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Abstract 

The boiling heat transfer in the porous media composed of spherical fuel elements exerts significant 
influences on the reactor's efficiency and safety. In the present study an experimental setup was 
designed and the boiling heat transfer in the porous media composed of spheres of regular 
distribution was investigated. Four spheres with diameters of 5mm, 6mm, 7mm and 8mm were used 
in the test sections. The greater particle diameter led to lower heat transfer coefficient, and resulted 
in higher wall superheat of original nucleation boiling. The variation of heat transfer coefficient was 
divided into three groups according to two-phase flow patterns and void fraction. A correlation of 
heat transfer coefficient was proposed with a mean relative deviation of ± 16%. 

1. Introduction 

The spherical fuel element nuclear reactor shows great promise because of its advantages in safety, 
fuel utilization, small volume and economy R1}- E411. In the core of the reactor, it is porous media 
composed of small spherical fuel elements which serve as the heating source of the coolant. The 
boiling heat transfer exerts significant influences on the reactor. However, the study on the reactor's 
thermal-hydraulic is still in its infancy and the relevant cognition is not profound enough. Also there 
are some different or even conflicting conclusions because of the complexity and speciality of the 
porous structure composed of particles and the difficulty in the experimental simulation R511. 

According to Jiang Pei-Xue' R611 Eml and M. Jamialahmadi's [[8]] researches, the heat transfer 
increases with the increase of the particle diameter, but the conclusion is contrary to Jeigranik's E[911
and Hwang's E[1011 researches. There are few published experimental researches about the heat 
transfer of porous media which serve as the heating source. Such studies are of great significance, 
because in pebble bed reactors the spherical fuel elements serve as the heating source. Naik and 
Dhir E[1011 concluded the temperature distribution along the direction of flow for water flowing 
through layers of inductively heated steel particles, but in the experiment, the heating by the 
particles is non-uniform because of the skin effect E[101.41311. Therefore, the uniform heating of the 
fluid by the particles is one of key to the experiment. Most researches are qualitative [14,15,16] and

quantitative researches are very few. 

In the present research, an experimental simulation is proposed to obtain the pertinent data on 
boiling heat transfer parameters in porous media composed of heating particles. The effects of 
particle diameter, heat flux and mass flux on the boiling heat transfer are investigated, respectively, 
and a correlation of heat transfer coefficient is concluded. 
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Abstract 

The boiling heat transfer in the porous media composed of spherical fuel elements exerts significant 
influences on the reactor’s efficiency and safety. In the present study an experimental setup was 
designed and the boiling heat transfer in the porous media composed of spheres of regular 
distribution was investigated. Four spheres with diameters of 5mm, 6mm, 7mm and 8mm were used 
in the test sections. The greater particle diameter led to lower heat transfer coefficient, and resulted 
in higher wall superheat of original nucleation boiling. The variation of heat transfer coefficient was 
divided into three groups according to two-phase flow patterns and void fraction. A correlation of 
heat transfer coefficient was proposed with a mean relative deviation of ± 16%. 

1. Introduction 

The spherical fuel element nuclear reactor shows great promise because of its advantages in safety, 
fuel utilization, small volume and economy [[1]~[4]]. In the core of the reactor, it is porous media 
composed of small spherical fuel elements which serve as the heating source of the coolant. The 
boiling heat transfer exerts significant influences on the reactor. However, the study on the reactor’s 
thermal-hydraulic is still in its infancy and the relevant cognition is not profound enough. Also there 
are some different or even conflicting conclusions because of the complexity and speciality of the 
porous structure composed of particles and the difficulty in the experimental simulation [[5]]. 

According to Jiang Pei-Xue’ [[6]] [[7]] and M. Jamialahmadi’s [[8]] researches, the heat transfer 
increases with the increase of the particle diameter, but the conclusion is contrary to Jeigranik’s [[9]] 
and Hwang’s [[10]] researches. There are few published experimental researches about the heat 
transfer of porous media which serve as the heating source. Such studies are of great significance, 
because in pebble bed reactors the spherical fuel elements serve as the heating source. Naik and 
Dhir [[10]]  concluded the temperature distribution along the direction of flow for water flowing 
through layers of inductively heated steel particles, but in the experiment, the heating by the 
particles is non-uniform because of the skin effect [[10]~[13]]. Therefore, the uniform heating of the 
fluid by the particles is one of key to the experiment. Most researches are qualitative [14,15,16] and 
quantitative researches are very few.  

