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Development of Cooling System for
Automobile LED Headlamp using Heat Pipe

with Crevice Type Vapor Chamber

Ji-Won Yeo

Department of Refrigeration and-Air-conditioning Engineering,

Graduate school of

Pukyong National University

Abstract

The Light Emitting Diode(LED) receives attention to headlamp of vehicle
because of reduction of using energy and cutting down on CO: emissions.
Above all, it has long life span as 10,000 hours comparing halogen, and
uses low electricity. This is effective for improvement of fuel consumption
and it'll helpful for an electromobile. And it has quick response and

durability. Also, it 1is eco-friendly due to not using mercury gas.



Furthermore, it can be compact and light-weight.

However, it has a considerable disadvantage to use LED for headlamp. It
1s that the LED generate high heat from modules and the heat may cause
failures in electronics. We thought that research is needed to solve the
problem and studied the method to radiate the high heat quickly.

Therefore, the purpose of this study puts to develop the cooling system
of LED headlamp for vehicle using crevice type vapor chamber heat pipe
and to analyze thermal properties of a LED headlamp cooling system.
Working fluid was distilled water and Al:Os; nanofluids, its charging ratio
differed according to test conditions. We also considered sintered on
heating surface to improve cooling performance. As a result of the
experiments, when the charging ratio is 55 %y, the LED Chip temperature
was 72.05C and the .thermal resistance was 2.2 C/W-to search optimum
charging ratio of crevice type vapor chamber. And, in the case of sinter,
30 %y, of vapor chamber volume showed the best performance among all
experiments. At that time, the LED chip temperature was 70.35C and the
thermal resistance ‘was 2.33 C/W. Also, when we use Al:Os nanofluids,
the LED Chip temperature was 78.25C and the thermal resistance was
256 TC/W. In this study, we knew that LED «chip temperature was
maintained below 85C in all test-conditions and and-the crevice type vapor

chamber heat pipe has possibility for use LED headlamp cooling system.
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NOMENCLATURE

Symbols

ST JC RS

TS

L)

Area

Diameter

Latent heat

Thermal conductivity
Thermal contact conductance
Thermal resistance

Thermal contact resistance
Total thermal resistance
Temperature

Merit number of heat pipe
Merit number of thermosyphon
Prandtl number

Heat flux

Greek symbols

Heat transfer coefficient

«
1 Viscosity
p Density
o surface tension
Subscripts

Ch  Chip

P PCB

CB Chamber
TB Tube

F Fin

A Ambient

[m?*]

[mm]
[kJ/kg]

[ W/m K]

[ W/m*C]
[C/ Wl
[m*C/ W]
[C/ Wl
[C]
[kV/m?]
[kW%/m? €]
[-]

[W/m’]

[W/m’K]
[kg/s - m]
(kg/m®]
[N/ml
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Fig. 3 Lifed chip caused by reflow of thermal paste chip attach
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Fig. 11 Thermoelectric element

141 #849 ¥<E 71e

F7HHQ dUuA LS R 4 ¥ gAY e Tled QoM 7HE
A eS B fins AHSSRE WHolY HEEH A
M AR dol H& a9 Fines ol &d sy 9o F7]7F deolHel
wpet el o) F7]e] A F(natural convection)o] A3 &S fin
o] -2 olFetA Hrh Fin A2k WAdl upef A=A, A7) 474, &7
# fin H 24, scrubbing WA glow, Td mE ¥ A5 @rh) el
A o2 fin P2 BhE ol vis) A "Rt Bl Aol

E]— (5)

off
-
nt

W

142 5338 ¥4 7<=

1I.

