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 This work presents an approach for measuring material volumes in a closed 

cylindrical silo by using acoustic waves and resonance frequency analysis  

of silo’s acoustic systems. With an assumption that the acoustical systems 

were linear and time-invariant, frequency responses of the systems were 

identified via measurement. A sine sweep was generated, amplified and fed 

to a loudspeaker inside the silo. Acoustic waves were picked up by  

a microphone and processed to yield the silo's frequency response. 

Resonance frequencies and wave mode numbers of standing waves in  

the frequency range below 900 Hz were analyzed and used for calculation  

of air-cavity lengths. With known silo's dimension, the material volume 

estimations were achieved. Sets of experiments for estimating volumes  

of sand, cement, water, rice grain, and stone flakes in a closed silo,  

were done. It was found that the approach could successfully estimate  

the volumes of sand, cement, and water with a satisfactory accuracy.  

Percent errors of the estimations were less than 3% from the actual volumes. 

However, the approach could not estimate the volume of rice grain and stone 

flakes, since their sound refractions were neither resulted in standing waves 

nor acoustical modes in the silo. 
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1. INTRODUCTION 

Silos are used in industries as storage containers of bulk materials and liquids such as cement, 

carbon black, grain, water, and oil. For containing light and humidity-sensitive materials, the silos are usually 

closed, oblique, or of solid-wall types. To determine material volumes in such silos, some techniques of 

volume measurements are requid. Atraditional approachpredicts the silo material volume by making an 

estimate from a knocking sound. This could yields very inaccurate results since it relies on one’s experience 

and sound characteristics depending not only on air cavity in the silo, but also other physical factors capable 

of varying with time, such as temperature, humidity, and air density [1]. Measurements of volume levels in 

the silo utilizing displacement laser and ultrasonic sensors were also found [2-5]. However, due to dusty 

environment and possible non-flatten material surface in the silo, laser beam could be diffracted into any 

direction and ultrasonic energy can be easily absorbed. Hence, measurement errors could be high.  

A continuous level sensor, consisted of a long aluminum tube and guided-wave radar sensor that installed 

inside the silo has been able to monitor volume level successfully [6-9], but it is only suitable to measure 

volume of materials with a specific range of dielectric constant. Flow meters can be applied for volume 

https://creativecommons.org/licenses/by-sa/4.0/
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measurement of liguid or gas that has smooth flow [10, 11] but may not be used for non-flow materials. 

Ultrasonic flow meter that measures flowrates in pipes can be applied to measure the volumes of liquid or gas 

remaining in the silo with high accuracy [12, 13]. However, due to energy absorptivity at high frequency  

is easily occurred in porous medium, the ultrasonic flow meter may not be able for measuring the bulk 

volume of granular or non-liquid materials, such as sand, cement, stone flakes, and grain crops. 

With theoritical knowledge that standing wave in pipe or air cavity inside a cylindrical tube  

of rigidwall, natural frequencies and mode numbers are directly related to volume or length of  

the cavity [1, 14, 15]. By assuming that an acoustical system of the air cavity in the cylindrical silo is linear 

time-invariant (LTI), it is very possible to perform system identification in frequency domain or measure the 

system frequency response [16]. Resonance frequencies and wave mode numbers may, then, be extracted 

from the frequency response and used for estimation of bulk material volumes remaining in the silo. 

In this study, we proposed and investigated an approach of usingacoustic waves to estimate material 

volumes inside a cylindrical silo. With the assumption that the acoustical system of air cavity in a cylindrical 

silo was LTI, we measured its frequency response by feeding an amplified sine sweep via a loudspeaker to 

generate an acoustic wave into the silo. The acoustic wave with its reverberation was picked up by  

a microphone and, then, processed in the frequency domain to obtain the frequency response of the silo and 

equipment systems. The frequency response of the silo was extracted by dividing the measured frequency 

response with that of the equipment systems, pre-measured in free-field environment. Resonance frequencies 

and mode numbers were analyzed from the silo frequency response and then, with prior knowledge of silo 

dimension, used for calculations of the bulk material volumes in the silo. Sets of experimentations for 

estimating thevolumes of sand, cement, water, rice grain, and stone flakes in a closed cylindrical silo,  

were conducted. The results of volume estimations, compared with simulation and actual volumes would 

justified the approach. 

