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List of symbols
s  Material symbol
r  Position vector (m)
ea  Discrete velocity (m s−1)
ga  Distribution function
g
eq
a   Equilibrium distribution function

cp  Specific heat capacity (J kg−1 K−1)
t  Time (s)
c  Lattice sound speed (m s−1)
T   Temperature (K)
q  Heat flux (W m−2)
∆T   Temperature difference (K)
L  Composite thickness (m)
k  Thermal conductivity (W m−1 K−1)
keff   Effective thermal conductivity (W m−1 K−1)
Rb  Interface thermal resistance (m2 KW−1)
d  Particle diameter (m)

Greek symbols
ρ  Density (kg m−3)
τ  Dimensionless relaxation time
δx  Grain size (m)
δt  Time step (s)
φ  Volume fraction
α  Dimensionless parameter

Subscripts
n  nth Phase
i  Phase i
j  Phase j
int  Interface

Abstract The silicone/phosphor composite is widely used 
in light emitting diode (LED) packaging. The composite 
thermal properties, especially the effective thermal conduc-
tivity, strongly influence the LED performance. In this paper, 
a lattice Boltzmann model was presented to predict the sili-
cone/phosphor composite effective thermal conductivity. 
Based on the present lattice Boltzmann model, a random 
generation method was established to describe the phosphor 
particle distribution in composite. Benchmarks were con-
ducted by comparing the simulation results with theoreti-
cal solutions for simple cases. Then the model was applied 
to analyze the effective thermal conductivity of the sili-
cone/phosphor composite and its size effect. The deviations 
between simulation and experimental results are <7 %, when 
the phosphor volume fraction varies from 0.038 to 0.45. The 
simulation results also indicate that effective thermal con-
ductivity of the composite with larger particles is higher than 
that with small particles at the same volume fraction. While 
mixing these two sizes of phosphor particles provides an 
extra enhancement for the effective thermal conductivity.

 * Xiaobing Luo 
 luoxb@hust.edu.cn

 Lan Li 
 lilan321@hust.edu.cn

 Huai Zheng 
 zhenghuai8817@sina.com

 Chao Yuan 
 yuanchao@hust.edu.cn

 Run Hu 
 hurun@hust.edu.cn

1 State Key Laboratory of Coal Combustion, School of Energy 
and Power Engineering, Huazhong University of Science 
and Technology, Wuhan 430074, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00231-016-1784-7&domain=pdf


2814 Heat Mass Transfer (2016) 52:2813–2821

1 3

a, b  Velocity direction number
p  Phosphor particle
s  Silicone matrix

1 Introduction

High power light emitting diode (LED) has been consid-
ered as a promising light source with the extraordinary 
characteristics of high luminous efficiency, low power con-
sumption, long lifetime and environment protection [1–3]. 
Currently, LEDs have been widely applied in daily life, 
especially in the general lighting market.

The common LED chip can only emit blue light. To 
realize white light, it’s usual to coat the composite of 
silicone matrix and phosphor powders around blue LED 
chips in packaging [4]. When the blue light emitted from 
the LED chip passes through the phosphor composite 
layer, a part of blue light is absorbed by phosphors, in 
which the yellow light is emitted. Due to the Stokes loss, 
the silicone/phosphor composites generate a considerable 
amount of heat. Owing to the low thermal conductivity of 
the composite and encapsulant layer, it is difficult to dis-
sipate such a part of heat outside. Thus, there is probably 
a high local temperature in the phosphor composite layer, 
which usually causes many problems such as emitting 
peak shift, color shift, low efficiency and short lifetime 
[5, 6]. Thus the thermal management in silicone/phosphor 
composite attracts more and more attention recently. To 
analyze and solve the heat transfer problem in phosphor 
composite layer, it is necessary to accurately predict the 
effective thermal conductivity of the silicone/phosphor 
composite.

