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ABSTRACT: The High Level Radioactive Wastes (HLWs) are vitrified in a glass melter. 
However, sometimes the glass melter operation is not stable due to abnormal phenomena. 
If this happens, the glass melter has to be shut down. Understanding the flow behavior in 
glass melter is important to improve the applicability of the melter operation. Ultrasonic 
Velocity Profiler (UVP) is appropriate to observe the Joule-heating flow behavior which 
is scaled into experiment and conducted in Laboratory scale. The cubic cavity for Joule-
heating flow has dimension of 100mm with a top surface condition is under cooling 
condition and the other walls is set as adiabatic condition. The effect of cold cap 
condition on the flow behavior is investigated by changing the top surface as fully or 
partly cooling as 50%, 75%. As a result, Joule-heating flow convection is observed  by 
UVP and displayed in color scale ( so-calle spatio-temporal velocity profile). This 
information is very usefull to observe the unstable flow convection. It is revealed that 
cold cap boundary conditions affect the flow field in the whole cavity. In case of full 
cooling on the top wall, the flow behavior is unstable by multi-vortex inside the cavity. 
However, the main vortex has a diameter of about 90mm in both cases of 50% cooling 
and 75% cooling. These characteristics are also confirmed using a Computational Fluid 
Dynamic, named GSMAC-Finite Element Method that combined three fields: Flow field, 
Thermal field and electromagnetic field. 
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I. INTRODUCTION 

The flow driven by internal heat source is very important in geophysics, astrophysics, 
and nuclear engineering such as heat removal of debris in severe accident, glass flow behavior 
inside a Glass melter which is aimed to isolate High Level Liquid Wastes (HLLWs) from 
spent fuel reprocessing. The glass melter immersed a pair of electrodes on the side walls in 
order to melt the glass beads. The mixing process is carried out by the natural convection. The 
homogenous Joule-heating in the volume generates complex chaotic flow in the glass melter 
and the unsteady flow makes stable operation of the melter difficult. Thus, glass flow is a 
significant characteristic which allows to understand the effect of some parameters on the 
chaotic flow, e.g. top cooling surface temperature, shape of the cavity, temperature condition 
of the electrodes, heating rate, etc. The upward flows and downward flows are changing their 
positions while sufficient heat is supplied and equivalent heat is emitted. The flow behavior is 
very complicated and changes its position in time. Thus, the flow behavior is considered as a 
kind of chaotic flow and is named ‘chaotic steady state’. Several measurement techniques 
such as PIV (Particle Image Velocimetry), PTV (Particle Tracking Velocimetry) and LDA 
(Laser Doppler Anemometry) has developed to measure velocity field. UVP (Ultrasound 
Velocity Profiler) method is the most appropriated instead of optical method. The glass melter 
itself is not easy for conducting experimental due to high temperature, complicated geometry 
and opaque fluid. Therefore, at first, a simplification of the glass melter using a cubic Joule-
heating cavity is studied in order to investigate the fundamental flow phenomena induced by 
internal heat source. At first, Joule-heating flowinduced in a cubic cavity with glycerolis 
investigated. The flow behavior is very unstable flow. The information of unstable flow 
measured by UVP method is discussed in this report. Then, it is useful to understand the flow 
behavior in the actual glass melter.Additionally, the effect of cold cap condition on the Joule-
heating flow behavior is investigated experimentally. 

 
The author [2] has reported the success application of UVP method to observe the Joule-

heating flow in a cubic cavity. The instantaneous velocity profiles of vertical component is 
measured in time-dependence and then compared with PIV method that provides two-
dimension velocity distribution. The results reveals a good agreement between two 
measurement methods. For UVP measurement, a spatiotemporal velocity map is used to 
represent the flow convection in a cubic cavity. The flow fluctuates frequently. Thus, the 
fluctuation is observed by the UVP method and the frequency is analyzed by using the Fast 
Fourier Transform (FFT) method. 

