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Abstract: This paper presents the results of a numerical investigation by design of exper-
iments of the thermal management of a symmetrical rectangular heat sink for LED light-
ing placed in a cavity with asymmetrical conditions at its opening. Our mathematical
model is validated by an experiment we carried out for an LED placed in a cavity. Ac-
cording to the proposed design of experiments (24 factorial designs), we analyzed, by sim-
ulation modeling using COMSOL Multiphysics®, the influence of the different controlla-
ble parameters (the position A and width C of the openings, the inlet air velocity B, and
the cavity height D) on the evolution of the junction temperature in order to optimize the
thermal management of the proposed LED lamp. Using Minitab® manipulation software,
a Pareto analysis and an analysis of variance (ANOVA) were carried out, and mathemat-
ical models were deduced to estimate the optimal junction temperature and the convec-
tive heat transfer coefficient of the proposed radiator and the surrounding air as a function
of the controlled parameters. It was found that the position of the opening is the most
influential factor on the junction temperature, with a contribution of 93.46%, followed by
the factors velocity and width of the opening, with low contributions (3.22% and 1.24%).
We also observe that the height of the cavity and the interactions (A x C, AxD, Bx C, B x
D, C x D) have no significant influence on the junction temperature.

Keywords: heat transfer; convective heat transfer rate; partially opened cavity; design of

experiments

1. Introduction

High-power white LEDs are anticipated to last for a very long time—in the range of
several tens of thousands of hours [1-5]. Though they typically do not fail completely,
LEDs gradually lose some of their light intensity over time [6]. A study of the lifetime of
a white LED as a function of junction temperature was reported by Wang and Lu [7]. The
findings unequivocally demonstrate that prolonging the lifespan of light-emitting diodes
requires lowering the diode junction temperature, which can be accomplished through
effective thermal management. For some lighting applications, that occasionally requires
that the heat sink for the LED lamp be fitted into a tight area, like a false or slanted ceiling,
and the issue only grows worse over time since the amount of heat that can be transferred
outside is restricted.
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The symmetrical situation of cooling heat sinks in open space has received the ma-
jority of attention in earlier works [8-19]. However, despite its significant impact on the
performance of LED lamps, the situation of cooling the heat sink in enclosures is less con-
sidered. Actually, research on natural convection heat transfer in enclosures was done for
uses involving electronic cooling. The shape, size, and orientation of the cavity are signif-
icant factors that influence the amount of heat evacuated, according to previous numerical
studies [20-23].

Nada’s experimental work [20] focuses on the investigation of natural convection in
a cavity holding a rectangular heat sink with fins. The authors next came up with an ideal
fin spacing that optimizes both the rate of heat transfer and the effectiveness of the fins.

In [21-23], the authors examined a natural convection scenario involving a rectangu-
lar finned heat sink positioned inside a rectangular cavity. It was considered that the cav-
ity’s lateral sides are adiabatic; the upper side is maintained at a cold temperature, while
the lower side is kept at a hot temperature. Both the length and the spacing of the fins
have been examined for their effects. Hasnaoui et al. [23] used numerical analysis to re-
solve the Navier-Stokes equations in their dimensionless form in order to study the same
setup with adiabatic fins. They discovered that the cavity aspect ratio, cooling ribs length,
fin aspect ratio (the fin length vs spacing between them), and the cavity inclination are the
variables influencing the heat transfer rate. In our recent article [24], we looked at how the
cavity’s length and orientation affected the thermal and optical characteristics of the LED
device. We discovered that the ideal cavity length for maximizing heat transmission in
the cavity is four times the length of the heat sink fins.

Because of the relatively low heat transfer coefficient during passive cooling, a larger
heat transfer area than during active cooling is needed to dissipate the same quantity of
heat at the same temperature difference [25]. The benefits of passive cooling include zero
energy usage, quiet operation, and high reliability because there are no moving parts.
Large, heavy heat sinks and the inability to regulate the heat transfer rate are drawbacks.
Therefore, natural convection cannot maintain the LED junction temperature at a constant
level under changing ambient temperature circumstances or varying heat generation.
Since forced convection accounts for the majority of active cooling, its heat transfer coef-
ficient is much greater than that of natural convection. With the same heat flow rate from
the heat source and the same temperature differential, this enables a smaller heat transfer
area of the heat sink than would be the case naturally. The benefit of active cooling is the
ability to regulate the heat flow rate in order to maintain a consistent LED junction tem-
perature regardless of changes in the ambient temperature.