A 918 A qUAS "aw s 5EL B A% FlA A7

|

ugAen wol ALHE WAL fang o|8F W7 $Aolth AR AW

ojuf AbdAlel A wol 2ol d=7]e] Wl MFE HrE CPUS Wl



87t

o

L
oS

A A 71 A]

[e)

i

(BT
N7 Qe B9 S

o|st=2

°

A=

Apell

=38 Table 1o 8¢k A

Sy
W72 LED Junction &+%%&

[e)

L

]

o
il

&

Yan Lai et al®
pZS

e

5

~
eyl
—_
"o
o
ToR

A3 o]

alg
|

g3 7] 4]
2 A4

A A

AT

°

gupete] Aokl S E Alofek &

AR, 2 At

[e)
-

S

15 @7 &%

= o

S

o ‘Seluker 4144

N

stol ILF-7H7HA]

0] micro heat pipee] 729 v =3}

=

=

=

micro heat pipe
Fa ATt o

°

S|
=

-
1

woFol A Rt S ol A

)

a

O
RS

SKe)

11

5

27k g

=
T

H

A7
7FA]
%l



Table 1 Classification of radiant heat techniques, characters and
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Fig. 13 Principle of crevice type vapor chamber
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coalesced bubble region®® A& HIEXTE FHRHoR Z

Fig. 14 Boiling behavior in narrow spaces (at atmospheric pressure
within an isolated bubble region). (a) Clearance is 5.04 mm, liquid
is distilled water, g = 47500 W/m*, a = 7090 W/mK, AT = 6.70 K. (b)
Clearance is 5.04 mm, [liquid is 15 ppm sodium oleate aqueous
solution, g = 47500 W/m’, a = 7940 W/m’K, AT=5.99 K.
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i, 1 ¥3Fe Fig. 169 o] & coalesced 71Xx=Z AAH, 1
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Fig. 15 Boiling behavior in narrow spaces (at atmospheric pressure, within
a coalesced bubble region). (a) Clearance is 0.97 mm, liquid is distilled
water, g = 2950 W/m*, a =2750 W/m’K, AT = 1.08 K. (b) Clearance is 0.97
mm, liquid is 15 ppm. sodium oleate aqueous solution, g = 2900 W/m’, « =
2640 W/mK, AT = 1.10-K. (c) Glearance is 1.64 mm,liquid is distilled
water, q = 5310 W/m’, a = 2820 W/m'K, AT = 1.89K.

_16_



Azbg AW AAE 22°% SIF-EY AW R stEwErY dole
3.03 mmeltt. =3 LED7F 528 7Fdw2 #7o] 76 mmz 7Fdol A=
isolated bubble region¢] i1, AW o}PFFL Fo] isolatede} coalesced?]
7152l 3 mmXt} ZolA = 2 coalesced bubble region¢]g} & 4 3t} s}
A e Ade 2], FAE 1 mm, @3 e Iy dEHE ddo] w27
% 7] wj&o] HAZ coalesced bubble regiono]#til 7} gt} Fig. 169] =¢|
vl 2=y o] u W] M-S YEATh

Fig. 16 Schematic of crevice type vapor chamber
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&, 270

q (W/m?)

Fig. 17 Relationship among heat transfer coefficient, heat flux, and

clearance (in mm), of boiling water, atmospheric pressure, coalesced
bubble region)
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Fig. 18 Variation of heat' transfer coefficient due to change in
clearance of boiling space (atmospheric pressure, constant heat flux).
Data for a vertical copper c¢cylinder with 80 mm diameter and 304 mm
height are shown for, distilled water (©O) and 15 ppm sodium oleate
aqueous solution (<») (from Ishibashi and Nishikawa). Data for a
vertical copper tube with 19.6 mm_diameter and 479 am height and also
for a verical steel tube 21.5.mm.diameter and 479 .mm height are shown
for distilled water (@) (from Chernobyl"skii and Tananaiko).
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Table 2 Heat flux in relation to different clearances and |ores.s.ures.a'b

Py , Clearance(mm)

