of the measure
ments of suspended sediment concentration with these two probes. . ~ 

Indeed, there are even some disadvantages of the large probe 1n 
comparison with the standard probe. Because of the probe construction, 
it is sensitive to vibration. Motion of the probe elements relative to 
each other result in spurious fluctuations which have been observed 
during calibration tests in the turbulence jar. Vibrations were induced 
by the oscillating grids. It was also found that the larger probe was 
very sensitive to changes in ambient light levels. A reference to the 
manufacturer's specifications shows that the acceptance angle of the 
TIL31 sensor used in the larger probe is much greater than the TIL604 
sensor used in the standard probe. Thus the larger probe is even sensi
tive to incident light at 90° to the optical axis, and as a result, 
changes in ambient light level are detected and registered as an instru
ment zero drift. Therefore, it is concluded that the larger probe is not 
an improvement over the standard probe now in use. The tests conducted 
to determine the ISCMS frequency response characteristics further verify 
this point, as will be discussed in the following section. 

IV. FREQUENCY RESPONSE 

The frequency response of the ISCMS limits the capability of the 
instrument to detect changes in light attenuation caused by the passage 
of individual particles through the probe field. Consider the sequence 
of events as a particle passes through an idealized probe field, cylin
drical in shape and uniform in intensity. The voltage output should 

, change as the particle crosses the field boundary, reach and hold a 

\
. maximum value when the particle is completely within the field and drop 

off when the particle leaves the transducer field. If a particle 100 
·microns in diameter passes through a probe field 1 millimeter in diameter 
at a speed of 1 meter per second, then the particle is only within the 
probe field for 0.001 second, or less. The instrument must be able to 
respond to these rapid voltage changes, or the maximum voltage which 
should occur when the particle is within the transducer field will never 
'be attained. Such behavior would result in a system in which measurement 
of the average concentration would be dependent upon the particle velocity. 
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Figure 25. Variation of the output from the ISCMS along the 
x axis for the 0.25-millimeter particle, large 
probe. 

44 



0 

.. 

0 

0 0.1• from SENSOR 

0 0.2.• from SENSOR 

0.2.5 mm SPOT 

0 

y/D 

Figure 26. Variation of the output from the ISCMS along 
the y axis for the 0.25-rnillirneter particle, 
large probe. 

45 



e 0.1
11 

frorn. 
SENSOR 

0.2." from 
SENSOR 

0.38 mm SPOT 

~ 

-2 

I 
I 

r 1 
I ,o 

, f 
I 

I 
6 
I 

·t 

-I 0 
x/0 

Figure 27. Variation of the output from the ISCMS along 
the x axis for the 0.38-millimeter particle, 
large probe. 

46 



0 

e 0.1" from 
SC!t~SOR 

0.2• from 
. SI!NSOR 

0.!8 mm SPOT 

-2 -I 0 

y/0 

Figure 28. Variation of the output from the ISCMS along 
the y axis for the 0.38-millimeter particle, 
large probe. 

47 



The frequency response of the ISCMS is limited by the design used 
to excite the light source and detect the light attenuation. The present 
system used a 10 kilohertz oscillator to provide a sinusoidal output from 
the light source, and was selected in the original design because of gain 
requirements and to reduce crosstalk between source and sensor in the 
cable connecting the transducer to the instrument (Glover, Bhattacharya, 
and Kennedy, 1969). Hence the desired information is carried by the 
10 kilohertz signal as detected by the sensor, and a third-order Butterworth 
filter is used to eliminate this 10 kilohertz carrier signal; its -3db 
point is 1 kilohertz. It is this filter which limits the frequency 
response of the ISCMS. 

1. Check of System Electronics. 

As a first step in determining the frequency response of the ISCMS 
to particles passing through the transducer field, the electronics were 
checked thoroughly. The frequency and rise time characteristics of the 
ISCMS were evaluated with and without the two probes connected to the 
instrument to determine whether the probes themselves had any influence 
on the instrument frequency response. Characteristics were measured first 
with a simulated probe, which was accomplished by placing the NORM-CAL 
switch (Glover, Bhattacharya, and Kennedy, 1969) on card two of the 
instrument in the CAL position. The frequency characteristics for the 
instrument were obtained by modulating the 10 kilohertz signal normally 
supplied to the source. The frequency of the modulating signal was 
varied in steps from 10 hertz to 2 kilohertz, and the phase and amplitude 
relationships between the modulating signal and detecting signal were 
measured. The magnitude of the modulating signal was adjusted jointly 
with the ZERO control so that the amplitude of the detected signal at 
10 hertz was approximately 1 volt. The results of these measurements 
are shown in Figure 29, which shows the frequency response of the system 
electronics is controlled exclusively by the characteristics of the 
third-order Butterworth filter used to eliminate the carrier frequency 
from the detected signal. After completion of this evaluation, the 
NORM-CAL switch was returned to NORM position and a probe was connected 
to the instrument. The 10 kilohertz signal to the source was then modu
lated electronically, and amplitude and phase relationships with the 
signal detected by the sensor were measured. Results from both the 
standard probe using the TIL604-TIL24 pair and the large probe using 
the TIL67-TIL31 pair are shown in Figures 30 and 31. The agreement 
between these two sets of data and those shown on Figure 29 demonstrates 
that the system frequency response does not depend upon the probe compo
nents but is controlled only by the characteristics of the filter used 
to eliminate the carrier frequency. 

2. Effects of Particle Velocity. 

The effects of particle velocity on the response of the ISCMS were 
investigated by passing simulated particles at diffe~ent speeds through 
the transducer's field. A set of 120 spots was made by drilling holes 
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127 micr~meters in diameter partially through a Lucite disk. The spots 
were equally spaced on the circumference of a circle 8.89 centimeters 
(3.5 inches) in diameter. The disk was mounted on a shaft and the probe 
carefully positioned with the disk approximately midway between source 
and sensor. Measurements of the root mean square voltage from the ISCMS 
were recorded as a function of the angular speed of the disk. Oscillo
grams were obtained to examine individual "particle" behavior with 
changes in linear velocity. 

Results from several repetitions of this experiment with the stan
dard probe are shown in Figure 32. The root mean square voltages have 
been normalized by the root mean square voltage obtained at a frequency 
of 100 particles per second or less. As shown by the frequency response 
tests' in Figures 29, 30, and 31, there should be no attenuation of the 
amplitude of the voltage for frequencies less than 100 hertz. A choice 
of root mean square value for normalizing the ordinate in Figure 32 
should be made at a frequency less than 100 hertz, because the frequency 
components of the particle signatures contain frequencies higher than 
100 hertz. As may be seen from Figure 32, the root mean square voltage 
decreases with increasing particle frequency; there is a relative maxi
mum near 800 hertz which seems to be a consequence of vibration of the 
apparatus from the gear drive at this angular velocity. 

Oscillograms of the particle traces for the standard probe at several 
frequencies are depicted in Figure 33, where the linear velocity is also 
given in feet per second. The oscilloscope was synchronized with the 
r9tating disk so that the same particles may be observed in successive 
photographs. Notice the decrease in amplitude of the instrument response 
to the passage of a particle through the probe field as the linear velo
city increases. Also compare the traces in (a) through (d) in Figure 33 
with those shown in Figure 15. Clearly the response of the instrument 
to a single particle is an important factor in evaluating the instrument, 
and even for reasonably high concentrations, voltage variations caused 
by a single particle passage are a significant percentage of the mean 
voltage level. 

