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ABSTRACT: An experimental study has been investigated on the thermal resistance of straight
heat pipes with double-ended cooling and middle heating at different tilt angles. Two cooling blocks
installed on both ends of heat pipes and a coil heater placed in the middle as the condenser and
evaporator sections respectively. The experiments were conducted at inclinations 0° to 90° for heat
inputs 20 to 80 W. The effects of heat input variation, cooling water flow rate and tilt angle on the
thermal resistance of heat pipes were studied. The obtained results compared with the conventional
heat pipes. The results showed that by using the new cooling approach, the thermal resistance of the
heat pipes can be reduced significantly. Also, in low heat inputs, increasing the cooling water flow
rate increases the thermal performance of the heat pipes. The experimental results indicated that the
tilt angle has a significant effect on the thermal resistance of the heat pipes. The minimum thermal
resistance and the maximum effective thermal conductivity coefficient values are 0.2533 °C/W and
14072.65 W/m°C respectively, and they were observed at the tilt angle equal to 60° and for heat input
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1. INTRODUCTION

Heat pipe is a very convenient and efficient heat
transfer device designed based on the principles of thermal
conductivity and fluid phase change. The retaining chamber,
wick structure, and the working fluid can be referred to as
the three main components of the heat pipe. The structure
of a heat pipe in terms of performance is divided into
three sections: evaporator, insulation and condenser. At the
evaporator section, the water liquid vaporizes by absorbing
the heat power inserted to the wall surface of the retaining
chamber. The produced vapor moves from the evaporator
to the condenser through the insulation section due to the
pressure difference between the condenser and the evaporator.
In the condenser section, the vapor converts to the fluid phase
again by losing its latent heat to the heat sink. Then the wick
structure moves the condensed water from the condenser to
the evaporator due to the capillary force.

Today, In many practical applications, such as the
space industry [1], energy storage and recycling systems
[2], electronic cooling and etc., most of the heat pipes are
installed in non-horizontal conditions. In such cases, the
cooling and reliability of the heat pipe’s efficiency during
their operation is very important. So the tilt angle is one of
the effective parameters in the thermal efficiency of the heat
pipes, which is very important for the cooling of the electronic
equipment and plays an essential and important role in the
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thermal resistance of the heat pipes. The thermal resistance
has a huge impact on heat loss and the performance of the
cooling system. Many studies have been done so far on the
inclined heat pipes that Vassilev [3] and Kamotani [4] can be
considered as the first persons in this regard. In this research,
the effect of heat input, tilt angle and the volumetric flow rate
of the cooling water on the thermal resistance of the Double-
ended Cooling and Middle Heating (DCMH) heat pipes has
been studied. The results compared with conventional heat
pipes at a positive tilt angle (Single Heating Upper Cooling
(SHUC)) and conventional heat pipes at a negative tilt angle
(Single Heating Bottom Cooling (SHBC)).

2. METHODOLOGY
2.1. Description of the heat pipe

The heat pipes used in this study were made from a free-
oxygen copper tube with 10 mm, 9.5 mm and 280 mm as
outer diameter, inner diameter, and total length respectively.
All the heat pipes had an equal evaporator, adiabatic and
condenser length which was 70 mm, 110 mm and 100 mm
respectively. Two cooling blocks installed on both ends of
the heat pipes and a coil heater placed in the middle as the
condenser and evaporator sections respectively.

2.2. Experimental setup and procedure
The schematic of the experimental setup used to evaluate
the heat pipe’s thermal resistance is shown in Fig. 1. The
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Fig. 1. schematic of the experimental setup

experiments were proposed and evaluated at different tilt
angles (0° to 90° with incrimination of 10°). The testing heat
input range was between 20 W to 80 W by increments of 20
Ww.

2.3. Data reduction

Thermal resistance is a decisive parameter used to
investigate and compare the different heat pipes thermal
performance in different modes and calculated as [5]:

_ar
0,

In which 4T and Q, are the temperature difference
between the evaporator and condenser and heat input applied
to the evaporator surface of the heat pipe respectively and can
be calculated from the following equations:

()

tot

AT =T -T. @)
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Where V' is the voltage and / is the electric current and 7,
and T are the surface average temperatures of the evaporator
and condenser respectively.