 
II. EXPERIMENTAL SET UP 

1. Experimental apparatus 
 

The dimension of cavity is 100 mm × 100 mm × 100 mm (Figure 1). Two carbon 
electrode plates are placed on opposing side walls. The working fluid was 80wt% glycerol-
water solution with LiCl as electrolyte for Joule-heating. The initial temperature of working 
fluid is kept at room temperature (20oC). The UVP measurements require the suspension of 
US (ultrasonic) wave reflecting particle in the fluid. Nylon powder ( d̅=80μm; ρ = 1020 
kg/m3) is dispersed in working fluid as reflector particles for both UVP and PIV measurement 
(Figure 1 and Figure 2). A CCD camera is used to record the movement of particles 
illuminated by a laser sheet. From this data, one could analyze the 2-dimension velocity 
distribution using PIV method. The top surface is made of copper with thickness of 10 mm 



The 11th National Conference on Nuclear Science and Technology,ĐàNẵng, 05 - 07/8/2015 
 

 3

and cooled at 20oC. Temperature on the top is controlled by Circulator (CTW401/801). The 
other walls are made of 20 mm thickness acrylic. The internal heat is generated by applying a 
constant voltage on the electrode plates. A stabilized AC power (EPX4104, NF Co. Ltd) 
supply the electric current to electrodes. The polyimide film (Kapton sheet) is used for 
electrical isolation between top cooling surface and working fluid. Temperature profile is 
measured at the center of cavity using K-type thermocouple.  

The test section for the velocity measurement is located in the middle plane between a 
pair of electrode (x=50 mm). The experiment started immediately after the AC power was 
connected to the electrodes.  

 

 
  

 

 
 

Figure 1: (a) Sketch of Joule-heating cavity and (b), (c) test section for measurement. 
Number show the length in mm. 
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Figure 2: Experiment set up 

1, 2. Cooling system; 3. AC power supplier; 4. Personal Computer; 5. UVP monitor; 6. 
UVP transducer; 7. CCD camera; 8. Laser sheet; 9. Laser unit; 10. Thermocouple (K-

type); 11. Data logger; 12. Joule-heating cavity. 
 

2. Principle of UVP technique 
 

The flow behavior in the cavity was observed using the ultrasound technique. The 
principle of the UVP method is based on the echography of ultrasound[8]. The ultrasonic 
pulse is emitted from a transducer and reflected by solid particles suspended in fluids and 
received with the same transducer. For deriving instantaneous velocity profile, position 
information is given by a time delay between pulse emission and reception of the echo. The 
velocity information can be obtained from an instantaneous frequency of the echo at each 
time instant. The transducer for the velocity measurements was mounted on the outside of the 
bottom wall, and the ultrasonic waves passed through the container wall. 

The transducer emitted a pulse and receives the echo signal reflected from the particle 
suspended in the liquid. The information of position in each channel was extracted from the 
time delay τprfor pulse repletion frequency fprf =1/τprfas follows 

                                                              x=c τprf/2                                                                         
(1) 

where c is sound speed in the medium. 
 
By analyzing the echo signal such that the instantaneous frequencies at various instants 

after the emission was computed (called Doppler frequency). The instantaneous local velocity, 
vuvp(x) was derived from Doppler shift frequency (fD) at the time and position as: 

vuvp(x)=(cfD)/(2f0)                                                      (2)  
where f0 is the basic ultrasonic frequency. 
 
The equipment used for the UVP measurement was UVP-Duo (Met-Flow S.A) which 

was improved for optimization of the signal filter to measure profiles of low velocity. 
Ultrasonic burst wave was used for measurement, and the basic frequency of ultrasound was 4 



The 11th National Conference on Nuclear Science and Technology,ĐàNẵng, 05 - 07/8/2015 
 

 5

MHz using a transducer of 5 mm in effective diameter. The spatial, temporal and velocity 
resolution of UVP measurement were 0.92 mm, 500 ms, and 0.21 mm/s, respectively. 

The conditions of UVP measurement are summarized in Table 1. Nylon powder 
(average diameter d=80 μm; ρ = 1020 kg/m3) was dispersed in the working fluid as reflector 
particles for UVP measurement (Figure3). 

 
The PIV method was also applied to the visualization of two-dimensional velocity 

distribution for confirmation of the UVP measurement. The laser sheet, 4 mm of thickness, 
was set from the bottom. The light of laser sheet passed through the acrylic resin and came to 
the fluid. The particles were dispersed in the fluid and used as reflector of ultrasound for the 
UVP method and of laser for the PIV method. Particle images were recorded by using a CCD 
camera with frame rate of 30 fps. The two-dimensional velocity was visualized and calculated 
by the PIV method at middle part between two electrodes. 
 

Table 1:Condition of UVP measurement. 