Similar tests with the same rotating disk arrangement were also 
conducted on the large probe. These results are depicted in Figure 34. 
It should also be noted that the data shown in Figures 32, 33, and 34 
provide a means for estimating particle velocities at which the measure
ment of mean concentration will be affected by the particle speed. For 
a particle frequency of 100 hertz, the corresponding linear velocity is 
23.25 centimeters per second (0.763 feet per second). The instrument 
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(a) 
Horizontal: 10 ms / div 
Vertical: 0.2 V/ div 
87 parti'cles / s 
Velocity: . 0. 669 ft / s 

(c) 
Horizontal: 5 ms / div 
Vertical: 0.2 V/ div 
244 particles/ s 
Velocity: 1.86 ft / s 

(b ) 
Horizontal: 10 ms / div 
Vertical: 0.2 V/ div 
122 particles/ s 
Velocity: 0.928 ft / s 

(d) 
Horizontal: 2 ms / div 
Vertical: 0.2 V/ div 
397 particles / s 
Velocity: 3.03 ft / s 

Figure 33. Oscillograms of the output of the ISCMS for 
different velocities of perforated disk. 
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(e) 
Horizontal: 2 ms/div 
Vertical: 0.2 V/div 
600 particles/s 
Velocity: 4.58 ft/s 

(f) 
Horizontal: 1 ms/div 
Vertical: 0.2 V/div 
794 particles/s 
Velocity: 6.07 ft/s 

(g) 
Horizontal: 1 ms/div 
Vertical: 0.2 V/div 
1,111 particles/~ 
Velocity: 8.48 ft/s 

Figure 33. Oscillograms of the output of the ISCMS for 
different velocities of perforated disk-Continued. 

55 



01 
C1l 

1.0 

L&J 
(!) 

< 0.9 1-
_J 
0 
> 
V) 

2 
a: 0.8 0 
c a 
L&J 
N 
_J 

< 
~ 0.7 
0 z 

60 

e 
OS 

a 
cf3 ee 

€1 0 ao 0 0 ae 
01 FFERENT ee 
RUNS 

100 

e 

e 
e 
0 

200 400 600 1000 
PARTICLE FREQUENCY (HZ) 

2000 

Figure 34: Attenuation of root mean square voltage as a function 
of particle frequency, rotating disk tests, large probe. 



response will therefore be affected by particle velocities higher than 
approximately 25 centimeters per second for a particle size of about 
130 micrometers. This result implies that the measurements obtained by 
Bhattacharya (1971) and Akyurek (1972) in measurements of suspended sed- . 
iment concentration under wave action were affected only slightly, since 
the maximum wave-induced fluid velocities were about 1.6 feet per second. 
The influence of particle velocity is not nearly so critical in experi
ments in oscillatory flow because the particles are not traveling near 
the maximum velocity for a significant percentage of one wave period. On 
the other hand, experiments in a flume such as those reported by Glover, 
Bhattacharya, and Kennedy (1969),conducted with mean velocities of the 
order of 2.5 feet per second would be affected by the frequency response 
characteristics of this instrument. Of course, if the calibration were 
carr~ed out in the flume or apparatus with similar particle velocities, 
then this influence would be taken care of in the calibration procedure. 

The experimental results described above demonstrate conclusively 
that the response·of the instrument to a single particle passing through 
the sensing volume depends upon the particle speed. The higher the 
particle speed, the higher is the frequency composition of the particle 
signature which must be transduced. The frequency response of the third
order Butterworth filter therefore limits the particle speed at which the 
instrument is able to detect passage of individual particles through the 
transducer's field because the filter attenuates frequencies above 100 
hertz, as shown by the characteristics depicted in Figures 29, ·30, and 31. 
The data shown in Figures 32 and 34 indicate that a practical upper limit 
for particle speed is about 1 foot per second before significant attenua
tion of the instrument response occurs. Therefore, the instrument fre
quency response is not sufficient for measurements in flows with mean 
velocities greater than about 1 foot per second. 

3. Jet Tests. 

In addition to the frequency response tests on the electronics and 
on the entire system with the idealized particles on the rotating disk, a 
series of investigations in several flows with suspended sediment were 
conducted to demonstrate the effects of the ISCMS frequency response under 

actual operating conditions. 

The first of these tests was an attempt to subject the system to a 
known step change in concentration and from these data, infer the system 
response characteristics to a group rather than a single particle. It 
was proposed that a sediment laden jet be used to generate a step change 
in concentration. The mean concentration distribution across the jet 

could be measured, and the probe then moved across the jet with a 
motorized traversing mechanism at different speeds. The records of 
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the mean concentrations and those obtained by moving the probe across 
the jet could be Fourier-analy-zed and compared to determine the velocity 
at which the two signals differed significantly. Results of a typical 
probe traverse are shown in Figure ,35. 

A general rise and fall in concentration is indicated clearly, but 
the influence of individual particles entering and leaving the probe 
field renders Fourier analysis of this signal and comparison with the 
mean concentration distribution invalid. It was tacitly assumed in the 
design of this test that a sufficiently high concentration could be 
obtained so that the entry and exit of a single particle would produce 
insignificant changes in voltage level. Thus comparison between the 
mean concentration distribution and that obtained from the probe traverse 
would be possible. Because only a relatively few particles are in the 
probe field at any given instant, this a pPiori criterion could not be 
met. It was also assumed that the physically large probe would also 
hC~.ve a much larger probe field, and would therefore be satisfactory for 
this test if the standard probe proved inadequate. As the probe field 
measurements have shown, however, there is no significant difference in 
the sensing volume between these two probes, and as a consequence, 
within the range of concentrations of interest to this study, these jet 
tests are rendered invalid by the probe characteristics. Furthermore, 
the jet velocity is greater than 1 foot per second to entrain and dis
perse the sediment, so the data obtained are already influenced by the 
instrument frequency response characteristics. Notice the very high 
frequency of particles passing through the probe field in comparison 
with the data in Figure 15. 

4. Spectra of ISCMS Output in Turbulent Flows. 

The second series of experiments was more successful in demonstrating 
the influence of particle velocity on the ISCMS output. The standard 
probe was tested at several mean concentrations in three different veloc
ity fields; the first set of data was obtained in a turbulence jar in 
which the mean velocity was zero and the turbulence was essentially homo
geneous, the second in a laboratory sediment flume with a mean velocity 
of about 2.5 feet per second, and the third in an oscillatory flow water 
tunnel, with an oscillatory flow of period 1.8 seconds over a rippled 
sand bed. The large probe was tested in the flume and turbulence jar 
for comparison with the standard probe. 

In the discussion which follows, it must pe understood clearly that 
all of the spectra presented in Figures 36 through 42 are not spectra of 
the suspended sediment concentration fluctuations, but are spectra of the 
ISCMS output whlch may or may not be a representative picture of what 
actually occurs in the flow field. Furthermore, all the spectra are 
influenced by the carrier frequency filter in the ISCMS. 
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Horizontal: 50 ms/div 
Vertical: 0.2 V/div 
dso = 0.11 mm 

Figure 35. Typical result from traverse 
of standard probe across a 
sediment-laden jet. 
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The spectra shown are the Fourier transform of the autocorrelation 
function; hence, the area under the spectral function is unity. This 
method of plotting displays the proportion of the variance of the voltage 
fluctuations as a function of frequency, and permits comparison of the 
frequency content of data sequences with different variances. Care was 
also taken to ensure that aliasing did not affect the computed spectra. 
In several cases, data were obtained at different sampling intervals, 
At, and checked. for agreement at high frequencies (Fig. 36). 