CSSUT® 057 097 111 158 164 191 1.05
o1  2870- 23675~ 2840-  4490- 2790~ 2790-  4690-
' 92575 57800 89120 75620 55240 57570 76580
g 4390 6520-  A745- 4590-
' 74850 89400 76060 70790
g 3010- 6370-  4270-
' 89030 88810 78290

L 50 11130-
' 92840 73040

P Clearance(mm)

ressure o35 2.70 5.04 10.20 20.31 835
o1 7675-  2440- | 10930- 11400  10820-  14190-
' 53030 66520 | 58150 65360 65830 57100
02
0.4
1.1

% Heat flux in units of watts per square meters.
® portion above the solid line for the coalesced bubble region; below the solid
line, the isolated bubble region.
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Fig. 19 Generalized.relation ship of heat transfer coefficient in the
coalesced bubble region by Nu=Fo™' for boiling in narrow space.
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/A o 1
NEa R, FoziLQ, PrE—L, £ (3)
A NypyAR Gp=" 14

Nu=200F0"**Pr;** (p,/py,) "2 (4)

_21_



22 &4

adoldk A=A FHS AFT As w4 oste] 2ER dS s
W, 7bEF momA A2 Waste] nhsE AoR AAE B AduA
st
5}

by, KWim' deg.

L L 1 i w0’
0 5 0 " 20
ATaps » °C

Fig. 20 Enhancement for water boiling at 101 kPa (1 atm)
on a stainless steel surface having minute nonwetted spots
(30-60 spots/cm®, 0.25 mm diameter or less)
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Table 3 Working fluids and temperature ranges

Melting &

Logarithmi rkin o . ritical Point, |Useful Ranges,
Tg;gnap' 1:Scal(é V\I]*“(iuidsg BOII;?glpgg’ K Ig écl\e/llPa(abS) Kang
Helium 1.0 & 4.21 5.2 & 0.227 2 ~ 4
Hydrogen | 13.8 & 20.38 | 33.19 & 1.315 14 ~ 31
Cryogenic Neon | 24.4 & 27.09| 445 & 0.018 27 ~ 37
Temperature._Nitrogen | 63.1 & 77.35 [ 126.19 & 3.397 | 73 ~ 103
Argon | 83.9 & 87.29 | 150.66 & 4.860 | 84 ~ 116
(0~200 K) [ Oxygen |54.7 & 90.18 | 154.58 & 5.043 | 73 ~ 119
Methane | 90.6 & 111.4 | 190.55 & 4.595 | 91 ~ 150
Ethane | 89.9 & 184.6 | 305.53 & 4.871 | 150 ~ 240
R-11 162 & 297 | 470.96 & 4.407 | 233 ~ 393
R-22 [113.1 & 232.2] 369.17 & 4.990 | 193 ~ 297
R-134a | 10010& 137403 & 4.056 | 213 ~ 300
R-141b |253] & 302:0]423.01 & 1.817 | 253 ~ 420
R-142b |2231 & 263.3/398.01 & 3.371 | 223 ~ 373
Low R-290 {1231 & 231.1] 369.70 & 4.2481. 200 ~ 330
Temperature| Ammonia |195.5 & 239.9/402.22 & 11.333] 213 ~ 373
(200~550 K)_Ethanol [158.7 & 3515/ 513.9 & 6.14 | 273 ~ 403
Methonol |175.1:& 337.8] 512.6.& 8.09 | 283"~ 403
Acétone |180,0 & 329.4] 508.1 & 4.70 | 273 ~ 393
Water | |273.1 & 373.1/646.99 & 22.064| 323 ~ 473
Toluene | 178.1 & 383.7| | 591.8 & 4.10 | 323 + 473
Naph
thedone | 3534,& 490 | [ 748.4 & 4.05 | 408 ~ 478
Medium Dowtherm |285.1 & 527.0 = 423 ~ 668
Temperature| Mercury |234.2 & 630.1 - 523 ~ 923
(550~75O K) Sulphur 3859 & #17.8 a1 530 ~ 947
Cesium |301.6-& 943.0 = 723 ~ 1173
High Sodium |371.0 & 1151 - 873 ~ 1473
Temperature_Lithium [453.7 & 1615 - 1273 ~ 2073
Calcium | 1112 & 1762 - 1400 ~ 2100
(750~3000 K) ™ Tead | 600.6 & 2013 - 1670 ~ 2200
Silver | 1234 & 2485 - 2073 ~ 2573
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Table 4 Generalized results of experimental compatibility tests