In this context, we propose an asymmetrical model that consists of creating openings
on the sidewalls of the cavity, where a heat sink is located, and studying the influence of
the different controllable parameters in the case of forced convection (the position and
width of the openings, the cavity height, and the air velocity) on the evolution of the junc-
tion temperature and the convective heat transfer coefficient in order to boost the heat
transfer and increase the lifespan of the LED lamp. Our three-dimensional simulation
models have many input parameters, and predicting which ones have a significant influ-
ence on junction temperature can be a challenge. The most common method is to modu-
late one parameter at a time, but 1/ this is very inefficient and time-consuming, and 2/
more seriously, this method can be wrong because in many cases, the different factors can
interact and produce a response induced by the simultaneous action of several factors [26—
30]. In this paper, we use a full factorial design of experiments whose major goal is to
calculate the important factors and mathematical correlations to determine the junction
temperature and the convective heat coefficient of air around the proposed heat sink.
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2. Problem Formulation and Numerical Methodology

From the reference configuration (Figure 1), three-dimensional modeling was carried
out in a Cartesian coordinate system.

Cavity

Thermal sink

Led lamp \

Thermal interface
Figure 1. Different components of the model.

The system consists of several components designed for effective thermal manage-
ment of the LED. The LED chip is made of gallium nitride (GaN), selected for its excellent
light emission properties and high thermal stability under elevated temperatures [31].
Furthermore, these nitride LED materials are also simulated for these properties by phase
field models combined with a Density Functional Theory—Fed Phase Field Model [32]. A
thermal interface material (TIM), composed of a graphite interface, is used to improve the
thermal contact between the LED chip and the substrate. The substrate is made of copper,
chosen for its high thermal conductivity, which efficiently transfers heat from the LED
chip to the heat sink. The heat sink is constructed from aluminum, known for its good
thermal conductivity, light weight, and cost-effectiveness in dissipating heat into the sur-
rounding environment.

2.1. Geometry and Thermal Characteristics of Different Parts of the System

The thermal characteristics of the different elements of the luminaire, as well as its
dimensions, are presented in Table 1 below. The study is based on a relatively common
heat sink, comprising a variable number of fins (17 fins) and length H. Each of the fins (of
a constant thickness, e = 0.2 cm) is spaced by a distance d (0.61 cm).

Table 1. Thermal characteristics and geometric dimensions of the different elements of
the luminaire.

Component Dimensions Material k (W/m-K) q /IS;K) o (kg/m3) p (Pas)
LED chip ﬁgﬁfrof; CCI;“ GaN ke (T) Gy (T) o(T)  N.U.
Thermal paste TIM d =50 um Thermal grease 3 1200 N.U. N.U.
Substrate 5.08 cm x 5.08 cm x 0.17 cm Copper 400 385 8960 N.U.
Heat sink 10 cm x10 cm x 2.5 cm Aluminum 238 900 2700 N.U.
Cavity 20 cm x 25 cm x 10 cm Air ka(T) Cpa(T) 0a(T) pa (T)

N.U.: not used.
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ke and ka are the thermal conductivity of the LED chip and the air, respectively, cal-
culated using the following equation, and the different coefficients aix are given in Table
2.

k(T) = X0 an T @™

Table 2. Coefficients related to the thermal conductivity.

LED Chip Air
aok 0.385376404 —0.00227583562
aik 0.155494059 1.15480022E-4
ax -0.00389712867 =7.90252856E-8
ask 7.42125697E-5 4.11702505E-11
Ak —7.10185482E-7 —7.43864331E-15
ask 2.58023057E-9 0

The specific heat is calculated using Equation (2), and the different coefficients are
given in Table 3.

Cp(T) = Xipac T )

Table 3. Coefficients related to the specific heat.

LED Chip Air
aco 350.886683 1047.63657
ac 0.467877892 —0.372589265
ac -1.40291068E-4 9.45304214E-4
acs 0 -6.02409443E-7
ac 0 1.2858961E-10

The LED chip density ot is calculated using Equation (3). The coefficients aLi are given
in Table 4.

p(T) = i3=0 a; T! 3)

Table 4. Coefficients related to the density of the LED chip.

aLo aLrl aLz aLs3
7576.346 -0.485959 2.27453E-6 -1.62125E-7
The dynamic viscosity of the air is calculated using Equation (4). The coefficients a;
are given in Table 5.