5. Turbulence Jar Spectra. 

Spectra of the suspended sediment concentration fluctuations sensed 
by the ISCMS for both the large and standard probes for different concen~ 
trations in the turbulence jar are shown in Figures 36 and 37. The most 
significant feature of these spectra is that approximately 91 percent of 
the variance is contained at frequencies of less than 100 hertz, and that 
for 400 hertz, the spectral ordinate is 3 orders of magnitude less than 
the value near 10 hertz. The decrease in spectral density is not mono
tonic-- there are minor peaks. Not all of the computed points have been 
plotted, but the general trend is clear, and there is no consistent 
dependency of frequency content of the individual spectra on the average 
concentration. It is noteworthy that relative frequency content of all 
signals from both probes is essentially the same, although there is a 
tendency of the standard probe to indicate a slightly greater proportion 
of high frequency components. 

6. Spectra-Flume Tests. 
The tests conducted in uniform, steady, open-channel flow are shown 

in Figures 38, 39, and 40. The spectra of the ISCMS voltage for the 
different probes are for the same bed elevation (and therefore the same 
mean concentration) and are shown for three different concentrations. 
Observe the difference in the shapes of these spectra in comparison with 
those obtained in the turbulence jar. In particular, note that at 400 
hertz, the spectral density is not orders of magnitude less than the value 
near the origin. Furthermore, there is even a peaking near 1,000 hertz, 
which becomes even more significant when one recalls that the -3db point 
for the ISCMS filter is at 1,000 hertz. Thus, the magnitude of the spec
tral density at 1,000 hertz has been attenuated by a factor of approxi
mately 2, and what is displayed in Figures 38, 39, and 40 must be inter
preted by taking this fact into account. 

The proportion of the variance contributed by frequencies less than 
100 hertz varies with concentration shown in Table 4. 

Table 4. Proportion of variance for frequencies 
< 100 hertz, flume test. 

Concentration Standard probe Large probe 
(mg/1) % % 
6,780 31.2 37.3 
1,450 16.2 16.7 

540 19.5 16.5 
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Notice how ~uch smaller a proportion of the variance is due to the 
frequency components less than or equal to 100 hertz for the flume 
data than for the corresponding data obtained in the turbulence jar 
where 91 percent of the variance is due to frequency components < 100 
hertz. This result is directly attributable to effects of particle speed 
as the particle passes through the probe field. The greater the particle 
speed, the more high-frequency content there will be in the spectrum. 
It is clear from the data in Figures 36 through 42 that the ISCMS output 
is highly dependent upon the particle velocity. 

7. Spectra-Oscillatory Flow Water Tunnel. 

Data obtained in the oscillatory flow facility are shown in,~igures 41 
and 42 for concentrations of ~030 and ~057 milligrams per liter, respec
tively. As might be anticipated, these results represent a case somewhat 
between the flume and the turbulence jar, and it is of particular 
relevance to Akyurek's (1972) and Bhattacharya's (1971) data. Note that 
spectral density generally decreases with increasing frequency, with the 
value at 400 hertz at least 2 orders of magnitude less than the value at 
16 hertz. The proportion of the variance contributed by frequency com
ponents less than 100 hertz appears to be concentration dependent; at 
~050 milligrams per liter it is 72 percent, and at 1P30 milligrams per 
liter it is about 60 percent. Therefore, aliasing with the low sampling 
rates used in the signal averaging procedure is not as acute as one might 
have anticipated from the flume tests. 

A comparison of the frequency spectra obtained with the standard probe 
and large probe at the same concentration in the flume tests shows that 
the spectra are practically the same. If the physically larger trans
ducer had a larger field than the standard probe, then a particle at the 
same velocity should be within the probe field for a longer period of 
time, and the frequency decomposition of the response to a single parti
cle would therefore not contain high harmonics with as large amplitude 
as the standard probe. There is a slight indication of such a result in 
the observation (refer to Figs. 39 and 40) that the spectra for the large 
probe have consistently lower spectral density values in the high fre
quency range compared to the standard probe spectra. The normalized 
spectra show that the frequency content of the ISCMS output relative to 
the variance is practically the same. The ratio of the root mean square 
value of the ISCMS output (square root of the variance) to the mean value 
for each of the flume tests is presented in Table 5. The face that these 

Table 5. Ratio of root mean square ISCMS 
output to mean value, flume test. 

C Standard probe Large probe 

6,780 
1,540 

540 

0.58 
0.99 
1.45 

68 

0.83 
1.35 
1.30 



ratios do not differ too greatly coupled with the similarity in the spec
tral functions is further verification of the fact that the two probe 
fields are essentially the same, as was also shown by the measurements 
presented in Section III. 

V. DISCUSSION OF ISCMS CAPABILITIES AND LIMITATIONS 

The tests described in Section II demonstrate conclusively that the 
temporal mean of the ISCMS output can be linearly related to the mean 
concentration C as obtained by withdrawal samples in a calibration 
apparatus. The frequency response characteristics of the ISCMS show that 
for a given concentration the mean value of the output will depend upon 
particle velocities for 127-micrometer particle sizes if the particle 
speed is greater than 1 foot per second, approximately. For oscillatory 
flows, the maximum speed probably should not exceed 1.5 feet per second. 
Otherwise effects of particle speed may become important. If the flow is 
steady, either the instrument must be calibrated in the flow at the same 
conditions as for the proposed experiment, or the mean flow speed should 
be limited to values less than 1 foot per second. Clearly, if reliable 
data on the mean concentrations are to be obtained by calibration in an 
apparatus such as the turbulence jar for use in flume experiments, the 
frequency response of the system should be improved. Nevertheless, the 
instrument even in its present configuration is a significant improvement 
over other methods for measurement of suspended sediment concentration and 
should make possible laboratory studies heretofore impracticable. 

Several investigators (Horikawa and Watanabe, 1970; Kennedy and Locher, 
1972) have pointed out that measurement of the fundamental quantities 
involved in the equation of motion and continuity for the sediment-fluid 
mixture are required for a better understanding of the entrainment and 
suspension of sediment. One of the most important aspects of the ISCMS 
therefore is proper interpretation of the instantaneous value of the output 
if any physical significance is to be ascribed to correlating·the ISCMS 
output with velocity measurement to estimate such quantities as c'v', e.g., 
where c'v' is the correlation between the instantaneous fluctuation in 
suspended sediment concentration, c', from its mean value, c, and v' is the 
fluctuation in vertical velocity from its mean value. 

1. Nonuniformity of the Probe Field. 

A survey of both the standard and large probe field with particles of 
different sizes showed that the ISCMS output is strongly dependent on the 
position of the particle within the sensing volume. Significant variations, 
by a factor of three for the standard probe and a factor of two for the 
large probe, were found as the particle was traversed along the optical : .. 
axis of the probe, as indicated by Figures 19 and 24. The rotating disk 
tests described in Section III and the oscillograms of the ISCMS output 
demonstrate that the large voltage variations observed (Fig. 15) with 
respect to the mean voltage are due to entry and exit of a single particle 
from the sensing volume. Furthermore, the presence of negative voltages in 
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the ISCMS output, due to reflection of light off the particles as they 
traverse the sensing volume (in Figures lS(b-1) and 16(a-l) for example) 
further obscures the physical meaning of the ISCMS output. These neg
ative values are particularly apparent in the oscillogram depicting the 
jet test (Fig. 35) and throw considerable doubt on the interpretation of 
the frequency spectrum., The.re:fore~ it is an inesc_?-pable conclusion that 
the instantaneous value of the lSCMS output is not a measure of the 
instantaneous concentration of suspended sediment within the transducer 
field. 