Working Fluids

Compatible Material

Incompatible Material

Stainless steel, Copper,

Alumi ,
Water Monel, Silica, Nickel, LTI
L Inconel
Titanium,
Aluminum, Carbon steel,
Ammoni C
oma Stainless steel, Iron, Nickel, opper
Stainl teel, Iron, C r, .
Methanol am ?S,S ° e,e ot -OPbe Aluminum
Silica, Nickel, Brass
Stainless steel, Aluminum,
Acetone .. .
Copper, Brass, Silica, Nickel
R-11 Aluminum
R-21 Aluminum, Iron
R-22 Aluminum, Copper
R-134a Aluminum, Copper
Heptane Aluminum
Dowtherm Stainless 'steel, Copper, Silica
L Tungsten, Tantalum, Stainless steel, Nickel,
Lithium Al o
Molybdenum, Niobium Inconel, Titanium
. Stainless steel, Nickel, o
Sodium o ¥ Titanium
Inconel, Niobium
Cesium Titanium,. Niobium
Molybdenum, Nickel, Inconel,
M Stainl teel
ereury AReSa08 Tantalum, Titanium, Niobium
Lead Tantal T . Stainless steel, Nickel,
ea antalum, Tun n L ..
" uneste Inconel, Titanium, Niobium
Silver Tantalum, Tungsten

Rhenium
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Fig. 28 The profile of the thermal resistance of charging ratio 60 %y
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Table 5 Production of Al203

Distilled water AlxO3 Al,Os—-water
Povo. 99.0 1.0
Temperature(C) 21 21
wt% 96.485 3.515
density (kg/m”) 998.183 3600 1024.201

Fig. 30 The picture of Al20s production
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+ Cooling Fan
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Switching Power Supply

Fig. 31 Schematic diagram of experimental._apparatus

for erevice type vapor chamber

Table 6 Characteristic of LED

Parameter Value(Max.)
Forward Current 2.8 A
Power Dissipation 11.8 W

Junction Temperature 140C
Operating Temperature -40 ~ +85C
Storage Témperature -40-~ + 1007C
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Table 7 Specification of crevice type vapor chamber

Crevice type vapor

Specification chamber heat pipe
Material Copper
Chamber size 0.08x0.08x0.00503 m”
Evaporator
Vapor chamber volume 6.635 cc
Tube length 0.0092 m
Tube(O.D.) 0.0072 m
Condenser
Tube(I.D.) 0.0068 m
Fin surface area 0.045 m*

2 ‘

g7.8° i

e S \' ‘
i L £

BEE 7IE
=7 |7k

T
25 r

laitom]
] 2]

b

Fig. 32 Schematic diagram of the crevice type vapor chamber
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Fig. 34 HPG-10
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Table 8 Test conditions

Test 1 2 3
Working Fluid Distilled Water Al2O3
Input amount of heat(W) 40
charging ratio(%yo1) 40, 45, 55, 75, 100 | 20, 30, 40, 55 55
Room condition(C) 55+2
Relative humidity(%) 13.7
Forced Convection(m/s) 5.5

Fig. 35 Photograph of installation
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Fig. 36 A series circuit of crevice type vapor chamber heat pipe system
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Fig. 39 Profile of temperature of Heat Pipe with-Crevice Type Vapor
Chamber (charging ratio 40 %)

Table 9 Maximum temperature of each point
(charging ratio 40 %y .)