Basic frequency 4 MHz 
Effective diameter 5 mm 
Sound velocity c = 1860 (m/s) at 25oC 
Pulse repetition frequency (fprf)   244.17 Hz 
Recording period   500ms 
Velocity resolution 0.21 (mm/s) 
Chanel distance 0.92 mm 
Pulse type Tone burst 

 

 
Figure 3: Vertical velocity profile measured by UVP method. 

 
3.Sound velocity measurement in function of temperature 

 
As equation (2), flow velocity measured by ultrasound technique is determined from 

sound velocity. However, sound speed depends on the temperature. Thus, it is necessary to 
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determine the temperature effect on the sound speed. A working fluid is heated up to the 
desired temperature. From each temperature, sound speed is measured by TOF (Time of 
Flight) method. The sound speed at several temperatures from 20 to 50 oC was measured. 
Figure 4 shows the function of sound speed in temperature dependence as following: 

 
c (T) = -1.8631T + 1906.6                         (3) 

 

 
 

Figure 4: Temperature-dependence of sound speed in glycerin fluid. 
 

 4. Physical properties of working fluid 
 
Glycerin 80wt% is used as the high Prantd number (Pr = 516 at 20oC) in this study. 

Glycerol is also considered as safety conducting fluid and melting point is in room 
temperature. Table 2 shows the physical properties of glycerin-water solution given by Cheng 
et al [9]. The parameters shown in the Table1 is given at 20oC.  

 
Table 2Physical properties of working fluid. 

 

 

 

 

 

 
 
 
5. Internal Rayleigh number 

 
The natural convection heat transfer involving internal heat generation is represented by 

Rai (modified Rayleigh number in case of internal heat source), which quantifies the internal 
heat source and hence the strength of the buoyancy force. Rai is germane to free or natural 
convection problems with internal heat sources and defined as:  

 Symbol Unit  
Density ρ kg.m-3 1210.8 
Kinematic viscosity ν m2.s-1 5.05×10-5 
Volume expansion ratio β K-1 4.18×10-4 
Thermal conductivity ߢ W.m-1.K-1 0.33 
Specific heat Cp J.kg-1.K-1 2804 
Thermal diffusivity α m2.s-1 9.6×10-8 
Electric conductivity                                                   σ S.m-1 0.035 
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 Ra୧ = ஒୌఱ

୩
       (4) 

 
 Where, L is characteristic length, g is the coefficient of acceleration, ߚ  is the thermal 
expansion coefficient, ߢ is the thermal conductivity, α is the thermal diffusivity and ν is the 
kinematic viscosity of the fluid. The internal heat is generated by applying an electric current 
to the fluid at a rate H per unit time and per unit volume. An AC power with frequency of 
50Hz is given to a pair of electrodes made by carbon. Volumetric heat source is derived by 
H=EI/V, where E and I are voltage and current, and V is the volume of the fluid. 

 
III. RESULTS 

1. Vertical velocity measurement using UVP  
 
The UVP (Ultrasonic Velocity Profiler) can measure an instantaneous velocity profile. 

This technique is able to observe the spatiotemporal variation in fluid convection. The 
velocity profile is measured in the vertical direction of ultrasonic beam, and the results 
established the organization of the flow structure and its fluctuations. The vertical component 
of velocity profile is measured as a function of position and time or spatiotemporal 
measurement. The result of velocity measurement is plotted in color density. Figure 5depicts 
an example of flow behavior when a pair of electrode is connected with a constant AC power 
(65V). Measurement position of velocity profile is set at the center of test section (x=50mm, 
y=50mm). The measurement shown in Figure 5 is carried out after one hour of applying the 
AC power.  

 
The ordinate is vertical distance from the transducer, and the abscissa is the time elapsed 

from starting the velocity measurements (522s). The flow velocity component along the 
measurement line is displayed in color scale: yellow to red (0<v<5) indicates the velocity 
moving away from the transducer (upward in the Figure), and green to blue (-5<v<0) is the 
velocity moving toward the transducer (downward in the Figure) and black color indicates 
velocity is almost zero.  

 

 
Figure 5: Instantaneous measurements of vertical flow velocities for t=0-522s. The 

horizontal axis is the time and vertical axis is the position. The direction and magnitude of 
the vertical velocity is displayed in color-scale. 
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The averaged vertical velocity profile was calculated for every 20s from the result in 
Figure 5. Based on the velocity profile, the online observation of Joule-heating flow was 
performed. The author [2] has reported the applicability of UVP method by comparing with 
PIV method in the case the chaotic flow was limited in the upper part of cavity. Thus, UVP 
method was needed to confirm when unstable flow appeared in whole cavity.Figure 6shows 
an example of 2-dimenson velocity distribution using PIV method. Figure 6(a), (b) was 
visualized the averaged velocity from 0-20s, 50s-70s, respectively. Figure 7shows a 
comparison of averaged velocity profile. 