Ma(T) = ‘il-=0 Agi Ti (4)

Table 5. Coefficients related to the density of the LED chip.

da0 dal da2 da3 da4
-8.38E-7 8.357172E-8 —-7.6942E-11 4.643E-14 1.06585E-17
Qa 1is the air density, which is calculated from the ideal gas law:
Patm
Pa=75—~—
R (©)
(R, )T

where M,, = 28.97 kg/kmol, is the molecular weight of air.

2.2. Initial Hypotheses and Basic Theoretical Equations

The following assumptions are made as a starting point:
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The airflow is incompressible, laminar, and Newtonian (constant viscosity).
All the constituent materials of the system (heat sink, LED, etc.) are homogeneous

and isotropic.
The thermal characteristics of the different materials (except air and the LED light
source) are assumed to be independent of temperature and constant [33].

With these basic principles, the relationships that govern the studied device are as

follows.
For the air side
Continuity
d(pu)  d(pv)  d(pw) _
0x * dy * 0z =0 ©)
Momentum equations in 3D dimensions (x, y and z):
dpu d(pu?) d(puv) J(puw oP o*’u  0*u  9%*u
dpu  9(p )Jr (p )Jr (puw) _ 0P oL o o @)
ot dx dy dz ox 0x?  dy?  0z?
dpv  d(puv) d(pv?) d(pvw) 0P 0’v 9*v 0%
T TTay T o tMaetartas )
dpw d(puw) d(pvw) d(pw2)  OP ’w  *w  d*w
ot Vo T Ty T T Maaetartaz) P O
Energy equation
d(puT) d(pvT) d(pwT) k (3°T 0°T 9°T
(p ) 9 )+ (p ) _ Je(oor o7 07T (10)
ox ady 0z Cp\0x?  0dy* 0z*
And the energy equation for the solid side:
aT 62 2 2

where G, is the specific heat;

1, the dynamic viscosity;

p, the density;

g, the gravity acceleration;

k, the thermal conductivity;

T, the temperature;

t, the time;

p, the pressure;

and u,vand w are the velocity components in the x, y and z directions, respectively.

2.3. Boundary Conditions of the System Studied

These conditions are symmetrical and correlated with the equations as follows:

The injected power of the LED light source is equal to 36.3 W. The efficiency of an
LED light source is in the order of 30%, and there is no loss other than thermal losses.
So, 70% of the injected power is converted into heat [34-36]. The dissipated power @
is then equal to 25.41 W.

We consider the following boundary condition: the heat flow on the base of the heat
sink is uniform:

u=v=w=0; —ks dT/dn = ®

where n is the normal distance to the surface of the baseboard.
e  All the sidewalls of the cavity except the openings are maintained adiabatic.

(12)
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u=v=w=0;0T/dn = 0 (13)

e  We consider a conjugate heat transfer at the interface between solid and fluid. We
have applied to our study these conditions between the air (fluid) and the heat sink
(solid), and then, the heat transfer inside the aluminum basement (solid) follows the
Laplace equation, and the one inside the air (fluid), the Navier-Stokes equation. Con-
sidering the continuity between the aluminum and the air (solid and fluid domains),
solving this equation system allows us to determine the temperature and heat flux
distributions on this interface.

The following equations govern the continuity condition between the heat sink and
the air:
Tﬂuid, interface = Tsolid, interface

T 1ia 0T so1ia (14)

kfluid = Ksolia “on

on interface interface

2.4. Mesh and Simulation

The numerical simulation was conducted using COMSOL Multiphysics®, a commer-
cial code based on the finite element method. We chose to work with a normal mesh com-
posed of 760841 domain elements, 58744 boundary elements, and 5246 edge elements. It
was found that additional elements had no effect on the temperature variation.

The temperature distribution and the velocity vectors inside the cavity are presented
in Figure 2. We notice that there is a profile of symmetry with respect to the median ver-
tical of the cavity: the direction of the airflow is from the bottom, at the level of the LED
(heat source) towards the top (the heat sink), then it rises until it reaches the upper wall
of the cavity, then the air follows the shape of the cavity and ends up going down the
sidewalls. At this stage, we witness the formation of boundary layers that play an im-
portant role in cooling the hot air coming from the LED.

(@)
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(b)

Figure 2. Symmetrical temperature and velocity fields at t =2500 s; (a) in 3D presentation; (b) in 2D
presentation (y-z cut plane, x =10 cm).

3. Experiment and Model Verification

In order to validate the simulation, from the results found with COMSOL Multiphys-
ics®, an experiment was carried out and the results obtained were compared with the nu-
merical ones.