However, few research works were dedicated to the 
effective thermal conductivity of the silicone/phosphor 
composite. In the limited literatures, Zhang et al. [7] con-
structed a finite element model of silicone/phosphor com-
posites by the Monte Carlo method and investigated the 
influence of the phosphor concentration on the effective 
thermal conductivity of the phosphor gel layer. In their 
study, the phosphor volume fraction is only limited within 
0.3. Yuan, and Luo [8] built a unit cell model (UCM) to pre-
dict the thermal conductivity of the silicone/phosphor com-
posites with considering the interface resistance between 
the silicone matrix and the phosphor particles. However, 
this approach leads to a large error at a high volume frac-
tion. What’s more, both of their researches don’t consider 
the phosphor particle size influence on the effective thermal 
conductivity. In fact, the particle size in composite has a 
strong effect on the effective thermal conductivity for other 
composites, for example, the boron nitride (BN) filled com-
posites [9, 10]. Therefore, the size effect of phosphor parti-
cles is a pressing issue in research.

With the advanced computational techniques, lattice 
Boltzmann method (LBM) is considered especially suitable 
to deal with the thermal properties of complex microstruc-
tures. Qian et al. [11] proposed a D2Q5 lattice Boltzmann 
method to investigate the effective thermal conductivity of 
porous media firstly without considering the solid–fluid 
conjugate heat transfer. However, the solid–fluid conjugate 
heat transfer is proved to be a critical factor for predicting 
the effective thermal conductivity of some composites. In 
order to deal with the conjugate heat transfer, Wang et al. 
[12] proposed a mesoscopic lattice Boltzmann algorithm 
and calculated the effective thermal conductivity of micro-
scale random porous media. The algorithm was applied to 
predict the effective thermal conductivity for some two-
phase and three-phase porous media combined with a ran-
dom structure generation method. The methodology has 
been approved to be consistent with experimental data. 
Besides, effective thermal conductivity of unique structural 
morphology like carbon fiber composites [13] can be calcu-
lated as well. In the research field of size effect, Wang et al. 
[14, 15] studied the size effect on effective thermal conduc-
tivity of porous media with and without the thermal con-
tact resistance. They made a point of view that the effective 
thermal conductivity decreased sharply as the grain size got 
smaller when thermal contact resistance was considered. 
However, the phosphor particles are inconsecutive in the 
silicone matrix, which is different from porous media. The 
method to study the size effect on this situation was not dis-
cussed in their research, while the work provided an inspi-
ration on the study of silicone/phosphor composites.

Herein, a lattice Boltzmann model was applied to pre-
dict the effective thermal conductivity of silicone/phosphor 
composites in this paper. What’s more, a new random struc-
ture generation method considering size effect was pro-
posed for silicone/phosphor composites. Then the model 
was validated through the comparison between the experi-
mental and the simulation results. Size effect of the phos-
phor particle was also analyzed.

2  Numerical methods

2.1  Silicone/phosphor composite model

In order to accurately calculate the effective thermal con-
ductivity of the silicone/phosphor composites, the key is 
to numerically describe phosphor particle distribution in 
composites. A random generation model was applied. Fig-
ure 1 shows the scanning electron microscopes (SEMs) of 
phosphor particles (Fig 1a) and 5 vol% silicone/phosphor 
composites (Fig. 1b). SEM images of the particles and 
composites are taken by using Quanta 200 at an accelerat-
ing voltage of 5 and 20 kV, respectively. The particles were 
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sputtered with a thin layer of graphite before imaged. And 
the composites were polished and coated with a thin layer 
of gold for better imaging. From these figures, it can be 
seen that the phosphor particles are randomly distributed 
in the silicone matrix. Thus the silicone/phosphor com-
posite physical model was established as shown in Fig. 2a. 
To simplify the generation process, each phosphor particle 
was simulated as spherical particle and the particle diam-
eter in the physical model was defined as the average grain 
size. The upper and lower boundaries are isothermal at T1 
and T2, respectively and the left and right boundaries are 
insulated. 

Because of the weak wetting characteristic, separations 
exist between the silicone and the phosphor particles essen-
tially. Specially, a thin layer of interface was introduced 
into the physical model to separate the silicone matrix and 
the phosphor particles [15]. Figure 2b shows the interface 
layer, it introduces an effective thermal contact resistance 
layer in order to investigate the size effect of the phosphor 
particle.