In the present research, an experimental simulation is proposed to obtain the pertinent data on 
boiling heat transfer parameters in porous media composed of heating particles. The effects of 
particle diameter, heat flux and mass flux on the boiling heat transfer are investigated, respectively, 
and a correlation of heat transfer coefficient is concluded. 
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2. Experimental techniques 

2.1 Experimental Apparatus 

The apparatus for the measurement of the heat transfer in channels packed with particles is shown in 
Figure 1. Its major parts include a test section, a temperature controller, a preheater, a flowmeter, a 
liquid vessel and a condenser. The deionized water pumped from the liquid vessel and flowing 
through the filter and the flowmeter is heated to the desired temperature in the preheater by an 
electrically resistant heater which is controlled by the temperature controller. The fluid flows 
through the test section, the condenser and finally goes back into the liquid vessel. 

The test section, as is shown in Figure 2, is purposefully designed for both the heating of the 
particles and the visual observation of the two-phase flow pattern. It consists of a polycarbonate 
plate on one side for the observation, an irregular aluminum structure with densely distributed 
hemispheres on the other side as the heating source of the fluid, which is shown in Figure 3. There 
is a layer of glass particles between the polycarbonate plate and the aluminum plate for the 
improvement of the flow uniformity perpendicular to the flow direction. The diameters of the 
hemispheres on the irregular aluminum structure and of the glass particles are the same. The 
electrically resistant heater is for the heating of the irregular aluminum structure, the mica for the 
insulation, the asbestos for the prevention of the heat loss of the test section and the metal plate for 
fastening. Four different types of packing composed of particles are employed, the specifications of 
which are shown in Table 1. The experimental parameters including particle diameter dp, fluid inlet 
temperature Tin, vapor quality x, Re number and heat flux q are shown in Table 2. 
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Figure 1 Experimental apparatus 

2.2 Uncertainty Analysis and Data Reduction 

Six K-type thermocouples with the uncertainty of ±0.1°C are used to measure the temperature of the 
irregular aluminum structure, as is shown in Figur 4. The thermocouples are fixed on the bottom of 
the holes, which are in the backside of the aluminum structure. Thermocouples 1 and thermocouple 
2 are for the measurement of the pore temperature, and thermocouples 3, 4, 5 and 6 for the 
measurement of the particle temperature. Two T-type thermocouples are employed to measure the 
inlet and outlet fluid temperature with the uncertainty of ±0.1°C . The water flow is measured by an 
orifice mass flux meter with the uncertainty of 0.5%, the outlet pressure of the test section by a 
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Figure 1  Experimental apparatus 

2.2 Uncertainty Analysis and Data Reduction 

Six K-type thermocouples with the uncertainty of ±0.1℃ are used to measure the temperature of the 
irregular aluminum structure, as is shown in Figur 4. The thermocouples are fixed on the bottom of 
the holes, which are in the backside of the aluminum structure. Thermocouples 1 and thermocouple 
2 are for the measurement of the pore temperature, and thermocouples 3, 4, 5 and 6 for the 
measurement of the particle temperature. Two T-type thermocouples are employed to measure the 
inlet and outlet fluid temperature with the uncertainty of ±0.1℃. The water flow is measured by an 
orifice mass flux meter with the uncertainty of 0.5%, the outlet pressure of the test section by a 
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static pressure transmitter with the uncertainty of ±0.1%, and the pressure drop by a Rosemount 
3051 transmitter with the uncertainty of ±0.5%. An AC voltage transmitter and a current transmitter 
are employed for the measurement of the heating voltage and current of the test section with the 
uncertainty of ±0.2%. 
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Table 1 Specifications of the test section 

Case No. 1 2 3 4 

Particle diameter dp(mm) 5 6 7 8 

Length(mm) 260.48 311.80 364.67 361.33 

Width(mm) 45 54 63 72 

Height(mm) 6.58 7.9 9.22 10.53 

Porosity 0.3667 0.3780 0.3883 0.3976 

Table 2 Experimental parameters 

dp(mm) T(,C) Vapour quality Re q(kW in-2) 

XIMUC min max min max 

5 80 0.16 466 4897 2.6 287.1 

6 80 0.21 289 4862 0.8 329.8 

7 80 0.16 330 3987 0.2 164.0 

8 80 0.10 464 4744 0.2 123.4 

The inlet pressure is calculated by 

Pin = Pout +4 (1) 
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Width(mm) 45 54 63 72 
Height(mm) 6.58 7.9 9.22 10.53 
Porosity 0.3667 0.3780 0.3883 0.3976 