3.1. Presentation of the Experiment

To carry out the experiment, we used an LED of type BXTRA-W3500 and an alumi-
num heat sink with the same dimensions and properties given in Table 1. Temperature
measurements were conducted using Type K thermocouples (temperature range 0-1100
°C), positioned as shown in Figure 3, to record temperatures over time at specific points
on the LED and the heat sink. These thermocouples were connected to a PicoLog (TC-08)
data logging station, linked to a computer for real-time display and recording of temper-
ature profiles. The system was powered using a voltage generator (U =22V and I = 1.65
A) and placed in a cavity open on two sides, where the external temperature was main-
tained at 22 °C (measured with a fifth thermocouple). To minimize external disturbances,
the entire setup was enclosed in a large box, as shown in Figure 4.

., Point4

Computer

™ Point3

Alimentation Lighting system

TC-08
Datalogger

Figure 3. Simplified measurements setup diagram.
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Figure 4. Experimental setup.

3.2. Data Acquisition and Processing

To ensure accurate and reliable results, the temperature sampling rate was set to 1
Hz, meaning that one measurement was taken every second at four specific points. At
each time step, three samples were taken at each measurement point. These samples were
then averaged to reduce measurement noise and ensure data reliability. The entire exper-
iment was repeated three times under identical conditions to verify the overall consistency
and robustness of the data.

To assess the uncertainty of the results, several sources of uncertainty were consid-
ered: the Type K thermocouple, classified under class 1 tolerance, has a tolerance limit of
#1.5 °C; the PicoLog TC-08 has a tolerance of +0.5 °C; and cold junction compensation
introduces an additional uncertainty of approximately +0.5 °C. By combining these uncer-
tainties using the root-sum-square (RSS) method, the overall uncertainty was estimated
to be approximately +1.65 °C. These considerations were carefully integrated into the anal-
ysis to ensure the reliability of the numerical validation.

3.3. Validation

In order to make a comparison between the experimental and the numerical results,
we plotted, as shown in Figure 5, curves of the evolution of temperature as a function of
time at the level of each point shown in Figure 6. The experimental measurements and the
model present a very good correlation, which validates the numerical model.
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Figure 5. Numerical and experimental measurements of the temperature at different points.

. ' S NTUN

(b)

Figure 6. The different points chosen for the numerical study (a) and experiment (b)—Point 01: at
the LED—Point 02: between two fins—Point 03: at the level of the heat sink base—Point 04: at the
level of the fin.

4. Results
4.1. Design of Experiments (DoE): A Parametric Study

The position (A) and the width (C) of the openings, and the height of the cavity (D)
as well as the air velocity (B) are the main parameters influencing the junction temperature
(Tj), as presented in Figure 7. Table 6 gives their levels of influence in their reduced and
real values.

Table 6. Main factors and their corresponding levels of influence.

Fact Level
ors
ac Reduced Value Real Value
-1 0
Position (A) o
+1 5cm
. -1 1m/s
Velocity (B) " 2 m/s
-1 5
Opening width (C) 1 1 OC;;
-1 10 cm

Cavity height (D) +1 20 cm
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10
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cm

Figure 7. Geometry with holed cavity.

4.1.1. Design of Experiments

We consider a design of experiments composed of four factors at two levels, which
results in a total number of trials equal to 16. Since this number is acceptable to work with,
a complete factorial design was used according to which the experimental design matrix
was given by Minitab® software and is presented in Table 7.

Table 7. Experimental design matrix.

Run N° Experimental Factor Level Respon:se (°O)
A B C D Tj
1 -1 -1 -1 +1 55.11
2 -1 -1 +1 -1 45.88
3 +1 -1 +1 +1 88.25
4 -1 +1 -1 +1 38.91
5 +1 -1 -1 -1 91.70
6 +1 +1 -1 +1 89.33
7 -1 +1 -1 -1 39.14
8 -1 -1 -1 -1 54.84
9 -1 -1 +1 +1 44.63
10 +1 -1 -1 +1 89.06
11 +1 +1 +1 +1 83.21
12 +1 +1 +1 -1 85.64
13 -1 +1 +1 +1 32.86
14 +1 -1 +1 -1 92.72
15 -1 +1 +1 -1 33.98
16 +1 +1 -1 -1 91.23