In fact, during the time that a single particle enters or leaves 
the probe field, the ISCMS output cannot possibly be proportional to the 
concentration within the sensing volume. Consider an idealized sensing 
volume as shown in Figure 43 in the form of a right circular cylinder 
with a uniform light intensity and instrument response within the cylin~ 
der. Let a spherical particle of diameter D pass through the cylinder 
along the x axis, and assume that the attenuation of light is only the 
result of the area blocked by a particle as it enters the sensing volume. 
The ISCMS output would be a direct measure of this light attenuation 
which is the projection of the volume of the sphere that is within the 
cylinder on the x-y plane. The relationship between this projected area 
and the volume of the sphere within the cylinder as the sphere moves 
along the x axis is shown in Figure 44 for several values of D/d where d 
is the diameter of the cylinder. The relationship between the projected 
area and the volume of the particle within the sensing volume is nonlinear. 
Therefore, it is impossible for a voltage fluctuation caused by a particle 
entering or leaving the sensing volume to be linearly related to the con
centration of material within the sensing volume at any given instant. 

The strong statement in the previous paragraph should not be construed 
as a statement that no information can be obtained from the ISCMS output, 
however. Several investigators (Noda and Iwasa, 1973; Hosoi and Kida, 
1973) have been obtaining frequency spectra of the ISCMS output and 
attempting to relate the results to the fluctuations in suspended sediment 
concentration. Consider the idealized sensing volume and spherical parti
cle just discussed. As the par~icle passes ·through the sensing volume, 
the ISCMS output based on the projected area would appear as a pulse, as 
indicated schematically in Figure 43. A Fourier analysis of this pulse 
would show that the change in voltage from one level to another due to the 
entry or exit of the particle is responsible for the high frequency com
ponents in the Fourier decomposition. If the diameter of the probe field, 
d, is large in comparison with D, then the transition as the particle 
crosses the field boundary would t~ke plac~ in a short period of'time 
relative to the residence time within the sensing volume. On the average, 
then, the high frequency components of the ISCMS output would be the 
consequence of the particle crossing the field boundary, and the low 
frequency components would reflect changes in concentration. A double~ 
peaked spectral density function should result, if the frequency separation 
between the low frequency due to concentration fluctuations and the high 
frequency components due to particle crossings is sufficiently wide. There 
is a hint of such a possibility in the flume spectra presented in Figure 
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39. Separating effects in this ~anner is analogous to procedures used 
in atmospheric turbulence measurements where iow ·frequencies associated 
with gust eddies of large scale form a distinct peak in co~parison with 
another peak at high frequencies due_ to the small-scale eddy of what. is 
usually thought of as turbulence in the laboratory. 

Therefore, it appears possible that some information on suspended 
sediment concentration might be obtained if nonuniformities in the probe 
field could be eliminated and the size of the probe field increased to 
at least the physical size of the probe elements. However, with the two 
probes tested, there is practically no hope that separation of low and 
high frequency components can be effected, because the spectral density 
obtained displays a continuous variation with frequency and there is no 
clear point at which one can logically differentiate between the two 
.effects. This result is a consequence of the highly nonuniform probe 
field. The continuous variation in instrument response as a particle 
moves across the probe field precludes any frequency decomposition which 
would permit .separation of low and high frequency components as suggested 
above. Furthermore, even with the improvements, negative voltages due 
to light reflecting off the particles would still obscure interpretations. 

The difficulties in interpreting the frequency content of the ISCMS 
output alluded to are primarily a consequence of the fact that the instru
ment is not measuring a continuous function, as may be seen from Figure 
lS(b-1). There are so few particles present that sometimes there are no 
particles in the sensing volume at all. If the sensing volume were larger 
and the number of particles large as well, then the amplitude of the high 
frequency components introduced by the entry and exit of individual 
particles would be so small that their contribution to the variance of the 
ISCMS output could be ignored. A trend in this direction can be seen by 
comparing the characteristics of the ISCMS output for the 29-micrometer 
glass beads with the 100- or 200-micrometer beads at the higher concentra
tions (Fig. lS(a-3) and (d-3)). Because of the much larger number of the 
29-micrometer size particles present for the same concentrations by weight, 
the ISCMS output has a more continuous appearance, with not nearly so large 
fluctuations from the mean value. 

There is a possibility that with redesign of the probe and use with 
appropriate concentration levels that spectral analysis of the ISCMS output 
will provide useful information on gross fluctuations in concentration by 
looking only at the low frequency range of the spectrum. Filtering of the 
ISCMS output is also a possibility if a judgment on the cutoff frequency 
can be made. The fact that the root mean square value of the ISCMS output 
is the same order as the mean for measurements in the flume is indicative of 
the discrete nature of the phenomena being measured. Consequently, with the 
present probe and its nonuniform field characteristics, the best that· can 
be said for correlation measurements with the ISC~ffi output is that the result 
will be qualitative and proportional to.the desired product, but that it is 
impossible to ascertain the proportionality constant. Further, if one were 
to attempt to measure such quantities as c'v', it is likely that the 
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proportionality would be a function of the mean concentration. Until 
further improvements in instrument performance are made, correlations, 
spectra, and variances of the instantaneous ISCMS output should be viewed 
with considerable skepticism as representing the physical aspects of 
suspended sediment concentration fluctuations. 

2. Use of Signal Averaging Technique. 

Let us turn now to a discussion of the use of the signal averaging 
technique with the ISCMS output. Briefly, signal averaging is a method 
for recovering a periodic wave form hidden or obscured by noise in a 
signal. The method is a conditional s.ampling technique in which sampling 
of the signal is initiated at exactly the same phase position· of the 
periodic waveform for each wave period. For sediment suspension\under 
wave action or under an oscillatory flow, the sampling would be initiated 
at exactly the same phase position with respect to the water wave or 
oscillatory flow generator. Details of the technique are discussed by 
Trimble (1968) and presented by Bhattacharya (1971), Akyurek (1972), and 
Kennedy and Locher (1972). Signal averaging has been applied to sediment 
suspension under waves by Bhattacharya (1971) and Akyurek (1972) under 
the assumption that there is a periodic component of the temporal varia
tion in sediment concentration due to the periodic flow field. That is, 
the instantaneous concentration C can be expressed as: 

C!::! C(x,y) + C (x,y,t) + C"(x,y,t) 
p 

where C is the tempora~ ·average concentration, Cp is the pe!:_~odic co_mpo
nent, and C" is the so-called random component of the suspended sediment 
concentration. In view of the ISCMS probe characteristics and the 
discussion of the instantaneous ISCMS output, it appears in order to 
question the validity of these results, since it is clear that the instan
taneous ISCMS output cannot be linearly related to the suspended sediment 
concentration. 

The signal-averaging technique will yield a periodic component of the 
ISCMS output if there is one present. As the terminology indicates, the 
method averages the sampled data. Therefore, if the mean value of the 
ISCMS output can be correlated with the average suspended sediment concen
tration, then the signal-averaged results, which are obtained by averaging 
a different ordering of the sampled data are also valid, and the averaged 
result can be interpreted as a concentration through the use of the · 
calibration curve obtained in the turbulence jar. It is concluded that 
_poth C and Cp can b~.obtained because they are averages in which the effects 
of probe field nonunifqrmi ties etc. , are averaged out and taken care of in 
calibration of the instrument. 

However, simple subtraction of the signals (C + Cp) from the ISCMS 
output cannot yield C", because the instantaneous value of the ISCMS output 
is not linearly related to the suspended sediment concentration. Therefore, 
estimates of C and Cp are within the capability of. the instrument, but 
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estimates of the so-called random comvonent are not. In the next section, 
measurements using the signal averaging technique in an oscillatory flow 
are discussed in detail to demonstrate the ability of lSCMS to provide 
better insight into the fundamental mechanism of sediment suspension by 
wave action. 