 

 

2. RESEARCH METHOD 

 Proposed procedures for measuring material volumes in cylindrical silo by utilizing an acoustic 

wave were involed with an identification of acoustic system’s frequency responses, analysis of harmonic 

resonance frequencies and their coressponsding wave mode numbers, calculation of air cavity lengths,  

and estimation of the material volumes in the silo. A conceptual development of acoustical system in  

the silo, identification of the silo system’s frequency responses, and estimation of the material volumes,  

as well as experimentation using the proposed approach for measuring material volumes in a laboratory-

sizedcylindrical silo are described in the following sessions. 

 

2.1.  Cylindrical silo and acoustic wave 

Closed cylindrical silos with rigid wall are typically of two types; hopper silo that tapers downward 

at bottom and flat silo that has flat bottom as shown in Figure 1(a) and 1(b) respectively. With known silos’ 

dimension, diameter and height, if one can measure length of air cavity ( L ) inside the silos, one can readily 

calculate the bulk material volumes (V ) by using (1) for the hopper silo and (2) for flat silo, where h  and bh  

are heights of cylindrical and tapered parts, d and bd  are diameters of the cylindrical part and tapered end of 

the silo, respectively. 
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An acoustic wave in an air cavity in the cylindrical silo of rigid wall, at low frequency and far-field 

distance, can be approximated as a plane wave as in pipe [1]. When the acoustic wave of low frequencies  

is incident with bulk volume of materials that does not completely absorb acoustical energy, there will 

always be a reflected wave in the silo. Let that the wave traveling downward to the bulk materials is in x+  

direction and the reflected wave traveling upward is in x− direction (see Figure 1(c)). The complex acoustic 

pressure wave ( p ) and velocity ( u ) as a function of space in one-dimension ( x ) and time ( t ) in the silo  
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are as in (3) and (4), where  is angular frequency, k is wave number, L  is distance between acoustic source 

and the materials, 0  is density of medium, c  is wave speed, A and B  are amplitudes of incident and 

reflected waves traveling in x+  and x−  directions, respectively [1]. 
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Figure 1. (a) Hopper silo, (b) Flat bottom silo,  

(c) Acoustic source waves in silo travelling downward, incident with materials and reflected upward 

 

 

Specific acoustic impedance along the height of air cavity is a function of distance x , i.e. ( )Z x

( ) / ( )p x u x= , resulting in (5). Although the bottom end of the cavity in the silo is of materials that its 

characteristic acoustic impedance may not equal to infinity, it can cause partial reflection and then standing 

waves due to a mismatch of acoustic impedance and incompletion of acoustic energy absorption, especially 

for the low frequency wave energy. Modes of the standing waves from the bulk volume material reflection 

are the same as that from rigid wall reflection. Hence, for simplicity especially when we consider at low 

frequency, we may use an impedance boundary condition at x L=  as if it is infinity. Therefore, for ( )Z L

  , (5) yields B A=  and it becomes (6). 
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Since at 0x =  or upper end of the air cavity is rigid, the impedance boundary condition (0)Z    

yields a relation of sin 0kL = . Acoustic wave numbers ( nk ) and natural frequencies of the acoustic standing 

waves in the silo are then found as in (7) and (8) respectively, where n  is mode numbers ( 1,2,3,...n = ), c  

is sound speed in air which is temperature dependence, approximated out by a formula as in (9), and T  

is temperature in degrees Celsius [17]. 
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331.45 1
273

Tc = +                     (9) 

 

An approximation of complex acoustic waves of each mode in low frequency range becomes (10). 