The computed temperatures vary between 32.86 °C and 92.72 °C. These values were
obtained under different parameter settings and represent the expected thermal behavior
of the system under realistic operating conditions. The highest calculated temperature,
92.72 °C, is well below the critical threshold of 120 °C, which is commonly accepted as the
upper limit for safe LED operation. As such, the temperature range observed in our sim-
ulations confirms that the LED operates within a safe and optimal thermal range, prevent-
ing the risk of overheating and ensuring long-term performance and reliability.
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4.1.2. Effects Study

Among the results obtained in Table 7, we could identify, using Minitab software,
the most important effects in the formulation.
These effects are mentioned as statistically significant if the p-value mentioned in Ta-
ble 8 is less than 0.05 and if our value of R2 (the correlation coefficient) is close to 100%.
The p-value varies from 0 to 1 and expresses the probability that the results observed
within a study can occur randomly:
o Ifp>0.05, the factor is insignificant.
e If p<0.05, the factor is significant.

It is clear in this table that the factor A, the position of the opening in the cavity, has
the most influence on the temperature result Tj (°C) with the greatest effect (45.724).

Table 8. Effect matrix.

Term Effect Coeff. p-Value
Constant 66.031 0.000
A 45.724 22.862 0.000
B -8.486 -4.243 0.001
C -5.269 —2.634 0.006
D -1.721 -0.861 0.193
AxB 5.406 2.703 0.005
AxC 2.394 1.197 0.091
AxD -1.139 —0.569 0.366
BxC -0.461 -0.231 0.704
BxD 0.301 0.151 0.803
CxD -0.596 -0.298 0.625

4.1.3. Regression Equation

To enhance clarity and focus on significant effects, we repeated the iteration while
eliminating statistically insignificant components (D, AC, AD, BC, BD, CD) from our
model and identified a reduced model that includes only significant factors (A, B, AB, C).
This adjustment allowed us to present a clearer analysis of the results.

The regression equation reveals the combination between the junction temperature
(Tj) and the other independent variables studied (the position of the opening (A), its width
(C), and the air inlet velocity (B) are given in Equation (15)). The temperature is expressed
by the quadratic mathematical model, and the values of the correlation coefficients are
given in Table 9.

Tj(°CO)=ay +a; XA+ a, X B+a; X C+ a;, X AXB (15)

Table 9. Correlation coefficients.

Qg a a; a; L5V
66.031 22.862 —4.243 — 2.634 2.703

The intercept (66.031 °C) represents the baseline temperature when all factors are at
their reference levels, typically the center or average values of each factor’s range. The
main effects show that position has a positive relationship with temperature, meaning that
an increase in position leads to a rise in temperature by 22.862 °C, assuming the other
factors are constant. In contrast, velocity has a negative effect, with each unit increase in
velocity resulting in a decrease in temperature by 4.243 °C. Similarly, increasing the open-
ing width decreases the temperature by 2.634 °C. There is also an interaction between
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position and velocity, with a positive coefficient of 2.703, meaning that the effect of posi-
tion on temperature becomes more significant at higher velocities, and vice versa.

The model summary given in Table 10 indicates that the model fits the data very well.
The standard error S suggests that, on average, the predictions made by the model are off
by about 2.5 °C from the actual temperature values, which is relatively small, indicating
good precision. The coefficient of determination R? = 99.23%, which indicates that the
modeling is suitable since this coefficient is very close to 1. In fact, this value can only
explain 99.23% of the variability in the response by the model, and, therefore, 0.77% re-
mains unexplained. This value of the coefficient of determination indicates that the junc-
tion temperature measurements obtained are modeled very satisfactorily by the model.
This coefficient is adjusted to reach R?*(adj) = 98.95%. This correction of the R? allows us to
take into account the number of parameters used in our model. Additionally, the pre-
dicted R? (R*(pred)) is also high, which indicates that the model will likely perform well
on other new data cases. These coefficients indicate a good correlation and a qualitative
agreement between the model and the data.

Table 10. Model summary for the reduced model.

S R? R2(adj) R2(pred)
2.50 99.23% 98.95% 98.37%

5. Discussion

5.1. Statistical Analysis
5.1.1. Analysis of Variance (ANOVA)

The ANOVA is useful for studying the influence of input variables from the results
obtained, while using the experimental design method. Moreover, it allows us to present
an interpretation of the results (output data). It is based on the partition of the total varia-
tion in the modeling into elements attributed to the controlled parameters and the errors
made.

Equation (16) expresses the sum of squares (SC) to estimate the square deviation from
the overall mean.