3. RESULTS AND DISCUSSION

Fig. 2 shows the surface temperature axial distribution
of the double-ended cooling and middle heating heat pipes
at the horizontal position for different volume flow rates
of cooling water. It is clear that by increasing the flow rate
of the cooling water the surface temperature of the heat
pipes decreases significantly. This decreasing in the surface
temperature of the heat pipes can be justified by the fact that
by increasing the flow rate of the cooling water, the amount
of heat dissipated in the condenser increases and increases the
amount of condensed water reaching to the evaporator, which
decreases its surface temperature.

Fig. 3 shows the variation of total thermal resistance of heat
pipes for different tilt angles at 80 W heat input. It is shown
that with increasing the tilt angle up to the 60°, the thermal
resistance of the heat pipes decreases, which can be attributed
to the effect of gravity force. Because by increasing the tilt
angle, in addition to the capillary force, gravity also helps to
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Fig. 2. Surface temperature axial distribution of the double-
ended cooling and middle heating heat pipe at a horizontal
position for different volume flow rates of cooling water at 40
W heat input
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Fig. 3. The thermal resistance of the heat pipes at 80 W heat
input and for different tilt angles

return the liquid to the evaporator and causes that working
fluid reaches the evaporator more rapidly and decreases the
thermal resistance. With an increasing tilt angle of more than
60°, the thermal resistance of the heat pipes increases again
because the right condenser of the heat pipe is placed at the
bottom of the evaporator. Therefore, the condensed fluid in
the right condenser must move in the opposite direction to
the gravitational force and upward, which is carried out only
by the capillary effect of the wick. The minimum thermal
resistance for double-ended cooling and middle heating heat
pipe was obtained at 60° bending angle for 60 W heat input,
which has decreased by 49.58% relative to the conventional
heat pipe at positive tilt angles. It should be noted that for
all tilt angles the thermal resistance of double-ended cooling
and middle heating heat pipes is lower than conventional heat
pipes for all heat inputs.

4. CONCLUSIONS
An experimental study was proposed and evaluated on the
thermal resistance of the double-ended cooling and middle
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Fig. 1. Different components and operation procedure of a conventional heat pipe

i sl 5 Ll il e il ol Jli ke
g Kb .l o als Ol > il lade cod asely Giolidl b
Soy 2 1y 00l 5518 e 5 o gl 51 0] )Sen
Loy sy glailais alizd Lol b g nls ole 5 dlg) (5l 2L
3,90 She Ceond 10 0alBs S g il 0uisS 5 g0l ool
0B (5,518 oo a5 ols lias bagy] ol aisls 18 )
@b do Sil> 2L s 2 sty JB ST et aly
L1, oS e slos lgi oo 45 03 o] 51 S gl 0,38 o
sy € e 5l oVl 50 e S5 55 oS s 3
(5] 5 o il ges J,uS (VYO B AS fp) aul ol cds
P lead &85 5 gonls pbe)S sledlyd o oyl Ul e
as ols oylas ey gl ol 18 annlie 5 g0 calizee ol SLls;
et augls I L oo S ol ) oS i
i 3 o Ay e s ol ezt L ool
Ol @bt 0,5 oo by (I3l 69959 551> lg Oliee P
slp ol &, o)l JESl e 251 o T 0 aS laggly a5 ol
Coglis Jlaio (3 5taS 05 Sl ialesl 9)50 le )T sladly)
Sl Ol FO7 e agly )0 onb le)S Ay ¢l Sl
S8 eaisS pod (mly 50 adlls &Sl (6l g Dl P 62959
Gy 2 s addlas V] e g g s 08,51 s 4y cesls
ooliial 8590 (2lo S sladlgd (G)> 2LB liee 2 cerd gl 5]
Bk )lSle b ol S Wy S sln 1) gt yo3 Slxio