3. Sensitivity to Changes in Ambient Temperature and Light Levels. 

Two other limitations should be mentioned: sensitivity to ambient 
temperature changes and sensitivity to changes in background light levels. 
Temperature sensitivity refers to changes in the calibration slope 
(AV/V

0 
versus C/D) with a change in temperature, and is attributable to 

the semiconductor properties of the probe elements. Under laboratory 
conditions, ambient temperature changes are small and have not been partic
ularly troublesome. Changes in ambient light levels, for example as the 
sun becomes obscured by'clouds, is reflected in a change in the zero 
concentration voltage. Because of this sensitivity to ambient light, much 
of the work done in the laboratory has been conducted at night to eliminate 
this bothersome effect. 

VI. MEASUREMENTS WITH THE ISCMS IN THE IOWA 
OSCILLATORY FLOW FACILITY 

The purpose of the tests described in this section is to demonstrate 
the capability of the ISCMS to obtain information on the temporal variation 
of suspended sediment concentration in a periodic flow using the signal
averaging technique, and to assess the validity of procedures used to 
obtain suspended sediment concentration measurements by Akyurek (1972). 
Bhattacharya (1971) used signal-averaging in an investigation of sediment 
suspension under shoaling waves, but migration of the ripples past the 
fixed probe obscured details in measurements near the bed. Akyurek (1972) 
eliminated the sloping beach used by Bhattacharya, and fabricated a 
horizontal, rippled, rigid bed with just enough sand placed on the bed to 
obtain a suspension but not enough to build a new ripple pattern. His 
measurements provided some details·of the variation in suspended sediment 
concentration with respect to the ripple geometry. The study reported 
herein used both a movable and rigid bed to compare results ftom a fixed 
and movable bed under carefully controlled conditions to determine the 
validity of the data obtained from Akyurek's rigid bed experiments. 

1. Oscillatory Flow Water Tunnel. 

The Institute's oscillatory flow facility was used for the exveriments 
with the fixed and movable beds. This facility (Fig. 45) is essentially a 
U-tube with a piston located in a horizontal section near one vertical leg 
to impart motion to the fluid. The unit is composed of four sections. The 
two vertical legs are constructed of Lucite, as is the test section which 
is 5 feet long, 8 inches wide, and 10 inches deep. A transition section, 
also made of Lucite, has a sand trap to prevent sand from interfering with 
the piston travel. The section housi~g the piston is constructed of stain-
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Figure 45. Oscillatory flow facility. 
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less steel; the piston is a rectangular steel plate sealed with overlapping 
Teflon strips which minimize leakage past the piston. A felt st:dp on the 

.. piston face acts as a wiper to keep sand from the Teflon seals. A stain
less steel push-rod connected to the piston passes through a Teflon rod 
seal and is connected to a Scotch-Yoke mechanism which produces sinusoidal 
displacement of the piston. The rod· and bearing assembly for translating 
the rotary to oscillatory motion was constructed using Thompson Ball 
Bushings and has been very satisfactory. The drive and support frame was 
salvaged from the wavemaker used by Akyurek (1972). 

A probe-support system is mounted on the roof of the test section 
which permits adjustment of the probe elevation above the sand bed. The 
plate to which the support mechanism is attached is slotted so that move
ment of the support system in the direction of piston travel is poss~ble 
during an experiment. This motion permits the probe to be maintained in 
the same position relative to a ripple crest or a trough if any ripple 
migration occurs during the movable bed tests. 

Although a .stable ripple configuration can be obtained by first 
leveling the bed and then running the apparatus for a period of several 
hours, it was much more efficient to disturb the bed initially with a 
periodic undulation with period equal to the equilibrium ripple configura
tion and then allow a ripple pattern to develop. The two-dimensional 
ripple pattern which formed was stable for approximately 30 minutes, and 
then became highly three-dimensional. After another 30 to 45 minutes, a 
new two-dimensional set of ripples reformed and again remained stable for 
about 30 minutes. This alternate formation and reformation of bed forms 
appeared to result from disturbances generated at either end of the test 
section, and most likely is attributable to the fact that the length of 
the test section simply would not accommodate an integral number of ripple 

·forms, or that there were disturbances from the change in the bed from 
Lucite plate to sand at either end of the section. 

After a stable configuration was formed, measurements were obtained 
with the ISCMS. Slight ripple migration was observed to occur, so that 
close watch on the relative position of the probe geometry was maintained. 
If any migration occurred, the probe was moved during the experiment to 
accommodate the migration effects. It was found that the ripples were 
stationary long enough for a complete set of experimental data to be 
obtained. Measurements were made only at two elevations above a ripple 
crest and a ripple trough rather than at all positions reported by Akyurek 
(1972) because these two positions were easy to maintain and provided the 
information necessary for purposes of comparison. 

2. Mean Concentration Measurements Over a Fixed and Movable Bed. 

A rigid bed was constructed by pouring molding plaster over a set of 
sand.ripples in the test section. After curing for a few days, the plaster 
cast was removed and placed in a form. A concrete replica of the rippled 
bed pattern was then cast, cured, and placed in the test section. In order 
to determine the correct amount of sand to be placed on the bed, different 
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charges of sand were placed in the test section and experiments conducted 
to determine the vertical distribution of the mean concentration. It soon 
became apparent that a reliable set of data depicting the concentration 
distribution as a function of charge of sand would be impossible to obtain. 
If the charge was too large, a new ripple pattern evolved with the troughs 
of the concrete ripples filled with sand and some concrete crests exposed. 
As time progressed, sand would migrate from the test section to either 
end of the apparatus, so that "equilibrium'~ with large charges simply 
could not be obtained. Too small a charge produced concentrations that 
were too low to measure. It was observed, however, that for an interval 
of about 5 to 10 minutes, while just enough sand was present to remain in 
suspension but not enough to form ripples on those already present, the 
mean concentration was essentially constant. It is .concluded that a par
ticular combination of flow conditions and ripple geometry is comRatible 
with a certain concentration distribution, and as long as the ripples are 
fixed, this concentration distribution is the only stable one that exists. 

Results of the vertical distribution of the temporal mean concentra
tion, c, for probe conditions over a ripple crest and ripple trough for 
both the movable and fixed bed experiments are shown in Figure 46. The 
data are plotted on semilogarithmic scales with log C versus relative 
height y/d, where d is the depth of water (10 inches) and y is the verti
cal distance above the mean bed elevation. A 100-second averaging time 
was used together with the integrating circuit built into the ISCMS and 
an electronic counter. The ripple height was 0.58 centimeter, the wave
length was 8.4 centimeters, the period of flow oscillation was 1.8 seconds, 
and the amplitude was ±7.62 centimeters. 

Two separate runs were made with two different ripple sets with the 
movable bed (Fig. 46); the agreement between the two data sets is excel
lent. Data from the fixed bed tests are also shown in Figure 46. As long 
as ripples were not built on ripples with the charge of sand used, the 
mean concentration distributions were in qualitative agreement with some 
movable bed data. There was a consistent tendency for the mean concen;.; 
tration over the fixed bed to be less than corresponding measurements 
over the movable bed. The reason for this difference in results from 
the fixed and movable bed will be presented when the signal averaged data 
are discussed. 