Point Max. Temp.(TC)
LED Chip U 36.6
LED Chip B /o)
PCB U 69.7
PCB*B 69.5
Vapor Chamberl 67.2
Vapor Chamber?2 68.8
Vapor Chamber3 68.7
Vapor Chamber Back 65.9
Tube 62.0
Tube end 57.6
Fin 57.4
Room 574
Ambient 234
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Fig. 40 Profile of temperature of Heat Pipe with Crevice Type Vapor
Chamber (charging ratio 45 %)

Table 10 Maximum temperature of each point
(charging ratio 45 %y .)

Point Max. Temp.(TC)
LED Chip U 81.1
LED Chip B 75.9
PCB U 64.5
PCB'B 66.1
Vapor Chamberl 61.5
Vapor Chamber?2 64.4
Vapor Chamber3 62.6
Vapor Chamber Back 61.1
Tube 60.4
Tube end 56.6
Fin 56.9
Room 56.0
Ambient 199
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Fig. 41 Profile of temperature of Heat Pipe with-Crevice Type Vapor
Chamber (charging ratio 55 %)

Table 11 Maximum temperature of each point
(charging ratio 55 %yol.)

Point Max. Temp.(TC)
LED Chip U 70.2
LED Chip B 74.8
PCB U 61.1
PCB"B 62.7
Vapor Chamberl 59.2
Vapor Chamber?2 60.7
Vapor Chamber3 59.8
Vapor Chamber Back 58.8
Tube 56.8
Tube end 55.2
Fin 54.9
Room 54.3
Ambient 20.6
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Fig. 42 Profile of temperature of Heat Pipe with-Crevice Type Vapor
Chamber (charging ratio 70 %)

Table 12 Maximum temperature of each point
(charging ratio 70 %)

Point Max. Temp.(TC)
LED Chip U 30.2
LED Chip B SilwS
PCB U 65.1
PCB*B 64.5
Vapor Chamberl 61.7
Vapor Chamber?2 63.2
Vapor Chamber3 62.4
Vapor Chamber Back 61.5
Tube 60.0
Tube end 57.6
Fin 57.0
Room 56.6
Ambient 22.9
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Fig. 43 Profile of temperature of Heat Pipe with-Crevice Type Vapor

Chamber (charging ratio 100 %y

(charging ratio 100 %vor.)

)

Table 13 Maximum temperature of each point

Point Max. Temp.(TC)
LED Chip U 31.8
LED Chip B o
PCB U 66.1
PCB"B 65.8
Vapor Chamberl 63.1
Vapor Chamber?2 64.3
Vapor Chamber3 63.8
Vapor Chamber Back 62.2
Tube 60.0
Tube end 55.3
Fin 55.2
Room 54.8
Ambient 21.2
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Fig. 44 Profile of temperature of Heat Pipe with-Crevice Type Vapor
Chamber (sinter - charging ratio 20 %o )

Table 14 Maximum' temperature of each point

(sinter —/'charging ratio 20 %o )

Point Max. Temp.(TC)
LED Chip U 76.1
LED Chip B 78.1
PCB U 65.0
PCB*B 64.1
Vapor Chamberl 59.4
Vapor Chamber?2 62.7
Vapor Chamber3 61.4
Vapor Chamber Back 59.2
Tube 56.3
Tube end 55.8
Fin 55.6
Room 54.3
Ambient 189

_54_



—— LED Chip U

80 4 — — LED Chip B
——  PCBU

——— PCBB

— — Vapor Chamberi
— . — Vapor Chamber2
““““ Vapor Chamberd
=~ —— Chamber Back
—— Tube

— —- Tube end

40 + Fin

- Room

30 — — - Ambient

Temperature(C)

o o O . .. L

10 A

0 T T T T T T T
0 300 600 900 1200 1500 1800

Time(s)

Fig. 45 Profile of temperature of Heat Pipe with-Crevice Type Vapor
Chamber (sinter - charging ratio 30 %)