iols bl alzd oay ple)S Ayl o5 e iz 5l 0 g

YA+

oolaiwl pudas 6oL Jlaws los (sloo 1 ,l57 ;0 .0 )l08 o 0uiiS ST
1o 5 gl (ool 4l Loy dalosslon (Soog 2SI Sl o
U 4 S sledy ST ol Sl o s Jo b
Sloe iz 50 Weboe mad (Ml e (0 5 ot
sl sladgd YL 2L 5l plabl Sl 5 (5LuSas 0920
Shws Sllas 13 ol conl 8,90 s byl o Slas > j0
el 4385 850 o (olo S sladlgl 55, » Jl> 4 b ok
Olgise ) Y] o)Kan 5 Gb5alS (rmizman s V] 502 5 gl
Sl @bl Gy 2l e agly Sas cusls SLuS s
ool b o5 szl o layT ishs 1,5 aalllas 3,50 olo S (slaals)
S 45 ghnse e sladld 5 o s bl S,
Al el Wl e (S oy e Sl (e caiinn aliss
95 2 695 ket 1 55 et aygl; a5 ols Las Lol (65955 s
laile 3,138 o 25ls (glalii i3l 45 Lo S (sladly) LIS
slodlg ) S s5) 2 @25 adllae S [Y] jlSen
5l o] gl wols sl st o3igee ol 5l eslitd L oo S
Glp) @oges 2l b @8l a5l ol asgly yiol3dl b oas ols
S amglie olme (Al 00iiS i gV sallEa a5 il
ey oo 355 lade 8l o 4y (goges > o g aisl alS
oS ol 59 2 > Jelos 5 a2 S [F] 55 5 Sige
sklos Jo e sy pll 5y slailass alod bsle b jlocas
2 098 b gl is Sl ale I gousite sl il b Lo

ol argly Gl 8l b cuie sblgy jo a8 ol las s .cd )5 )8



oY B YVR dsmho OFee Jlo ) oyled OF 093 S ool Silslo g 423

3 Sl JUES e po Gl (ole Jlow (Sl 5 ao)s A8
Sl Caglie Oliee g 4l Gl eadBs g 0uisS psed Ao
wsly o Sl @bl slhie ST as rizes il oo S
03,5 o )5 Jlmssili 5 ST L a5 olo )T Alg) 58 99 52 sl 97
2 89y 2 o220 andllas VY] ) ISan g o35 Bolo obil 5l
sloced agly 0 638 o5 ALB L e b5 sladly Sl
i 3l Jlwgil o] andlas o Jele Jlow sl ploul alises
e Oty 45 ol Lt bao] b 0g 31, wnST -]
oz oy ) gl glp 5 700 agly o Syl Solaa
2 oS g sode sl VY] o)) Ses g g5 .ol oolidl lasl
b Ayl o (Swisd 5 ol wizes 5 e gy S o)
S L:aoi gl sl plol Galizee ol Loy jo (atwge,s
Cuoglie liae 127 B V0% 5l o wgly iolidl b as og ]
DY o Sen g so0n -0iS oo T LialS aoyo 08I0 5,
b e 2bo)S slodg Gl bl 6, 2 @ ladla
Olime ST .a58ls ool cs Y Jlez (6399 9,6 i 5l alisd
gl 595 2 1) 69959 Sl 1P 5wt wgly (Sl (S »
Al o as ol ylis Lagy] bs ol JI 3 cwypn o9 Sl
Sl e gl (clBls 18 eaniS s (YL po 0l i
15 Ll cdls 5y Caglio ggy 5 slalisde BB puf g ipnd
G331 L eeasls 18 oadEa VL s saiS s i oS s
a8l (il ouisS po3 g 0aillSs (los ST lie o 4l
O 5 validlae oS oo Sl Suglie (Rl e
oS sbodly Sl S 65y 2 22 sladdlas [VF]
G (P9 e ol 5o a5 wols el O ele Sl b (e
03y (oSS | D350 iz 3l o awgd 0diiS e
ookl Cylae slal jo puw 45 90 5l Badd (pl j0 09 o0
VIV o adken ¥F+ Uy Jolo (slls Jsl £33 5
g Seblo Jarleo AL ply (eld 55 ped g4 g 09 Senbes
agly Sial38l b as ols oylis lagy) ] ol g J3ls slaailass ()l
b ool oandigy (2be,S sladlg) 5l Cunglie i 4+ ° B o
Sl Ol 02 ae s VY g MIY i 5 psd 5 sl £95 sl
il tals oy T
@b 63y 2 Gl Slalllas 0l ools zedgs oS jshilen