Figure 3 shows the schematic diagram of a phosphor 
particle in silicone matrix with the interface layer, the direct 
connected nodes to the phosphor particle nodes are defined 
as interface layer instead of silicone matrix. Obviously, the 
thermal contact resistance is affected by the particle surface 

area sensitively, which can be reflected by the interface 
layer. Moreover, it is assumed that the interface layer thick-
ness is not influenced by particle size under the same mix-
ing conditions. In this way, the particle size is controlled by 
changing the number of nodes in the algorithm. Referred 
to Fig. 3, a “stair-case” approximation is applied to accom-
modate the phosphor particles, and the random generation 
process is described as follows: (1) All the grids are marked 
as s = 0 with the symbol s meaning different material in 
the composite and 0 representing the silicone matrix. (2) 
Randomly generate a node (x0, y0) as the particle center, 
and the nodes whose distance to the center are less than the 
given phosphor particle radius r are assigned as s = 1. For 
the nodes that are just outside the outline of the phosphor 
particle, the symbol s is defined as s = 2 which represents 
the interface layer. (3) Generate a new particle center and 
examine whether the symbol s of all the particle includ-
ing nodes equals to 0, if so, repeat the step (2). (4) Gener-
ate phosphor particles randomly until the volume fraction 
reaches the objective value φ. Then the silicone/phosphor 
composite microstructure can be generated in a random 
generation method.

2.2  Lattice Boltzmann algorithm

The energy transport equations for the temperature and heat 
flux fields should be solved to calculate the effective ther-
mal conductivity of the silicone/phosphor composite. For 
convenience, the algorithm is introduced in a two-phase 
situation [16], based on which the silicone matrix and the 
phosphor particle with the interface layer can be simulated 
in the same way.

For a steady pure thermal conduction without phase 
change and convection, the equations for the two-phase 
structure without heat sources are written as

where the subscript n represents the nth phase, then kn is 
the local thermal conductivity of the nth phase, and ρ is 

(1)(ρcp)n

(

∂T

∂t

)

= kn∇2T

Fig. 1  SEM photographs of phosphor particle (a) and silicone/phos-
phor composite (b)

Fig. 2  a Schematic diagram of 
silicone/phosphor composite 
physical model. b The enlarged 
view of the interface layer
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the density, cp the specific heat capacity, T the temperature,  
t the time.

The temperature and the heat flux continuities should be 
satisfied at the inter-phase surfaces between two phases (i 
and j) are

where the subscript int means the interphases between any 
two phases i and j.

Based on these equations, the evolution equation can be 
described as [17, 18]

where ga is the local distribution in each discrete direc-
tion, r is the position vector, t is the real time, δt is the 
time step, τn is the dimensionless relaxation time for local 
phase, and ea is the discrete velocity. For the simulation 
model, we compared the two dimensional model and three 
dimensional model and found that both of the modelling 

(2)Ti,int = Tj,int

(3)ki
∂T

∂ n̂

∣

∣

∣

∣

i,int

= kj
∂T

∂ n̂

∣

∣

∣

∣

j,int

(4)ga(r + eaδt , t + δt)− ga(r, t) = − 1

τn
[ga(r, t)− g

eq
a (r, t)]

results were close to the experimental data. While the 3D 
simulation takes more than 200 times grids and very long 
time, and what’s more, the calculation is very complex. In 
the basic level of acceptable deviation limitation, 2D sim-
plification is applied. So the two-dimensional nine-speed 
(D2Q9) model is chosen to improve the computational effi-
ciency, in which ea is

And the corresponding equilibrium distribution function 
g
eq
a  is given by

The dimensionless relaxation time τn in Eq. (4) is 
decided by the thermal conductivity of each material as

In order to ensure the continuity at the inter-phase sur-
face [19], under the premise of correctness the volume ther-
mal capacities (ρcp) should be set as

And c is the lattice sound speed defined as

with δx the grid size.
The value of c can take any positive value to make sure 

the value of τn within (0.5, 2) [20]. Then the macroscopic 
variables temperature and heat flux can be calculated as 
[21]

Once the temperature and the heat flux are solved, the 
effective thermal conductivity keff is determined as

where q is the steady heat flux across the composite sec-
tion between the temperature difference �T  with the dis-
tance L.