When sum all modes, the acoustic waves in the cylindrical silo are as in (11). However, if absorption 

coefficient as a function of frequency ( ( )f ) of materials is known, exact acoustic pressure waves could be 

obtained. Since the absolute value of acoustic pressure reflection coefficient ( | |R ) is related to ( )f by  

the relation of | | 1 ( )R f= − [18, 19], the exact acoustic pressure in the silo may be further derived. 
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2.2.  Silo acoustical system and indentification of its frequency response 

An acoustical system in the cylindrical silo exists, due to an air cavity above the materials. 

Characteristics of the acoustical system in silo change with variation of the cavity size, inversely proportional 

to the volume of remaining materials. Some features extracted from system characteristics especially in 

frequency domain, such as resonance frequencies and wave mode numbers, can be utilized to estimate  

the cavity size and then compute the remaining material volumes. 

Frequency responses of acoustical systems in the silo can be identified via measurement. A system 

setup for the frequency response measurement is displayed in Figure 2(a) and block diagram in time  

and frequency domain in Figure 2(b), which is a cascade connection of acoustic wave-generation, silo,  

and acoustic wave-reception systems. An input to the silo system may be a white noise, pink noise, 

maximum-length-sequence (MLS), or sine sweep signal [20-25]. In (12) displays the output from the acoustic 

wave reception system in discrete-time domain, where [ ]y n  and [ ]x n  are measured output and generated 

input signals, [ ]Gh n , [ ]Sh n , and [ ]Rh n  are impulse responses of acoustic wave-generation, acoustic silo, and 

wave-reception systems, respectively. By applying Fourier transform, it yields the spectrum equation as (13), 

where ( )jY e   and ( )jX e   are the spectra of the output and input signal, ( )j
GH e  , ( )j

SH e  , and ( )j
RH e   are 

frequency responses of the acoustic wave-generation, silo and reception systems, respectively. 
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(b) 

 

Figure 2. (a) Measurement setup for obtaining frequency response of an acoustical system in silo, 

(b) Its block diagram in time and frequency domains 

 

 

To extract silo frequency response, the same setup of measurement equipments with exact 

configuration as in the silo, but without the silo (see Figure 3), must be placed in a free-field environment,  
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a place with no acoustical system, such as an anechoic chamber. Then, the same input [ ]x n as in the silo,  

was used to stimulate the system and the system output ( [ ]ay n ) was recorded. In (14) and (15) displayed the 

output [ ]ay n  and its spectrum. Frequency response of the acoustic silo system could be obtained by dividing 

the (13) with (15), resulting in (16). 

 

 

 
(a) 

 
(b) 

 

Figure 3. (a) Measurement setup in a free-field environment for obtaining frequency response  

of acoustic wave-generation and reception systems, without silo system, 

(b) Its block diagram in time and frequency domains 
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2.3.  Estimation of material volumes in the cylindrical silo 

Estimation of bulk material volumes in the cylindrical silo can be done based on analyzed resonance 

frequencies and wave mode numbers from the measured frequency responses of the silo systems.  

The resonance frequencies ( nf ) are the frequencies of harmonic characteristics, where peak magnitudes 

occur. The corresponding wave mode numbers ( n ) are sequential integer, multiples of the fundamental 

frequency. From the obtained resonance frequencies and their corresponding wave mode numbers, the length 

of air cavity in the silo can be calculated by using (8). With known dimension of the cylindrical silo,  

i.e. known ,h ,bh ,d bd  parameters, the volumes of bulk materials are estimated by using (1) or (2). 

 

2.4.  Experimentation 

A set of experiments for estimating material volumes was conducted in laboratory.  

A laboratory-sized cylindrical hopper silo made of 3.5 millimeter-thick steel, with dimension of 1.41-meter 

height, 0.356-meter diameter, and tapered end of 0.267-meter height and 0.052-meter diameter at bottom, 

was constructed (see Figure 4(a)) to be used in the experiment. Volume estimations of sand, cement, water, 

rice grain, and stone flakes in the silo were tested. Ten volume levels, from level 1 to 10, volumes of 0.0233, 

0.0342, 0.0462, 0.0581, 0.0701, 0.0820, 0.0940, 0.1059, 0.1178, and 0.1298 cubic meters in the silo were 

used (see Figure 4(b)). 