 

 
 

 

 
Figure 6: Two-dimension of velocity visualized by PIV method in time-dependence. 
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Figure 7: Comparison of time averaged vertical velocity component between UVP 

and PIV; (a)-from 0s-20s and (b)-from 50s-70s. 
 

2.Effect of cooling condition of electrode plates on the flow behavior 

To clarify the effect of cold cap boundary condition on the flow behavior within an 
enclosed cavity, we made spatiotemporal measurements of the flow velocity at positions: 
y=25mm, 50mm, 75mm in case of 75% cooling and y=50mm, 75mm in case of 50% cooling, 
respectively. The cold cap is affected flow behavior. Hence, the velocity profile below this 
cold cap is measured. In case of 75% cooling, three positions are measured: y=25mm 
(interface between adiabatic plate and cold cap vertically), y=50mm and y=75mm. In case of 
50% cooling, two positions are examined: y=50mm (interface between adiabatic plate and 
cold cap vertically), and y=75mm. Measurement position y is indicated in Figure 1.  

Since the flow behavior within enclosed cubic cavity is influenced by the temperature 
difference when the top wall is under isothermal condition. The flow changes with time. Thus, 
a spatiotemporal velocity profile is needed. This is the most advantage point of UVP 
technique.  

Figure 8 and Figure 9 shows the variations in the vertical flow velocity during the time-
dependence measurements for 2000s. From sufficient time passed (7200s), the measured is 
carried out in the order of y=25mm, y=50mm and y=75mm for both of condition, 
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continuously. These results have the same meaning in this Figure 5, so-called spatiotemporal 
velocity profile. 

 
 

(a) Measurement position: y=25mm 

 

 
(b) Measurement position : y=50mm 

 

(c) Measurement position : y=75mm 
 

Figure 8: Measurements of vertical flow velocities in case of 75% cooling. The direction and 
magnitude of the vertical velocity component are displayed in the color-scale. 
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(a) Cooling 50% at position: y=50mm. 

 
 

(b) Cooling 50% at position: y=75mm. 

Figure 9: Measurements of vertical flow velocities in case of 50% cooling. The direction and 
magnitude of the vertical velocity component are displayed in the color-scale. 

3.Simulation results 

From the experimental data, UVP method is useful to measure velocity profile in one-
dimensional and PIV method is supplemental to measure two-dimensional of velocity 
distribution. Three-dimensional of velocity distribution is needed to understand the flow 
behavior globally. Thus, a CFD (Computational Fluid Dynamic), so-called GSMAC-FEM 
code is used to simulated the effect of cold cap condition on the flow behavior. 

 
Figure 10 show the snapshots of the flow behavior in time-dependence in case of 75% 

cooling and 50% cooling. There is main vortex occurred in the cavity. However, the center of 
the main vortex moved as shown in the Figure 10 (d). These characteristics are qualitatively 
agreed with experimental data. 
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(a) At time=7200s (b) At time=8200s 

  
(c) At time=7200s (d) At time=8200s 

 
Figure 10: Simulated flow behavior in time-dependence with two cold cap conditions:  

(a), (b) for 50% cooling and (c), (d) for 75% cooling. 
 

IV. CONCLUSIONS 
 

The effect of cold cap boundary condition on the flow behavior in a square cavity is 
investigated experimentally and numerically by measuring the spatiotemporal velocity 
profile by UVP technique, PIV method and numerical analysis. The results are 
summarized as follows: 
 

 A stable flow with a main vortex which has a diameter of about 90mm for both 
50% cooling and 75% cooling. However, when the top wall is cooled by 75% of the 
surface, variation in width of main vortex was observed. Meanwhile, in case of cooling 
the 50%, position of the vortex is substantially constant, and the influence of spatial 
disturbances by side walls is large. That is the reason why, it is necessary to consider 
the effect of the cold cap in simulated glass melter. Ultrasound technique is useful to 
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observe instantaneously Joule-heating flow by giving a spatiotemporal velocity profile.  
These experimental results are absolutely needed to verify the computer code that is 
expected to simulate the full scale of glass melter. 
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