Mean concentration data from Akyurek's (1972) study over a horizontal, 
fixed, rippled bed are shown in Figure 47. The most apparent difference 
between the data obtained in the present study (Fig. 46) compared with 
Akyurek's data is that the concentration distribution measured at the crest 
and trough do not superpose as Akyurek's data did when plotted as a function 
of y/d. Note that there is a distinct difference in concentrations obtained 
·over the rigid and movable beds, :particularly', for elevations near the. bed. 
As mig~t be expected, at distances farther away' from the beef, the d~ffus1or1. 
of se~1ment from eddies generated at the rippled bed more or less evened out 
the d1fferences observed near the bed. This trend was present in Akyurek's 
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data as well, as a careful examination o~ his data (Ftg. 47) will show. 
His concentration data obtained at the ripple crest were in general higher 
than those obtained at the trough, a fact that is paJ;ticula:J;ly evident 
for values of y/d near the bed, just as was observed in the present study. 
Furthermore, control over the experimental parameter was much better, and 
the experimental techniques were more refined. The averaging time used 
by Akyurek was probably too long because his bed was recharged during 
experimental runs. This procedure probably obscured the detail which 
appears in the present investigation. 

3. Application of the Signal Averaging Technique. 

Data obtained from the signal averaging technique over the ripple 
crest and ripple trough at several values of y/d for both the fixed and 
movable bed are presented in Figures 49 to 51, respectively. Note 
in particular that the peak concentration over the crest at corresponding 
y/d values is much higher in the movable bed experiments in comparison 
with those for the rigid bed. This fact is also evidenced in the generally 
higher values of C obtained with the movable bed. 

The discussion first will be directed to results obtained at the ripple 
crest (Figs. 48 and 50). The synchronizing signal which initi.ates sampling 
for the signal averaging procedure coincides with the maximum piston.velocity 
in the direction from the piston section toward the test section. The zero 
piston velocity therefore occurs at T/4 and 3T/4. All of the data obtained 
at the ripple crest have four distinct concentration peaks during one period; 
for elevations near the bed two of these peaks are much larger than the 
other two, and the peaks alternate with a large one followed by a smaller 
one. As the probe is moved away from·the bed, the difference between the 
larger and smaller peaks diminishes. 

4. Description of Entrainment and Suspension at a Ripple Crest. 

A brief description of the physical process which occurs near the bed 
is in order. Although an explanation has been presented by Akyurek (1972), 
revisions have been made in the light of the more definitive results 
obtained in this study. Since in the present study the flow field was 
truly periodic and did not take place in a wave tank (e.g., no problems 
with wave reflections) the terms shoreward and seaward do not have the 
usual connotations, but for convenience will be used to differentiate 
changes in velocity direction. Let us begin the discussion after the max
imum piston velocity has been attained in the seaward direction and after 
the minor peak at t/T = 0. The flow in the seaward direction causes shear 
on the stoss side of the ripple and entrains sediment which moves up the 
crest and is carried into suspension as the' flow separates from the ripple 
crest. Concurrently, a separation zone and eddy have formed on the lee side 
of the ripple, and the velocity induced by the eddy on the lee side of the 
ripple picks up sand on the lee side near the crest and carries it toward 
the crest. Hence the material thrown into suspension at the shear layer 
formed between the seaward flow and the separation eddy comes from both 
sides of the ripple crest. The concentration in the zone of shear is high, 
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at times almost appearing as if a jet of sediment were being thrust into 
the flow. When the reversal in velocity occurs at t/T ~ 0.25, the cloud 
from the crest reaches the next seaward crest. After the flow reverses, 
the eddy on the seaward side of the ripple is swept back over the ~ipple 
crest. As this eddy begins to move in the shoreward direction, the shear 
layer rapidly moves from the seaward to the shoreward direction, sweeping 
past the probe at the ripple crest. This action is responsible for the 
very high peak concentration that occurs so shortly after the reversal in 
velocity. The eddy from the zone of separation is swept upwards and 
shoreward, just as is the eddy at the first seaward ripple from the ripple 
under consideration. When the eddy that has been swept out of the separa
tion zone from the first seaward ripple passes the ripple crest where the 
probe is located, at t/T=0.05 another concentration peak occurs. When 
the velocity reversal occurs again,, the separation eddy and its cloud of 
sediment have passed the ripple crest where the probe is located, and is 
on the seaward side of the next shoreward ripple. As the velocity rever
sal occurs, some of the entrained sediment is dropped, thus providing a 
major source of supply to the area from which entrainment has been observed. 
If this action did not occur, the ripple crests would tend to be planed 
off. To complete the description, the v~locity reversal again results in 
a rapid motion of the shear layer, giving rise to the second major peak 
at t/T = 0.75. With the velocity now in the seaward direction, the 
separation eddy generated at the first shoreward ripple passes over the 
ripple where the probe is located, resulting in the minor peak t/T = 0, 
and so on. 

The rigid bed tests were helpful in ascertaining where on the bed 
the sediment was entrained. The ripples from which the casting was made 
were believed to be in an equilibrium state, and in view of the fact that 
no motion or change in ripple geometry was observed to occur for up to 
40 minutes, it is reasonable to assert that equilibrium had been attained. 
During the period in which measurements were made on a rigid bed, it was 
noted that there was hardly any motion of particles in the ripple trough. 
Practically all the motion occurred on either side of the ripple crest, 
and careful observation of the movable bed indicated a similar situation. 
In fact, the concrete ripples showed that most of the sediment was entrained 
or deposited on e~ther side of the crest, and very little of the sand 
appeared to settle in the trough area. Thus the gray concrete had a 
stripped appearance with the troughs clear and the area near the ripple 
crest covered with sand. 

A further complication in the motion of the sediment at the crest was 
also observed. With the movable bed there was an appreciable change in 
geometry right at the crest as the flow moved back and forth. The crest 
itself appeared to move, but the ripple as a whole did not, as material 
was picked up from and deposited on the crest area by the action just 
described. Hence, particles initially embedded several particle diameters 
in the ripple were eventually entrained at the crest. With the concrete 
bed, this action was not possible and as a result, the two major peaks for 
the fixed bed are not nearly as high as those obtained with the movable bed. 
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Thus, the motion in the trough and along the upper slopes of the ripples 
was reasonably well reproduced by the ·fixed bed, but the motion at the 
crest was not. 

The physical process of entrainment at the ripple bed which has been 
elucidated by the measurements using the signal-averaging technique would 
seem to indicate that the concept of a diffusion coefficient or use of a 
gradient diffusion model is invalid in the region near the bed. Far away 
from the bed, where the large eddies have had a chance to diffuse sediment 
and break down into smaller eddies, the use of a diffusion coefficient 
seems practicable, as evidenced by the vertical distribution of the tem
poral mean concentration shown in Figure 46. Near the bed at the ripple 
crest, the distribution of C indicates clearly that the concept of a 
constant diffusion coefficient certainly is not valid because of the 
changing slope. The idea of a variable diffusivity is also not appealing 
because the flow is really establishing and re-establishing it~elf peri
odically, and trying to predict diffusivity under these conditions may 
be likened to analyzing the zone of establishment of a submerged jet. 
Reasonable success in predicting diffusivity of a momentum has been achieved 
far from the jet nozzle, but not in the zone of establishment. 

5. Sediment Motion of a Ripple Trough. 

At the trough (Figs. 49 and 51) the four peaks in the periodic com
ponent of the suspended sediment concentration are more nearly equal in 
magnitude, but the two larger peaks separated by a smaller one are still 
clearly distinguishable. Only an abbreviated discussion will be presented 
herein; details are presented by Nakato (1974). The first major concen
tration peak following the velocity reversal from the seaward to the 
shoreward direction is the cloud of sediment convected from the adjacent 
seaward ripple past the probe stationed at the trough. The following minor 
peak is the trace of the cloud of sediment which was convected from the 
second ripple in the seaward direction. This latter cloud travels just 
past the probe to deposit sand on the stoss side of the adjacent shoreward 
ripple. With subsequent reversal of velocity, the shear layer is swept 
from the shoreward to seaward direction, and the separation·eddy moves 
over the crest and past the probe, resulting in the second major peak which 
occurs noticeably later than the peak observed at the crest. This reflects 
the time of travel to the probe position at the trough. The fact that the 
peak is lower is indicative of the dispersion that has occurred. Finally 
the sediment from the second ripple in the' shoreward direction passes the 
trough on its way to just short of the next ripple crest, which produces 
the second minor peak. 