Table 2  Experimental parameters 

Re q(kW·m-2) dp(mm) Tin(℃) 
Vapour quality 

xmax min max min max 
5 80 0.16 466 4897 2.6 287.1 
6 80 0.21 289 4862 0.8 329.8 
7 80 0.16 330 3987 0.2 164.0 
8 80 0.10 464 4744 0.2 123.4 

 
The inlet pressure is calculated by 

in outp p p= + Δ  (1) 



The 14th International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14 
Toronto, Ontario, Canada, September 25-30, 2011 

The fluid pressure pf at the measured cross section is calculated in terms of the inlet pressure and the 
pressure drop, 

P f = Pin APLin-c /L (2) 

where Ltn_, is the distance between the inlet and the measured cross section, and L is the distance 
between the inlet and the outlet. 

The heating efficiency of the test section 4- is determined according to the actual heating power 
and the fluid enthalpy difference between the inlet and the outlet under single-phase flow, 

= GAchannel (hout — hin ) 

UI 
(3) 

where G is the fluid mass flux, Achannel is the area of the cross section, hin and how are the liquid 
enthalpy at the inlet and the outlet respectively, U is the voltage across the resistant heater, and I is 
the current through the resistant heater. 

The heat flux q is determined by 

q = I A 

where A is the heating area of the irregular aluminum structure. 

(4) 

In two-phase flow, the specific enthalpy on the saturated vapor line hy,sat at any cross section y is 
calculated according to the pressure of the fluid. The critical cross section of the original saturated 
boiling, y,, is determined by 

UILycr
h =h. + 

GAchannelL

It is single-phase or sub-cooled boiling before y„, and saturated boiling after y„. In single-phase 
flow or sub-cooled boiling, the bulk fluid temperature is determined by 

ycr,sat an (5) 

T  f Tin ± ( Tycr,sat Tin) L in-c (6) 
ycr 

In saturated boiling, the bulk fluid temperature equals the saturation temperature, 

Tf = Tc,sat (7) 

Figure 5 shows a typical arrangement of seven adjacent particles. Each particle is in the proximity 
of six other particles and each pore is in the proximity of three particles. Therefore, one sixth of a 
particle and one third of a pore can be treated as constitute a unit. The data reduction about the wall 
temperature of the irregular aluminum structure is based on the unit. 

Wall temperature, Twi (i=1-4), are determined by the measured temperature; Tt (i=1-4), and heat 
conduction equation, 

q= K (Ti Twi )I Ax (8) 
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f in in cp p pL L−= − Δ  (2) 

where Lin-c is the distance between the inlet and the measured cross section, and L is the distance 
between the inlet and the outlet. 

The heating efficiency of the test section ξ is determined according to the actual heating power 
and the fluid enthalpy difference between the inlet and the outlet under single-phase flow, 
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UI
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where G is the fluid mass flux, Achannel is the area of the cross section, hin and hout are the liquid 
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the current through the resistant heater.  
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where A is the heating area of the irregular aluminum structure. 
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It is single-phase or sub-cooled boiling before ycr, and saturated boiling after ycr. In single-phase 
flow or sub-cooled boiling, the bulk fluid temperature is determined by 

( ),f in ycr sat in in c ycr
T T T T L L−= + −  (6) 

In saturated boiling, the bulk fluid temperature equals the saturation temperature, 

,f c satT T=  (7) 

Figure 5 shows a typical arrangement of seven adjacent particles. Each particle is in the proximity 
of six other particles and each pore is in the proximity of three particles. Therefore, one sixth of a 
particle and one third of a pore can be treated as constitute a unit. The data reduction about the wall 
temperature of the irregular aluminum structure is based on the unit. 

Wall temperature, Twi (i=1~4), are determined by the measured temperature; Ti (i=1~4), and heat 
conduction equation, 

( )i wi i
q K T T x= − Δ  (8) 
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where K is the thermal conductivity of the aluminum structure, and Axi (i=1-4) are the distances 

between the thermocouples 1 and 4 and equal to 2mm in the present experiment. 