A measurement system was consisted of a computer, a sound interface, a power amplifier,  

a loudspeaker, and a microphone. Figure 4(c) depicts the equipment setup in the experimentation and Figure 4(d) 

displays the loudspeaker and microphone while being pre-measured for their frequency responses in an 

anechoic room. The computer was used for programming to generate a sine sweep of 10 second length from 

40 Hz to 4000 Hz, fed via the power amplifier to the loudspeaker residing in the silo. Acoustic waves in  

the silo cavity were picked by microphone and digitized into the computer via the sound interface for signal 

processing to obtain the frequency responses of the silo acoustical system and the estimations of material 

volumes in the silo. All codes for controlling equipments and performing the signal processing were done by 

using LabVIEW programming. 
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Figure 4. (a) Dimension of cylindrical silo, (b) Levels of material volumes in the silo to be estimated,  

(c) Equipment setup for the experiment, (d) Loudspeaker and microphone for installing inside the silo 

while performing their frequency responses in a hemi-anechoic chamber 

 

 

3. RESULTS AND ANALYSIS 

3.1.  Measured frequency responses 

Figure 5 displays a normalized amplitude of measured frequency responses of the cylindrical silo 

containing sand volume of level-5, compared with that of a silmulated frequency response obtained by taking 

Fourier transform of the acoustic pressure from (11) for the same volume level, having air cavity length  

of 0.824 m. As seen, for a low frequency range below 900 Hz, both normalized amplitudes of measured  

and simulated frequency response are very similar. Their resonannce frequencies at the low frequency, which 

are frequencies of peak magnitudes, are of harmonic characteristics. These are due to planar reflection 

causing the standing waves at the low frequency. However, for the high frequency range above 900 Hz,  

the measured and simulated resonance frequencies are different. At high frequency, acoustical energy of 

actual acoustic wave traveling in longitudinal direction of the silo may be easily absorbed by the materials. 

Very few waves were reflected in planar direction and hence harmonic characteristics of standing waves in 

longitudinal direction become disappeared. In addition at high frequency, standing waves from cylindrical 

waves traveling in radial and angular directions in which absorbtion by the materials was not occurred,  

could become dominant as the nonharmonic characteristics are seen in the measured frequency response for 

the frequency above 900 Hz. 
 

 

 
 

Figure 5. Measured frequency response (line) versus simulated frequency response (dash line) of the acoustic 

system in the silo containing sand volume of level-5 
 

 

The harmonic characteristics of the frequency responses in low frequency range were also found for 

the volume measurements of cement and water in the cylindrical silo. Figure 6 displays examples of 
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the measured frequency responses for the silo containing volumes of cement of level 1, 3, 5, 7, and 9.  

As seen, the fundamental frequency increases as the cement volume increases. The higher level of cement 

volumes, the lower number of harmonics and wave modes of the resonance frequencies are. 

 

 

 
Figure 6.Measured frequency responses of acoustic systems in the silo containing cement volumes of  

(a) Level 1, (b) Level 3, (c) Level 5, (d) Level 7, (e) Level 9 

 

 
For the silo containing every volume level of rice grain and stone flaks, the obtained frequency 

responses appeared to have non-harmonic characteristics and no coresponding wave mode numbers  

(see examples of measured frequency responses in Figure 7). The volume estimations of rice grains and stone 

flakes in the silo could not be done by using the proposed approach. This was due to that when  

the acoustic plan waves were incident to the rice gains and stone flakes, nonplanar or diffused reflection 

occurred and hence there were no standing waves taking place in longitudinal direction of the silo and mode 

number of the resonance frequencies cannot be seen in the silo’s frequency response. 