(5)

ea =











(0, 0), a = 0

(cos θa, sin θa)c, θa = (α − 1)π
�

2, a = 1− 4√
2(cos θa, sin θa)c, θa = (α − 5)π

�

2+ π
�

4, a = 5− 8

(6)g
eq

a
=











0, a = 0

T

6
, a = 1− 4

T

12
, a = 5− 8

(7)τn =
3

2

kn

(ρcp)nc2δt
+ 0.5

(8)(ρcp)i = (ρcp)j

(9)c = δx

δt

(10)T =
∑

a

ga

(11)q =
(

∑

a

eaga

)

τn − 0.5

τn

(12)keff =
qL

�T

Fig. 3  Schematic diagram of a phosphor particle in silicone matrix 
with the interface layer
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2.3  Boundary conditions

There are two kinds of boundaries in this silicone/phosphor 
composite model in lattice Boltzmann method. To deal with 
the isothermal boundary, a bounce-back rule of the non-
equilibrium distribution proposed by Zou and He [22] is 
applied. Then the isothermal boundary can be described as

where the subscripts a and b represent the opposite discrete 
velocity directions and the equilibrium distribution func-
tion geq can be obtained by the Eq. (10) on the boundary.

For the insulated boundary, the Neumann boundary 
treatment is chosen to ensure that the boundary temperature 
gradient equals to zero [23]. While this can lead to energy 
leak along the insulated surfaces, to avoid that a specula 
reflection treatment is introduced here as

3  Results and discussion

3.1  Benchmarks

The lattice Boltzmann method and the codes were validated 
according to some simple models which have theoretical 

(13)ga − geqa = −(gb − g
eq
b )

(14)ga = gb

solutions. Figure 4 shows the two models. In Fig. 4, the 
parallel model and the series model are the basic thermo-
dynamic models whose effective thermal conductivities 
are (k1 + k2)

/

2 and 1
/

(1
/

2k1 + 1
/

2k2) in theory, respec-
tively. k1 and k2 are the thermal conductivities for these two 
components.

Since that the thermal conductivities of the silicone 
matrix and phosphor particle is 0.16 and 13 W/m K respec-
tively, for the validation if the algorithm could work under 
such a conductivity contrast, k1 was kept as 0.16 W/m K 
with k2 changing as 0.32, 1.6, 3.2, 16, 32 W/m K respec-
tively. The simulation results compared with the theoretical 
solutions were listed in Table 1. Table 1 shows that the rela-
tive deviations are no larger than 0.251 % which are in the 
range of permitted errors. The comparison indicates that 
the lattice Boltzmann method for silicone/phosphor com-
posites is accurate.

3.2  Effective thermal conductivity of the silicone/
phosphor composites

In this calculation, the thermal conductivities of the silicone 
matrix and the phosphor particle are 0.16 and 13 W/m K. 
And the simulation was performed under the condition that 
T1 = 300 K, and T2 = 290 K with a 400 µm× 200 µm 
computational domain. The mean size of the phosphor par-
ticle was 13 μm. Changing the volume fraction of phosphor 
as 0.038, 0.075, 0.158, 0.25, 0.35 and 0.45 respectively, 
the effective thermal conductivity of the silicone/phosphor 
composites was simulated. Experiments under the same 
conditions were also done in our previous work in Ref. [8]. 
In the experiments, the experimental equipment uncertainty 
is 3 %, and to increase the experimental accuracy, all the 
samples were measured for five times under each volume 
fraction and the mean value of them were calculated.