Nnf, _
S = 5 X G = ) (16)

With y = % L1y, average responses include the following:

¥;: mean response observed in the modeling;

N: total number of modeling;

N, factor level.

The mean of squares (MC) is calculated by dividing the sum of squares SS by the
degree of freedom df;.

_ SS

af;

Then, we calculate the contribution of each factor to the total variation, the last col-
umn of the ANOVA table (cont.%), to show the influence on the result.

21 %100 (18)

SCt

Mc; (17)

Cont.% =

Table 11 shows the ANOVA results for the LED lamp junction temperature corre-
sponding to the reduced model. The goal is to analyze the effects of the main factors as
well as their interactions on (Tj).
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Table 11. ANOVA results for junction temperature for the reduced model.

Source DF Adj SS Adj MS F-Value p-Value Cont.%

A: Opening position 1 8362.65 8362.65 1592.42 0.000 93.46%
B: Air velocity 1 288.07 288.07 54.85 0.001 3.22%
AxB 1 116.91 116.91 22.26 0.005 1.30%

C: Opening width 1 111.04 111.04 21.14 0.006 1.24%
Error 11 68.85 0.78%
Total 15 8947.51 100%

The Fisher’s F test for our model was calculated with Minitab® software (F-value =
169.88), and the probability associated with the Fisher test (F-value) is equal to 0. This
shows that the risk of the model being insignificant is 0%. In conclusion, ANOVA makes
it possible to qualify the selected model.

In Table 11, it is clear that A, the position of the opening, is the most influential factor
on the temperature (Tj), with a contribution of 93.46%. This shows that the positioning of
the opening is crucial for heat dissipation, as it directly affects airflow. The air velocity (B)
also plays a moderately important role, contributing 3.22% to the temperature variation.
Faster airflow helps to carry heat away more efficiently, although its impact is much
smaller compared to the opening position. The opening width (C) has a smaller effect,
with just 1.24% of the variation explained. Lastly, the A x B interaction (1.30%) shows that
the combined effect of the opening position and air velocity is important, showing that
airflow works best when paired with an optimal opening position.

5.1.2. Pareto Chart and Graphical Analysis of the Results Obtained

The Pareto chart below (Figure 8) gives the importance of the influence of each pa-
rameter estimated for the reduced model, in descending order.

Pareto Chart of the Standardized Effects

(response is Tj (°C); a = 0,05)

Term 2,20
| Factor Name

A position (A)
B velocity (B)

A A C opening width (C)
D cavity height (D)

B

AB
C
0 10 20 30 40

Standardized Effect

Figure 8. Pareto chart of the standardized effects for the reduced model.

Using Minitab software, this chart (Figure 8) also allows us to estimate the individual
effects of these different significant parameters as well as their interactions. The amplitude
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of each bar is proportional to the standardized effect, and this is equal to the estimated
effect divided by its standard error. The chart in Figure 8 also contains a vertical line that
corresponds to the statistical value threshold (95%). When the corresponding bar exceeds
the statistical value threshold, the effect of the parameter studied is significant.

The Pareto chart shows the effects affecting the (1j) response. We can say that the
minimization of the junction temperature is directly influenced by the opening in the cav-
ity and the addition of a well-calculated air inlet speed.

The main effects plot allows us to analyze the difference(s) between the level means
of one or more factors and shows the average response for each factor level connected by
a line.

Figure 9 shows the main effects of cutting parameters on temperature (Tj) as a func-
tion of cutting conditions. The analysis of the graphs shows again that the position of the
opening is the most influential factor on the temperature (Tj) because it has the greatest
slope, followed by the air speed and the width of the opening.

Main Effects Plot for Tj (°C)
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Figure 9. Main effects graph Tj (°C) for the reduced model.

5.1.3. Diagram of Interactions

Interaction plots help determine the effect of one categorical factor on the relationship
between a second categorical factor and a continuous response. This graph shows the cor-
responding mean at one factor level on the x-axis, and a separate line for each level of the
other factor.

In this interaction diagram (Figure 10), the lines are almost parallel, meaning that the
interactions (A x C), (B x C) are not significant, since the different curves are almost paral-
lel, whereas (A x B) shows a slight difference, with an interaction of 1.3%.
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Figure 10. Interaction diagram for Tj (°C) for the reduced model.

5.1.4. Optimization and Validation of Results

In the Minitab software interface, the results optimization function allows us to men-
tion the optimal parameters for the response according to the variables that we have en-
tered in the worksheet of our software, as shown in Table 12.

Table 12. Optimization parameters.