 

 

 
 

Figure 7. Measured frequency responses of the silo containing rice gain of, (a) level-1 (0.0533 m3), 

(b) Level-2 (0.0653 m3) volumes, (c) The silo containing stone flake of level-1 (0.0533 m3) volume 

 

 

3.2.  Measured material volumes 

Resonance frequencies and wave mode numbers, analyzed from the measured frequency response 

were used for calculating the length of cylindrical air cavity, based on (8). However, there were several 

harmonicsand wave mode numbers and they would yield similar values of cavity lengths. An average of 

these length values was used as the estimated length of the silo air cavity. For example, in the measured 

frequency response for the silo containg sand volume of level 5 as in figure 5, there are three harmonics with 

the resonance frequencies of 211.18 Hz, 422.09 Hz and 630.73 Hz, and the corresponding wave mode 

numbers are 1, 2 and 3. With a sound speed of 347.45 m/sec and a temperature during experiment at 27 ºC, 

the calculation from (8) yielded cavity lengths of 82.26 cm, 82.32 cm and 82.63 cm, and their average as  

the estimated lengthof 82.40 cm. From (1), by using the estimated length of air cavity ( L ) and known 

dimension of the cylindrical silo, i.e. known h =1.41 m, bh =0.027 m, d =0.356 m, bd =0.052 m,  

volume estimates of materials in the silo were computed. 

Table 1, 2 and 3 display measured resonance frequencies, calculated cavity lengths, and the volume 

estimates of sand, cement, and water in the cylindrical silofor 10 tested volume levels. As seen,  

when the volumes were at low levels, from level 1 to 5, there existed as much as 3 or 4 harmonic resonance 
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frequencies. However, when material volumes were at high levels from level 6 to 9, there existed only one or 

two harmonic resonance frequencies for use in the estimations. When increasing the tested volume to level 

10, where the actual volume exceeded 80% of silo’s full volume capacity, there was no clear harmonic in  

the frequency resonance. Hence, the volume estimation at this tested volume level could not be done by using 

the proposed approach. This was due to that, when material volume levels were high, the length of air cavity 

became too short and low frequency acoustic waves then could not contribute to a standing wave that had 

harmonic characteristics. From the estimation results of sand, cement, and water volumes as in Table 1, 2 and 

3, the estimation errors were less than 3% from the actual volumes. Therefore the volume estimations of fine-

grain materials and liquid, such as sand, cement and water in the cylindrical silo, were successfully done by 

utilizing the proposed approach. 

 

 

Table 1. Measured resonance frequencies of air cavity, calculated heights and estimated bulk volumes  

of sand in silo 

Tested 
level no. 

 Measured resonance frequency of air cavity 

[Hz] Estimated 

length of air 

cavity[cm] 

Volume of sand [x  10-2 3m ] 

f1  

(n=1)   

f2  
(n=2) 

f3  
(n=3) 

f4 

 (n=4) 
Actual 
volume 

Estimated 
volume 

Error 
magnitude 

Percentage  

of error 

magnitude 

10  - - - - - 12.98 - - - 

9   476.46 - - - 36.46 11.78 11.44 0.34 2.92 

8 368.00 - - - 47.21 10.59 10.37 0.22 2.08 
7 297.45 - - - 58.40 9.40 9.26 0.14 1.49 

6 245.36 485.91 - - 71.15 8.20 7.99 0.21 2.62 

5 211.18 422.09 630.73 - 82.40 7.01 6.87 0.14 1.99 
4 185.45 371.09 555.09 - 93.73 5.81 5.74 0.07 1.25 

3 166.00 330.36 495.09 - 105.03 4.62 4.61 0.01 0.07 

2 147.27 294.82 441.63 587.46 118.04 3.42 3.32 0.10 2.99 
1 134.15 267.88 402.09 535.18 129.67 2.23 2.16 0.07 2.98 

 

 

Table 2. Measured resonance frequencies of air cavity, calculated heights and estimated bulk volumes  

of cement in silo 

Tested 

level no. 