The grid independence proof was done. Figure 5 pre-
sents the effect of grid number on the effective thermal 
conductivity at the phosphor volume fraction of 0.038, 
0.158 and 0.45. The abscissa of Fig. 5 is the grid number 
in the thickness direction, and the ordinate is the calculated 

Fig. 4  Two models with theoretical solutions. a Parallel model. b 
Series model

Table 1  The comparison between the simulation results and the theoretical solution

k1 (W/m K) k2 (W/m K) Parallel model Series model

Theoretical solu-
tion (W/m K)

Simulation result 
(W/m K)

Relative devia-
tions (%)

Theoretical solu-
tion (W/m K)

Simulation result 
(W/m K)

Relative 
deviations 
(%)

0.16 0.32 0.240 0.240 0.000 0.2133 0.2134 0.047

0.16 1.6 0.880 0.880 0.000 0.2909 0.2912 0.103

0.16 3.2 1.680 1.680 0.000 0.3048 0.3053 0.164

0.16 16 8.080 8.079 0.012 0.3168 0.3175 0.221

0.16 32 16.080 16.078 0.012 0.3184 0.3192 0.251
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effective thermal conductivity. In Fig. 5, with grid number 
increasing, the curves are close to horizontal lines, which 
proves the simulation convergence. A 400 × 200 grid is 
finally chosen to guarantee the computation accuracy and 
save the calculation time. Besides, to avoid the random dis-
tribution influence on the effective thermal conductivity, 
the average values of effective thermal conductivity under 
200 and 1000 iterations were compared both at the lowest 
and the highest volume fractions. With only a deviation of 
0.28 %, a total of 200 iterations were performed to obtain a 
representative simulation result.

The comparison between the simulation results and the 
experimental data at different volume fraction was shown 
in Fig. 6. The abscissa of Fig. 6 is the volume fraction of 
the phosphor particles, while the ordinate is the effective 
thermal conductivity of the silicone/phosphor composites. 
In Fig. 6, we also compared our results with the effective 
thermal conductivity prediction models [24, 25].

For the Maxwell–Garnett model,

where φ is the volume fraction and α is the dimensionless 
parameter written as

where Rb is interface thermal resistance between the parti-
cles and the matrix and d is the particle diameter.

For the Bruggeman asymmetric model,

The Bruggeman asymmetric model is typically used for 
spherical particles with high volume fraction.

Nonlinear curve fitting by minimizing the deviations 
between the simulation results and the model predictions is 
applied to determine the value of α, which represents the 
particle size and interface effect. Based on the least-square 
algorithm, α equals to 0.08 when the volume fraction is 
low, while 0.032 at a high volume fraction. The difference 
may result from the direct contact between particles.

From Fig. 6, it can be found that the LBM predictions 
agree with the experimental data well at the volume frac-
tion from 0.038 to 0.45, which is real fraction range in 
silicone/phosphor composite applications. And the detailed 
deviation analysis was given in Table 2. Table 2 indicates 
that the relative deviation is no larger than 6.761 %.

Figure 6 also shows that the effective thermal conduc-
tivity is enhanced with the volume fraction increasing. 
The effective thermal conductivity increases slowly when 
the volume fraction is lower than 0.2, while it has a sharp 

(15)
keff

ks
= [kp(1+ 2α)+ 2ks] + 2φ[kp(1− α)− ks]

[kp(1+ 2α)+ 2ks] − φ[kp(1− α)− ks]

(16)α = 2Rbks

d

(17)(1− φ)3 =
(

keff

ks

)
1+2α
1−α

×
{

keff − kp(1− α)

ks − kp(1− α)

}
3

1−α

increase after that. Compared with prediction models, we 
also found that when the volume fraction is low, the LBM 
results match to the Maxwell–Garnett modeling (dash 
line) well. It is usually believed that the Maxwell–Garnett 
model [26] is especially suitable for spherical particles 
with φ < 0.4 [27]. In Fig. 6, it is also found that when the 
volume fraction reaches at 0.35, the results match to the 
Bruggeman asymmetric model (solid line) [28]. This model 
is typically used for spherical particles with high volume 
fraction.