Again note from the vertical distribution of the temporal mean concen
tration at the trough below y/d = 0.2 (Fig. 46) that it seems apparent that 
a diffusion model is invalid in this region if for no other reason than the 
eddy scale being so large the usual assumptions linking a diffusion 
coefficient with turbulence characteristics is no longer applicable. Indeed, 
is the periodic formation and reformation of the eddy in a lee of the ripple 
turbulence? In the authors' opinion it is not. Certainly after the eddy is 
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:onvected above the bed and eventually breaks down into s~aller hete;roge
leous edd:i,es, the :Oow is definitely turbulent, and ;perhaJ?s a gradien't 
iiffusion model is valid as evidenced by the fact that vertical 
iistribution of C is practically semiloga;rithmic for values of y/d greater 
than 0.06 a;p;p:roximately. 

Attempts to clarify further the mechanism of entrainment and 
suspension of sediment is beyond the scope of this report. What is 
important is the value of measurements made with the ISCMS in elucidating 
the fundamental features of the mean and periodic variation in suspended 
sediment concentration in a periodic flow. The measurements can be 
obtained easily and rapidly, avoiding much tedious laboratory analysis. 
The burden has been shifted properly from the heretofore monumental task 
of simply obtaining data to the much more challenging task of further 
understanding the physical phenomena under investigation. 

6. Effects of Number of Repetitions on Estimates of C . 
----------~--------~----------------------p 

One further question remains: How many wave periods, N, must be 
averaged before a reasonable est~mate of the periodic component, Cp, is 
obtained with a signal-averaging procedure? This phase of th.e. ?tudy has 
been restricted by the time that the mean concentration remains reasonably 
constant during acquisition of the data. As noted above it was not possi
ble to maintain satisfactory conditions for more than 5 to 10 minutes in 
the oscillatory flow facility, which was just long enough to obtain two 
or three sets of 100 periods each. These sets of data were stored on disk 
by previously developed programs. A computer program then analyzed groups 
of 10, 20, 25, and 50 periods. A trpical example of the results of this 
analysis is shown .in Figure 52. For the conditions stated, the open 
symbols represent the analysis of 25 periods, and the solid symbols an 
analysis of 100 periods. Notice how much more scatter there is in the 
data for the 25 periods as compared to the 100-period results. Of course, 
there is residual scatter in the 100-period data as well. 

For a fixed bed an example of an analysis of 100 periods (N = 100) 
compared with an analysis of ~00 periods (N = 200) is depicted in Figure 
53. The mean concentration, C, for the data with N = 100 is ~180 mg/1 
compared to C = 5390 mg/1 with N = 200. Qualitatively there does not 
appear to be much difference in the estimates of Cp, as shown in Figure 53. 
Table 6 summarizes the results of analyzing this 200-period record and 
tabulates the averages computed from various segments of the record. Notice 
that the root mean square quantities for N = 200 and N = 100 are in good 
agreement, which indicates that there is practically no difference in the 
quantitative estimates of Cp either .. 

It is important to recall that the signal-averaging procedure requires 
that the periodic component of the signal ;re;peat exactly following each 
synchronization pulse, which means that the periodic comJ?onent is always 
supposed to be in phase with the motion of the piston in the present case. 
There is no guarantee that this requirement is satisfied with the ~easure
ment of suspended sediment concentration. In fact, it is much more likely 
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Table 6. Effects of number of repetitions on data (fixed bed). 

N c /ccp +C') 2 
p IcY p 

(mg/1) (mg/1) (mg/1) (mg/1) 

200 5,385 7,496 5,074 3,064 

100 5,590 8,074 7,439 3,139 

100 5,180 7,810 7,180 3,073 

50 5,683 8,058 7,388 3,215 

50 5,497 8,089 7,412 3,239 

50 5,375 7,966 7,245 3,311 

50 4,983 7,646 7,033 3,001 

25 5,532 7,544 6,872 3,112 

25 5,833 8,538 7' 717 3,654 

25 5,454 7,603 6,980 3,015 

25 5,539 8,546 7,622 3,864 

25 5,490 8,439 7,505 3,859 

25 5,261 7,461 6,801 3,068 

25 4,892 7,969 7,256 3,296 

25 5,075 7,308 6, 717 2;.879 

Note: Total record length N :::: 200. 
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that there is a degree o£ randomness ~ssociated with the repeatability of 
the so-called periodic component. For a jitter of the component, C , 
with respect to the synchronizing signal, the average waveform willpbe 
smeared. If different components of the periodic waveform fluctuate with 
respect to each other, the average will deteriorate as the number of 
repetitions of the signal-averaging process increases. Hence, the averaged 
result will be questionable if the averaging period is too long. There
fore, the averaging time of a 1,000 periods used by Akyurek (1972) cannot 
be interpreted as producing a better estimate of Cp than the measurements 
obtained using 100 periods in the present study for the reasons stated 
above. The analysis of the 100-period records show that each 25-period 
segment has nearly the same average as the entire record, so that the 
results presented are from as nearly stationary a process as can be deter
mined experimentally .. A similar statement cannot be made about Akyurek' s 
(1972) work, because he hadto recharge the bed during the course of his 
experiments. It appears certain that his 1,000-period records were not 
as stationary as those obtained in the present study. 

The same type of investigation was also conducted over the movable 
bed in the water tunnel. The mean concentration C for the data with 
N = 200 was 3,094 mg/1, while the mean concentrations for the first 100 
wave da~a and second 100 wa~e data were C = 3,096 and C = 3,092, respec~ 
tively. Slight changes in C appeared when N = SO, as shown in Table 7. 
Therefore, it was judged that the sampling repetitions for N = 100 gave 
a reasonable estimation of the periodic component of the sediment 
concentration, Cp· 

The discussion above does not answer quantitatively any questions 
concerning the reliability of data either in the present study or in 
Akyurek's (1972) investigation. Because of the fact that the length of 
record used for analysis is limited by the interval over which the mean 
concentration is reasonably constant, signal-averaging times longer than 
approximately 100 periods c'aimot easily be· investigated. Since the periodic 
component, Cp, most probably does not repeat exactly following a sync 
signal, it is not possible to say whether a longer averaging time is 
desirable or not.· Therefore, it remains a subjective judgment as to how 
many repetitions of the signal-averaging process are required for adequate 
estimate of the periodic component, Cp· 

Based on the data obtained so far, and recognizing the limitations 
of the signal-averaging procedure, it seems reasonable to choose a value 
of N = 100 to estimate Cp, since there is little change in the results 
obtained even if N = 200. This value probably represents a compromise 
between increasing the scatter in estimating Cp due to .an insufficient 
number of repetitions and degrading the esti~ate by using too large a 
value of N. 
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Table 7. Effects of number of repetitions on data (movable bed). 