 Measured resonance frequency of air cavity 

[Hz] Estimated 

length of air 
cavity[cm] 

Volume of cement [x  10-2 3m ] 

f1  

(n=1)   

f2  

(n=2) 

f3  

(n=3) 

f4 

 (n=4) 

Actual 

volume 

Estimated 

volume 

Error 

magnitude 

Percentage  
of error 

magnitude 

10  - - - - - 12.98 - - - 

9   508.00 - - - 34.20 11.78 11.66 0.12 1.01 
8 392.82 - - - 44.23 10.59 10.67 0.08 0.73 

7 310.91 - - - 55.88 9.40 9.51 0.11 1.19 

6 257.91 513.27 - - 67.53 8.20 8.35 0.15 1.79 
5 215.45 430.64 - - 80.66 7.01 7.04 0.03 0.49 

4 183.82 368.18 555.09 - 94.44 5.81 5.67 0.14 2.46 
3 165.00 329.64 493.09 - 105.46 4.62 4.57 0.05 1.00 

2 148.53 296.00 443.09 582.45 117.79 3.42 3.34 0.08 2.29 

1 133.91 270.55 403.45 535.08 129.30 2.23 2.20 0.03 1.34 

 
 

Table 3. Measured resonance frequencies of air cavity, calculated heights and estimated bulk volumes  

of water in silo 

Tested 

level no. 

 Measured resonance frequency of air cavity 
[Hz] Estimated  

length of air 

cavity[cm] 

Volume of water [x  10-2 3m ] 

f1  

(n=1)   

f2  
(n=2) 

f3  
(n=3) 

f4 

 (n=4) 
Actual 
volume 

Estimated 
volume 

Error 
magnitude 

Percentage  

of error 

magnitude 

10  - - - - - 12.98 - - - 

9   486.64 - - - 35.70 11.78 11.52 0.27 2.28 

8 365.78 - - - 47.49 10.59 10.34 0.25 2.34 
7 295.09 - - - 58.87 9.40 9.21 0.19 1.98 

6 250.36 498.55 - - 69.54 8.20 8.15 0.05 0.66 

5 216.64 430.46 642.00 - 80.45 7.01 7.04 0.03 0.43 
4 184.73 368.18 - - 94.21 5.81 5.69 0.12 2.07 

3 166.27 331.00 495.73 - 104.86 4.62 4.63 0.01 0.30 

2 150.88 298.91 447.14 - 115.98 3.42 3.52 0.10 2.97 
1 136.27 270.55 405.00 539.82 128.33 2.23 2.30 0.07 2.99 
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4. CONCLUSION 

In this study, a method to estimate bulk material and liquid volumes in a cylindrical silo, by using 

acoustic wave and resonance frequency analysis, was investigated. An assumption that the silo acoustical 

system was linear and time-invariant was made, so that the silo frequency response was able to be obtained 

via measurement. Acoustic waves in the silo were also assumed to be plane in a low frequency range.  

From experiments, it was found that the measured frequency responses of the silo in the low frequency range 

below 900Hz, was in good agreement with that from the simulations. Harmonic resonance frequencies and 

wave mode numbers were analyzed from the obtained frequency responses and used for a calculation of 

material volumes. Sets of experiments were conducted to test efficiency of the proposed approach for 

estimating the volumes of sand, cement, water, rice grain, and stone flakes in the cylindrical silo. The results 

confirmed that the proposed approach successfully estimate the volumes of sand, cement, and water with 

high accuracy, as long as, their volumes did not exceed 80% of silo’s full volume capacity. Error percentages 

of volume estimations were less than 3% from actual volumes. However, the proposed approach could not be 

applied for volume estimation of grainy or coarse materials, such as rice grain and stone flake, due to 

nonplanar or diffused reflection that has no contribution to a standing wave in longitudinal direction of  

the cylindrical silo. Future research could be developed to study contribution of a cylindrical acoustic wave 

to resonance in high frequency range which might result in ability of volume estimation of materials at 

allvolume levels in the cylindrical silo. 
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