Response Objective Target Goal Higher Goal Weighting Importance

T (°C) lower 32.86 92.72 1 1

Our goal is to minimize the junction temperature of the LED light source as much as
possible. The solution is given in Table 13.

Table 13. Multiple Response Predictions Configuration.

Variable Configuration
A -1
B 1
C 1
D 1
Response Adjusted value CI at 95% IP at 95%
Tj (°C) 31.72 (26.84; 36.61) (24.07; 39.37)

The fitted value (also called adjusted value) for these parameters is equal to 31.72 °C.
The confidence interval (CI) specifies the range of possible values for T, which, with opti-
mization, is likely to be between 26.84 and 36.61 °C.

A prediction interval (PI) is the range likely to encompass the future response to a
specified combination of variable parameters.

The desirability ranges from 1 (this is ideal) to 0 when the response is outside the
acceptable range.
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The optimization plot in Figure 11 shows the effects of the variables on the predicted
response. This graph allows us to analytically determine the optimal values of the operat-
ing factors influencing the junction temperature using an optimization process by maxim-
izing the desirability function.

Optimal ) A B C D
D: 1.000 High 1.0 1.0 1.0 1.0
t Cur [-1.0] [1.0] [1.0] [1.0]
Low -1.0 -1.0 -1.0 -1.0
/
y
’/
/
/
TE
(9] ‘//
Minimum ya
Vs
y = 317219 /
d = 1,0000 /,/"
/ T —
4 e T ——

Figure 11. Response optimization.

The red vertical lines and corresponding numbers indicate the optimal factor levels,
while the blue horizontal dotted line and corresponding numbers represent the average
over the best factor level found. The graph indicates that when the factors are set to the
values shown in red, the response T is minimized and the overall desirability value is
equal to 1. From this figure, we can conclude that to obtain the lowest temperature, it
suffices to use the red value, i.e., the opening in the cavity is located at 0 cm, with a width
of 10cm, an air inlet speed =2 m/s, and a height of the cavity equal to 20 cm. These param-
eters allow us to obtain an optimum temperature of Tj = 32.86 °C.

5.2. Thermal Analysis

A similar study was conducted in order to find correlations between the four inde-
pendent factors considered in the design of experiments to calculate the convective heat
transfer coefficient of the heat sink and the surrounding air.

The convective heat transfer coefficient, hs;, for one fin, of area Ag;,, can be calcu-
lated:

Qrin ()

() =4 H0 (19)

where AT =T, —Ty.
The overall heat transfer coefficient can be expressed as
N 1 .
h= ;Zﬁvﬂ hfin @ (20)

Figure 12 shows h as a function of time for the 16 tests carried out, corresponding to
the experimental design matrix of Table 7.
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Figure 12. The convective heat transfer coefficient as a function of time for the 16 tests.

The values of h found in the steady state are then introduced into the matrix, and a
correlation (Equation (21)) is deduced, for the reduced model, thus making it possible to
calculate h according to the parameters A, B, and C, expressed in real values. The corre-
sponding values of the mathematical coefficients are given in Table 14.

h=hy+mMA + h, B+ hyC +h;, AXB (21)

Table 14. Correlation coefficients.

ho hl h2 h3 h12
11.150 - 7302 2.043 0.779 - 2.185

We note that the value of the optimal coefficient corresponds to run No. 13, which
corresponds to the optimal combination given in Table 13. Figure 13 represents the corre-
sponding optimal temperature and velocity asymmetrical distributions inside the cavity.
We notice the enhancement of the heat transfer convection around the heat sink thanks to
the airflow coming from the hole, which justifies the maximum value of the convection
heat transfer coefficient for this test. Without an opening, the air remains confined inside
the cavity volume, and the thermal convection around the heat sink is mainly linked to
the chimney effect of natural convection inside it (Figure 2a,b).
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Figure 13. Asymmetrical temperature and velocity fields at t=2500 s, (a) in 3D presentation, (b) in
2D presentation (y-z cut-plane, x = 10 cm).

Here, an exponential model (Equation (22)) is used to predict the lifetime of the LED
package.

Li = aexpT (22)

where Tj (°C) is the junction temperature; a = 477377 and 3 = 0.052 [37].