YA

sloalgl 5,55 59, » yiis ool agly aS ol olis byl mls
Sl b ploS Ay (g5, 5 b cutls b alsd gy oo
lo,S sladlg 5l eolarul a5 slo las posmen gll L (glald
sy @loyS gladlgd 5 Yo7 5l iy ol lilsy yo alsd (e
iz il o calin Y40 51 a8 sbls; o slalzs sl
2w B0 et gl o ple)S Al g5 50 e S Ll Ol
oo adllas [A] o 5a o LYl og Lls 1) 55 jlaie ST
Sl @b 6oy 2 e (Sod n ey g el agly Sl s,
as ol olis s s oy plxl etwge i obe S dod S
ihole Jlow (Fad 5 08 20)d Gizmes 5 o5 b sbly) o
90055 My (Rl coed aygly BT L oassS puses glod (5
Ol o 53 0,8 o0 My Gl 5 ()l Cunglio ()T &5 4
Canglie e o yieS Sl A% o aygly g o 0 PO Sl
Oired WS (6993 () Oly polie (sles il o (Sl
S we)d g ced aly Sl 609y Sl Ol GBI L
oozl J1[A] olySan 5 e jon 00,5 o Sogpia Jale Jlms
Ay Gl @S G 2 1 O3S - Gis = @l Jlwsil Sl
ool asols 5,8 anlllas 5,90 3, glaslais alos JLsls b oL )5
Olyee 5 e gl )39l goy oy yesd I Gk (nl yo
a8 3l (las mls asls JI 3 w3590 1) 6999 Sl Ol
51y 9 0092 L) Sl (531> 2D 95 2 e gl ST Ol
Sl @ Olee 50 o 0 a8 05 (b e 7
5 ol Caglio o jmals ws s 1STas oldl sl ol 5 alo
oS 5S40 O)lpe Jl o po Gl Bl e ST 0> oo
s Jlosil (sl iogs aoyo A9 5 OAIS pyolie (glyls w5 & a5
Sl WY Gl Ol s T asly 50 5 ey [0 F ez aoye
@S Ol S5y 2 228 aallle V0] S 5 e s &
UK oy o 51, sl el L e 5 eyl )
Qiols almil poriegd] oSt Ol Jlwgilb g Ol 51 ool b g
g Jlw (S5 5 2oy it agly 09z bl b by
ol bl b isls HI8 (o) 9590 |y 69959 Sl Ol
sloaly 5> oS il el Jlawgil 5l solizal 45 ol
S ey 5 ced apsly s Gizmed S0 2beS
Las JISs o wings 38,5 oleS Wy ) oL s 2



Yo¥ B YVR dsio OF e Jlo o) ojlad DF 093 yueS ool CSilSlo i 4y 3

asly fl g oadBr (i o eaS i O ez (20 (e S
3 2l sladd S)lm LI » oS A 58 et
Sk 902855 )18 (o) 3590 Ly 5l Giale S onigh SGS e
g ol laisu plie 4 (Gl e SO g eSS
wai ol Lawg 50 9 Ll g0 0 iy 4 ole)S Ay eaisS puss
oS syl g9, » b ialel 5l sasl Cans @ ls s ,S
o, Ay & Loy glts b s 5l inle S b odigd S yus g0
gl F B Sl o eaiS i Sy eadlBr S L Jsens
o sbly) o oS i3S SG 5 By S L Jgene eSS
o ) 5V elis)) o oadlEn e & > gl T
S 5 ol s pone sl o) 5 Sotls 5 0tk
uillfr Coond 4 (> (sl T e (lilsy o 0 oS
dnlie 890 CuBly 513 008 3 Ceend Sl Sl ()] 5