Table 15 Maximum temperature of each point
(sinter -/ charging ratio 30 %o )

Point Max. Temp.(TC)
LED Chip U 71.8
LED Chip B 719
PCB U 63.4
PCB*B 59.9
Vapor Chamberl 57.5
Vapor Chamber?2 59.6
Vapor Chamber3 58.1
Vapor Chamber Back 57.1
Tube 54.5
Tube end 53.0
Fin 52.6
Room 52.1
Ambient 189
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Fig. 46 Profile of temperature of Heat Pipe with-Crevice Type Vapor
Chamber (sinter - charging ratio 40 % )

Table 16 Maximum' temperature of each point
(sinter —/'charging ratio 40 %o )

Point Max. Temp.(TC)
LED Chip U 775
LED Chip B B
PCB U 62.0
PCB*B 60.5
Vapor Chamberl 56.9
Vapor Chamber?2 59.0
Vapor Chamber3 58.4
Vapor Chamber Back 56.1
Tube 56.2
Tube end 53.8
Fin 53.5
Room 529
Ambient 189
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Fig. 47 Profile of temperature of Heat Pipe with-Crevice Type Vapor

Chamber (sinter - charging ratio 55 %)

Table 17 Maximum temperature of each point
(sinter -/ charging ratio 55 % )

Point Max. Temp.(TC)
LED Chip U 34.4
LED Chip'B o
PEB U 63.2
PCB-B 62.8
Vapor Chamberl 61.3
Vapor Chamber?2 63.2
Vapor Chamber3 61.5
Vapor Chamber Back 59.8
Tube 589
Tube end 549
Fin 54.3
Room 54.1
Ambient 20
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Fig. 48 Profile of temperature of Heat Pipe with-Crevice Type Vapor
Chamber (Al503 — charging ratio 55 %)

Table 18 Maximum temperature of each point
(Al:0s — charging ratio 55 %ol )

Point Max. Temp.(TC)
LED Chip U 77.1
LED Chip B 40
PCB U 66.2
PCB*B 65.6
Vapor Chamberl 62.4
Vapor Chamber?2 65.3
Vapor Chamber3 63.8
Vapor Chamber Back 61.7
Tube 574
Tube end 53.0
Fin 52.9
Room 52.6
Ambient 19.1
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Fig. 49 The LED chip temperature according to the charging ratio
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Table 19 Thermal resistance according to charging ratio

Junction to | 40 %yo. 45 %y . 55 %byol . 70 %yor . 100 %vor.
Ambient (C/W) (C/W) (C/W) (C/W) (C/W)
Ren-p 1.33 1.32 1.02 1.62 1.46
Rp-cs 0.14 0.25 0.20 0.23 0.23
Rcs-18 0.16 0.06 0.03 0.06 0.09
Rre-r 0.12 0.01 0.10 0.08 0.12
Rr-a 0.85 1.00 0.86 0.86 0.86

Ry 2.59 2.64 2.20 2.84 2.74

Table 20 Thermal resistance according to-sintered-charging ratio

Junction to 20 %vor . 30 %vol . 40 %yo! . 55 %yol.
Ambient (C/W) (C/W) (C/W) (C/W)
Ren-p 1.25 1.05 1.41 1.71
Rp-cB 0.34 0.34 0.30 0.10
Res-t8 0.12 0.04 0.05 0.07
Rre-r 0.01 0.05 0.05 0.11
Rr-a 0.92 0.85 0.88 0.87

Ry 2.65 2.33 2.70 2.86

Table 21 Thermal resistance according to nanofluid-charging ratio

Junction to Ambient 55 %vor. (T/W)
Ren-p 1.23
Rp-c 0.21
Rcs-18 0.16
Rrer 0.11
Rr-a 0.86
Ry 2.56
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Fig. 50 The thermal-resistance according to the charging ratio
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