Figure 14 highlights three distinct regions in the relationship between the convection
coefficient (h) and the LED lifetime, each reflecting a unique thermal management behav-
ior:

e Region1 (h <10 W/m2?K)—Low Convection, Limited Lifetime Improvement

In this initial region, as the convection coefficient gradually increases, the LED life-
time shows only slight improvement. This behavior suggests that at low convection rates,
the heat dissipation is insufficient to significantly reduce the LED’s internal temperature.
Consequently, the LED experiences high thermal stress, leading to slower gains in life-
time. Here, the cooling effect is limited, likely due to a boundary layer of air around the
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LED that restricts heat transfer. This region could be interpreted as a baseline level of con-
vection where gains in LED lifetime are minimal and thermal control is suboptimal.
e Region 2 (10 W/m2K <h <20 W/m?K)—Moderate Convection, Enhanced Lifetime Im-
provement
In this intermediate region, a notable increase in LED lifetime occurs as the convec-
tion coefficient rises. This phase indicates a transition where the heat dissipation becomes
more effective, as the convection coefficient reaches a level where it can overcome the
boundary layer resistance and improve cooling. As a result, the LED’s temperature de-
creases more substantially, leading to a significant reduction in thermal stress. This region
represents an optimal trade-off zone where an increase in convection has a meaningful
impact on the LED’s durability without reaching excessive cooling requirements.

e  Region 3 (h 220 W/m2K)—High Convection, Rapid Lifetime Extension

In this final region, the LED lifetime grows exponentially with further increases in
the convection coefficient. This suggests that, beyond a threshold of around 20 W/m?2K,
the cooling system achieves high efficiency, rapidly lowering the LED’s temperature and
almost eliminating thermal degradation. In this range, the system likely benefits from
highly efficient heat transfer, where increased airflow or higher-quality heat sinks might
be in play, providing substantial cooling that maximizes the LED’s lifespan. Taking into
account industrial constraints, which often consist of optimizing quality (best possible
performance for heat dissipation) while reducing production costs, we have chosen con-
vection coefficient values limited to what is strictly necessary, i.e., 15~25 W/m?2K.

1 : .
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Figure 14. Relationships between the lifetime of the LED and the convection coefficient.

5.3. Effect of the Thermal Losses

In this section, we compare the effect of the different parameters studied on the junc-
tion temperature when considering different values of thermal losses.

We represent in Figure 15 the evolution of the junction temperature Tj for different
percentage values, varying from a40 = 40% to a70 = 70%. It is obvious that the junction
temperature is increased by decreasing the percentage of thermal losses. But this has no
influence on the effects of the different factors. This is illustrated by Figure 16, which
shows the effects of the different factors corresponding to the different tests according to
the thermal loss percentages.
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Figure 15. Evolution of the temperature for different thermal percentage values.
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Figure 16. Effects of different parameters according to thermal percentage values.

This consistency can be explained by the fact that the geometric parameters are the
primary drivers of heat dissipation. Once convection and the cavity geometry are opti-
mized for efficient heat dissipation, variations in the amount of heat generated have little
impact. In other words, these design factors play a far more significant role in thermal
management than the actual amount of heat produced by the LED.

6. Conclusions

The numerical analysis treated in this paper presents results applied to the case of
LED lighting sources in a confined space, such as false ceilings in interior design or the
automotive field, with headlight optics. The luminous powers of LED lighting are increas-
ingly important and are found in all possible application areas, but thermal management
remains the most important point because it concerns both energy efficiency and the LED
lifetime. This paper presents a typical case that can serve as a reference concerning the
heat transfer by forced convection around a rectangular heat sink applied to LED lighting
in a cavity with openings. An experiment and numerical modeling were carried out in
order to validate our numerical model. Then, we proposed to evaluate the effects of the
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position and width of the openings, the cavity height, and air velocity on the evolution of
the junction temperature in order to optimize our model.

Since many input factors had to be taken into account, the following experiment de-
sign approach was used: the design of experiments was composed of four factors at two
levels, which resulted in a total number of trials equal to 16. Since this number is accepta-
ble to work with, a complete factorial design was applied.

A Pareto analysis and an analysis of variance (ANOVA) were carried out. It was
found that the position of the opening is the most influential factor on the junction tem-
perature, with a contribution of 93.46%, followed by the factors velocity and width of the
opening, with low contributions (3.22% and 1.24%). We also observe that the height of the
cavity is the factor that has the weakest contribution, 0.13%. These effects remain almost
the same even if the thermal losses vary between 40% and 70%.

Then, a mathematical correlation was deduced to estimate the junction temperature
and the convective heat coefficient of the air around the proposed heat sink and the sur-
rounding air, depending on the three factors found to be the most significant.
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