3.3  Size effect of the silicone/phosphor composites

To investigate how the phosphor particle size affects the 
effective thermal conductivity, a thin interface layer is 

Fig. 5  The effect of grid number in the thickness direction on the 
effective thermal conductivity

Fig. 6  Comparison between the simulation results and the experi-
mental data
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introduced into the model with its thermal conductivity kint 
as 0.01 W/m K [15]. The simulations were done under dif-
ferent particle sizes as: (1) d1 = 4 μm; (2) d2 = 8 μm; (3) 
d3 = 12 μm; and (4) d4 = 16 μm. They are cases (1) to 
(4) respectively. In case (5), the ratio of the 4 μm-diameter 
particle number to the 16 μm-diameter particle number 
is 2–1. All the cases are listed in Table 3. In all of these 
five cases, the volume fraction of the phosphor changed as 
0.075, 0.158, 0.25, 0.35 and 0.45.

The simulation comparison under different phosphor 
particle sizes was illustrated in Fig. 7. The abscissa and the 
ordinate are the volume fraction of phosphor particles and 
the effective thermal conductivity as well. And the triangu-
lar, square, obtriangular and circular represent four differ-
ent phosphor particle sizes respectively.

Figure 7 shows that the effective thermal conductivity 
with the larger phosphor particle size is higher than that of 
a small particle size under the same volume fraction. The 
same phenomenon can be found in porous materials [14, 
15]. The increase can be explained as follows: The larger 
the phosphor particle, the lower the specific surface area it 
is, which leads to less scattering phenomenon in thermal 
barrier. When the particle size decreases, the particles can’t 
be able to contact well with each other, and the thermal 
contact resistance dominates the heat transfer process.

To analyze the size effect intensity on the effective ther-
mal conductivity, using 4 μm-diameter particle as base, 
the thermal conductivity growth were illustrated in Fig. 8. 
Figure 8 shows that the size effect of the silicone/phosphor 
composites is more obvious at a higher volume fraction, 
and this indicates that the phosphor particle size doesn’t 
play an important role for the effective thermal conductiv-
ity of silicone/phosphor composites at low volume fraction 
when there are not enough particles to contact with each 
other.

In addition, the effective thermal conductivity of case 
(5) was compared with case (1) and (4). The comparison 
results are listed in Table 4. Here, the increase rate is cal-
culated as

Table 2  Deviation analysis between the simulation and experimental results

Volume fraction of phosphor Simulation result (W/m K) Experimental result (W/m K) Relative deviations (%)

0.038 0.1689 0.1680 0.536

0.075 0.1820 0.1750 4.000

0.158 0.2215 0.2200 0.682

0.25 0.2737 0.2850 3.965

0.35 0.4911 0.4600 6.761

0.45 0.7975 0.7629 4.535

Table 3  Different cases for investigating size effect

Case (1) (2) (3) (4) (5)

d (μm) 4 8 12 16 n1:n4 = 2:1

Fig. 7  The simulation result comparison under different phosphor 
particle sizes

Fig. 8  The comparison of the effective thermal conductivity using 
4 μm-diameter particle as base
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From Table 4, we find that under the condition that the 
small phosphor particles and the large phosphor particles 
are mixed, the effective thermal conductivity becomes 
higher. The reason is that the small phosphor particles 
can make up the space of the large particles, and this can 
increase the contact surfaces and escape from the air void. 
By means of mixing, particles can make alignment and 
provide more heat pathway across the composites [29]. 
Figure 9 shows the heat streaming lines and it proves the 
above conclusion.

4  Conclusions

A lattice Boltzmann model was applied to predict the effec-
tive thermal conductivity of silicone/phosphor compos-
ites with a random structure generation method. Based on 
the benchmark validations, the lattice Boltzmann method 
was applied to predict the effective thermal conductivity 
of the silicone/phosphor composites. Compared with our 

(18)Increase rate = 1

2

[(

k
eff 5 − k

eff 1

k
eff 1

)

+
(

k
eff 5 − k

eff 4

k
eff 4

)]

published experimental work, the lattice Boltzmann model 
can provide an accurate prediction at the volume fraction 
from 0.038 to 0.45. The simulation results also show a bet-
ter consistency with existing thermal conductivity predic-
tion models. The size effect of the phosphor particle was 
also analyzed using this method. The simulation results 
also indicate that effective thermal conductivity of the com-
posite with larger particle is higher than that with small 
particle at the same volume fraction. While mixing these 
two sizes of phosphor particles provide an extra enhance-
ment for the effective thermal conductivity.
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