The geometric position of the wall temperature is shown in Figure 6. In the temperature unit 
composed of S2 and S3, the following relationship is obtained according to the law of heat transfer, 

a(fw,2 3 Tf )(S 3 d- S 2 )= ag o -T f )S3 + a2 (Tw2 -T f )S2 (9) 

fw3s3 R 
[T2 

(T2 TNR2 x 2 y 2 

dxdy (10) 6 J ./ VR2 - x2 - y 2

It is supposed that the heat transfer coefficients are equal, that is 

a = a3 = a2 (11) 

1 
T2 - (T2 - T3 

)VR2 -x2 -y2
dxdy - Tf S3 +(Tw2 - Tf )S2 

611 — - y 2VR2
Tw,2-3 = Tf + (12) 

S2 + S3

t,2-4 t,1-3 and 1-4 are calculated in the same way, and the average temperature of the surface 

of the irregular aluminum structure is calculated by 

Tw .(Tw,i_3 +Tw,1-4 Tw,2-3 Tw,2_4 )/4 

The heat transfer of the porous media composed of particles is determined as follows 

h=  _ 
Tw -Tf
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Figure 5 Typical arrangement of Figure 6 Geometric position of wall 
adjacent particles temperature 

In saturated boiling the vapor quality x is determined by 

x=(h-hf )/hfg (15) 

where h is the total enthalpy of the two-phase mixtures, hf the enthalpy of the saturated liquid and 
hfg is the latent heat of evaporation. 
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In saturated boiling the vapor quality x is determined by 

( ) /f f gx h h h= −  (15) 

where h is the total enthalpy of the two-phase mixtures, hf the enthalpy of the saturated liquid and 
hfg is the latent heat of evaporation. 
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In sub-cooled boiling, the vapor quality is determined by Bowring law (1962): 

x = h — )/ hfg (16) 

where e is the fraction of the heat which is used for the liquid evaporation. The hD is the fluid 
enthalpy at the departure point of the bubbles. 

The void fraction is determined by the correlation of Maien/Coddington [171. 

3. Experimental results 

3.1 Boiling curves 
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Figure 7 Boiling curves (Tin=80°C ). (A) dp =5mm, (B) dp =6mm, (C) dp =7mm, (D) dp =8mm 
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When boiling occurs in the porous channel, a characteristic boiling curve can be presented in terms 
of the wall superheats versus the heat flux at the wall. Figure 7 (A), (B), (C) and (D) show the 
boiling curves for the porous channels composed of particles with diameters of 5mm, 6mm, 7mm 
and 8mm, respectively. In single-phase flow region, the heat transfer coefficient is low and 
approximately linearly related to the wall superheats. The heat transfer coefficient increases 
dramatically in two-phase flow region. As is shown, boiling occurs with low superheats at the wall. 
Moreover, the wall superheats of the original nucleation boiling increase with the increase of the 
particle diameter. It indicates that the increase of the particle diameter deteriorates the heat transfer. 

3.2 Effect of void fraction 
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Figure 7  Boiling curves (Tin=80℃). (A) dp =5mm, (B) dp =6mm, (C) dp =7mm, (D) dp =8mm 

When boiling occurs in the porous channel, a characteristic boiling curve can be presented in terms 
of the wall superheats versus the heat flux at the wall. Figure 7 (A), (B), (C) and (D) show the 
boiling curves for the porous channels composed of particles with diameters of 5mm, 6mm, 7mm 
and 8mm, respectively. In single-phase flow region, the heat transfer coefficient is low and 
approximately linearly related to the wall superheats. The heat transfer coefficient increases 
dramatically in two-phase flow region. As is shown, boiling occurs with low superheats at the wall. 
Moreover, the wall superheats of the original nucleation boiling increase with the increase of the 
particle diameter. It indicates that the increase of the particle diameter deteriorates the heat transfer. 

3.2 Effect of void fraction 
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Figure 8 (A), (B), (C) and (D) show the heat transfer coefficients versus the void fractions for the 
porous channels composed of particles with diameters of 5mm, 6mm, 7mm and 8mm, respectively. 
The variation of heat transfer coefficients can be divided into three areas according to two-phase 
flow patterns and void fraction: low void fraction area, high void fraction area and middle void 
fraction area. It is bubbly flow in low void fraction area and boiling heat transfer coefficient 
increases rapidly with the increase of void fraction. It is annular flow in high void fraction area, and 
heat transfer coefficient increases dramatically with the increase of void fraction. However, heat 
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Figure 9 (a), (b), (c), (d) show the heat transfer coefficients versus heat flux for porous channels 
composed of particles with diameters of 5mm, 6mm, 7mm, 8mm, respectively. The effect of heat 
flux on heat transfer coefficient is significant. The boiling is more intense at higher heat flux, 
leading to the increase of the heat transfer. Therefore, heat transfer coefficient increases with the 
increase of heat flux. 