N c ~Cp+C') 2 ;;;=; vG p 

(mg/1) (mg/1) (mg/1) (mg/1) 

200 3,094 5,307 5,074 1,557 

100 3,096 5,244 5,023 1,506 

100 3,092 5,371 5,091 1, 710 

50 3,284 5,409 5,162 1,615 

50 2,908 5,066 4,822 1,552 

50 3,317 5,564 5,269 1' 785 

50 2,867 5,161 4,844 1,781 

20 3,076 5,251 4,912 1,857 

20 3,521 5,633 5,305 1,896 

20 3,047 5,109 4,849 1,609 

20 3,026 5,316 4,935 1,977 

20 2,812 4,852 4,555 1,620 

20 3,432 5,582 5,239 1,929 

20 3,319 5,745 5,310 2,191 

20 2,998 5,063 4,732 1,801 

20 2,965- 5,286 4,901 1,981 

20 2,746 5,115 4,649 2,133 

Note: Total record length N = 200. 
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VII. APPLICABILITY TO FIELD MEASUREMENT 

Applications of the ISCMS in laboratory studies have been discussed 
in detail in the preceding sections. The need for an instrument to 
measure suspended sediment concentrations in situ in field investigations 
of entrainment and suspension of sediment by wave action is obvious. 
However, experience with the laboratory instrument demonstrates that the 
present ISCMS is not suitable for field application for the following 
reasons: 

a. Sensitivity to changes in ambient temperature. 

b. Sensitivity to changes in ambient light levels. 

c. Nonuniformity in response to particles within the probe field. 

d. An electronic system designed for laboratory applications only. 

e. Dependency of the output on particle size distribution. 

Temperature sensitivity refers to changes in calibration slope 
(~VIVo versus C/D shown in Fig. 3) with changes in temperature, and is a 
consequence of the semiconductor properties of the light source and sensor. 
Tests would be required to evaluate the effects of temperature on the 
standard probe in order to identify the characteristics which must be 
controlled by electronic circuitry in order to maintain a constant cali
bration as temperature varies. Once these parameters were determined, 
design concepts for the electronic system could be developed and tested. 

Ambient light may change due to atmospheric cloudiness, time of day, 
depth of submergence, and suspended organic or inorganic material finer 
than sand size. Ambient light sensitivity manifests itself as a change 
in the zero concentration voltage with changes in ambient light level. 
Reduction in ambient light sensitivity could be accomplished by increasing 
the intensity of the light emitted from the source so that changes in the 
ambient light level become comparatively less significant. The light 
source is·presently operated at about 15 percent of its normally rated 
output, so this approach appears promising. There is, however, an upper 
limit to the power that can be supplied to each light source before the 
output becomes dependent on the velo~ity field. If the power dissipation 
in the device is too large, the internal heat generated causes a frequency 
and efficiency shift in the emitted light, and the cooling becomes strong
ly influenced by convection of heat away from the probe by the flow field .. 
The operating characteristics of the instrument then become velocity
sensitive, a problem experienced by Bhattacharya (1971). If the intensity 
of the light source cannot be made high enough with steady-state currents 
(either d.c. or a.c.), then a pulsed mode of operation would be required 
and significant redesign of the sensor circuits would be necessary. 

Other probe elements w9uld have to be investigated to find a more 
suitable combination to eliminate the nonuniformities in the probe field. 

94 



Although tests with the two-dimensional particles have been very helpful 
in defining the overall problem of nonuniformity in the probe field, it 
is not clear whether most of the sensitivity problems are with the source 
or sensor. Tests could be conducted on individual elements to evaluate 
performance. For example, a uniform intensity light source could be used 
in conjunction with two-di1nensional particles to demonstrate the response 
of the sensor to different particle positions. Collimated sources could 
also be considered as possible light sources. In addition to investi
gating devices with different optical properties, suitable mechanical 
redesign of the probe could also be undertaken. For example, recessing 
the source or sensor in a cylindrical hood would restrict the field of 
view and aid in solving the problem of nonuniforinity in a probe field. 
An aperture on the source might also prove helpful in obtaining uniform 
illumination. A more uniform field might possibly result in a more 
sensitive instrument (more output voltage per unit of concentration) and 
would be a prerequisite to improvement. of the ISCMS frequency response 
characteristics. 

The electronic design presently used to control the light source and 
sensor is not well suited for a field instrument. Originally, the a.c. 
source excitation was selected because of gain requirements. A study of 
alternative modes for source excitation which would integrate closely 
with the techniques for reducing sensitivity to temperature and ambient 
light would be required. A d.c. mode of operation would be the most 
desirable, since it would eliminate the excitation oscillator and carrier 
frequency. Frequency response would be increased by at least an order 
of magnitude; if an a.c. mode were chosen, an increase in frequency res
ponse would be far more difficult to achieve than simply changing the 
oscillator frequency and filter cutoff frequency. An increase in frequency 
response coupled with an improved probe field opens the way to obtaining 
estimates of the spectrum of concentration fluctuations as discussed in 
Section III. 

The impedance of the sensor is still sufficiently high to limit cable 
. length between the transducer and electronic package. A field instrument 

should have an electronic package close to the probe; this could be 
accomplished by using some of the recently developed linearly integrated 
circuits. The emphasis should be directed towards a field instrument 
that would be able to function at large distances from the power source 
and readout stations. 

The last problem listed above (size distribution effects) appears 
formidable, for if the particle size distribution of the suspended sedi
ment varies significantly with elevation above the bed and plan position, 
then a different calibration curve would have to be used for each probe 
position. However, field data reported by Fairchild (1972) from over 
800 pumped samples obtained at Ventnor, New Jersey, and Nags Head, North 
Carolina, indicate that the median sand size does not vary significantly 
with elevation above the bed for values greater than one-half the water 
depth. Even at elevations greater than one-half the water depth, there 
is only a slight dependency discernible in the scatter of data. Watts 
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(1953) also reported that no correlation between grain size, water depth, 
and wave characteristics could be discerned from 170 samples taken from 
field tests at Pacific Beach, California. In view of the results obtained 
from field measurements, the particle size distribution problem may not · 
be insurmountable. 

VIII. CONCLUSIONS 

The principal results of this investigation of the capabilities and 
limitations of the ISCMS may be summarized as follows: 

1. The ISCMS is a laboratory instrument that will measure the 
temporal mean suspended sediment concentration in situ within a cylindri
cal volume approximately 1 millimeter in diameter and 3.18 millimeters 
long. The instrument can be calibrated by measuring the mean ISCMS output 
voltage and correlating this output with withdrawal samples in a suitable 
calibration apparatus. Separate calibrations must be obtained for each 
size distribution and sediment material. 

2. In periodic flows, the signal-averaging technique used with the 
ISCMS yields information on the variation in suspended sediment concentra
tion during a wave period. 

3. The characteristics of the ISCMS output are highly dependent on 
a single particle's entry into or exit from the probe field. There are 
significant differences in instrument response to particle position within 
the probe field .. Therefore. the instantaneous va~ue of the ISCMS output . 
cannot be correlated with the instantaneous suspended sediment concentra
tion within the probe field. The variance of the ISCMS output cannot be 
interpreted as the variance of the concentration fluctuations nor can a 
frequency spectrum be expected to indicate the spectrum of suspended 
sediment concentration fluctuations. 

4. Direct correlation of the ISCMS output with other signals, for 
example velocity, is not practical with the present instrument. 

5. The frequency response of the instrument limits the use of the 
ISO·~ to unidirectional flows with mean velocities less than 1 foot per 
second, and to oscillatory flows less than 1.5 feet per second maximum. 

6. The ISCMS is sensitive to changes in ambient light level and 
ambient temperatures. In a laboratory, proper experimental techniques 
can be used to avoid these two problems. 

7. The existing ISCMS electronics and the sensitivities to ambient 
lignt and temperature make the present instrument unsuitable for field 
use. 
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8. An attempt to produce a probe with a larger probe field resulted 
in a physically larger probe with effectively the same size probe field 
as the standard probe. 

In spite of the limitations discussed in this report, the 
instrument is a significant improvement over other laboratory methods 
for measuring suspended sediment concentration and should make possible 
laboratory studies heretofore impracticable. 
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