3.4 Effect of mass flux 

Figure 9 (a), (b), (c), (d) also show the heat transfer coefficients at different mass flux of porous 
channels composed of particles with diameters of 5mm, 6mm, 7mm, 8mm, respectively. The flow 
disturbance is more intense with the increase of mass flux, which leads to the increase of the heat 
transfer coefficient. Consequently, heat transfer coefficient increases with the increase of mass flux. 
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3.5 Effect of particle diameter 

Figure 10 (a) and (b) show the heat transfer coefficients at different particle diameters. The greater 
particle diameter leads to lower heat transfer coefficient. The smaller the particle diameter is, the 
smaller the pore is and the more intense the disturbances of fluid flow are, the more frequently the 
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3.5 Effect of particle diameter 

Figure 10 (a) and (b) show the heat transfer coefficients at different particle diameters. The greater 
particle diameter leads to lower heat transfer coefficient. The smaller the particle diameter is, the 
smaller the pore is and the more intense the disturbances of fluid flow are, the more frequently the 
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bubbles split and merge. These all lead to the increase of heat transfer. Consequently, boiling heat 
transfer coefficient increases with the decrease of particle diameter. 

3.6 Correlation of boiling heat transfer coefficient 

In the present research, the porosity and the dimensionless parameter Bo are employed in order to 
take the effects of particle diameter and heat flux into account. Thus, the heat transfer in porous 
media composed of particles is related to Re, Pr, Bo and c, and the experimental results can be 
correlated by the following equations: 

Nu= a• c-b • Boc• Reid • Prie (17) 

Nu =
ad 

Bo =  
q

Re l = =
G(1— x)d, 

, / —  , Pri= t (18) 
2 ' Ghfg 171 171 a1

where a, b, c, d, e are constants. % is the thermal conductivity of the fluid, ,o, the density of the 

liquid, .11 the superficial velocity of the liquid, 77, the dynamic viscosity of the liquid, v, the 
kinematic viscosity of the liquid and al is the thermal diffusivity of the liquid. 

In the present experiment, a=0.447, b=0.425, c=0.741, d=0.697, e=0.33. The mean relative 
deviation of the correlation is ±16% as is shown in Figure 11. 
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This paper presents an experimental simulation for the study of boiling heat transfer through porous 
media composed of heating particles. A correlation is proposed to calculate the boiling heat transfer 
coefficient from the experiments. The boiling heat transfer in porous media is affected by heat flux, 
mass flux, and particle diameter. Heat transfer coefficient increases with the increase of heat flux 
and mass flux. The greater particle diameter leads to a lower heat transfer coefficient, and results in 
a higher wall superheat of original nucleation boiling. The variation of heat transfer coefficient can 
be divided into three areas according to flow patterns and void fraction: low void fraction area, high 
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transfer coefficient increases with the decrease of particle diameter. 
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In the present research, the porosity and the dimensionless parameter Bo are employed in order to 
take the effects of particle diameter and heat flux into account. Thus, the heat transfer in porous 
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correlated by the following equations: 
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where a, b, c, d, e are constants. λ  is the thermal conductivity of the fluid, lρ the density of the 
liquid, Jl the superficial velocity of the liquid, lη  the dynamic viscosity of the liquid, lυ  the 
kinematic viscosity of the liquid and al is the thermal diffusivity of the liquid. 

In the present experiment, a=0.447, b=0.425, c=0.741, d=0.697, e=0.33. The mean relative 
deviation of the correlation is ±16% as is shown in Figure 11. 
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4. Conclusions  

This paper presents an experimental simulation for the study of boiling heat transfer through porous 
media composed of heating particles. A correlation is proposed to calculate the boiling heat transfer 
coefficient from the experiments. The boiling heat transfer in porous media is affected by heat flux, 
mass flux, and particle diameter. Heat transfer coefficient increases with the increase of heat flux 
and mass flux. The greater particle diameter leads to a lower heat transfer coefficient, and results in 
a higher wall superheat of original nucleation boiling. The variation of heat transfer coefficient can 
be divided into three areas according to flow patterns and void fraction: low void fraction area, high 
void fraction area and middle void fraction area. An empirical correlation of Nu is presented in form 
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