IRCCTJUg

Sialesl 950 (ale)S slaalg 1Y
285 Sl (63)l90 G peten Sl (S kS i g g9 D]
&ly o el JE,86 s 2le)F Gloddg) )l 2L s,
sldy Sl 2l sy 2 ez 90 ) alsd Gz s LSl
ol e 59y 2 4 6556 g 1ol ol I35 58t e S
Slgo 3l oolaiwl aS glasgs 4y ailis oo lases S5 )l
5 olPl cage ais cole o YL Sl colas co e b
sbdy Sl @bl Gl s oy (e ol Jlal
JHES (e g aAlesd sl g5 45 (5,35 pgo 5 33,5 oo ale)S
o alid J5l5S Glie (el o5 0l e (Sidge jlid ]
2)0 (Sie JLad ol p odle oS 0ph b )T i o (gluisS
@ @l Ayl ;0 d9se lo)lad il ggee als Cux s
gl 5 L Ol S8 Grimren g Al 0 Jlw &S > abanly
5 oS Wyl H5e (Sl Colas oo p e 3l (b S
&9.;4.15;_73)'1&t.bd&l)o.\&wﬁw’lgpgbw.o)l;\is
ol b oolital sy FO S b g o i ) sl

sledy juwiz 3l onds aizlu uﬁ;«iLojT Ol o eolaiil 0,90 ol S

2 Single Heating - Single Cooling (SHSC)
3 Single Heating - Upper Cooling (SHUC)
4  Single Heating - Bottom Cooling (SHBC)

i el 455F sl oot Sl o LleS claald >
)LD-L...J 003.0.. ) 4.&....15.1 S99y » Sldlaoe ovwes 4}9.1 9 )5).04
ooliwl g ol )5 alg) g sl JSCo g dwain £95 40y alid
S S Gl e Sl s sy el
29 )Jd.uj,b )L........: Libu] )‘ oolaw! Ll .l 099y ‘5|L4; 6LQ=L‘5J
Orred 9 )18 oYL sl ke 4 5L g 0og s b e
ol 3 ooliiad b ol ol 5 bl Ll oliee
azgi b Judo fed 4 0,00 gola8l dd s g 00gr dguze o g,
Sals) 53, 5 Sl S 4 Sl b 5 055 4] Sl
)Iow [ e \Ja.ws )‘ w.:Lo)f L: o..\.’}wu_io B 5& L,;:Lc)f
oot Jlael 5 55 e 81 o ) 53 el 428,55 5 g0
lo,S Agd (6,518 ol agly o Sl onisS pd Ceend 4
Sl @S Gy » eSS O ez 0 Gl Sl s
adlao 0)9./: .L:..ug )l uul.‘o; l.» o.hs...u&o el 9o @Ln)f 6‘.@:\.[9]
Sy leS sladlgd jo (ol (piale e grie 655 o aslllas
) 455,55 1,5 o0licil 5,50 Jgexe oo, alg) s Cares imlas]
ol 4t 0 g Slol ol e b jloslanl b as” el oo
oo ) S oatllE Ceand 3 0 gB5 Syl e il
Olei liee Bados ol yo Lol sl iolsél OT ol @ Gl
o el 455,55 ooy A Sl S 5 i a5 ous
55 slesS sladly) slassilSz | S a Job 45 el 5
dy) 0adlEx Jsb i b ply clawg 5l iale ) b osigdSas
UT o= ‘50 U‘)’“Aj Gl 00y 4..3;).‘4))0 6’9.0.»0 ‘5|Lo)§
56 ol 4 gogys ol slos g 035 ply ol (sles 5l oass” )38
kil SR LS“M"L")'“" Q‘}’ u‘).».o RV 009 C,Ql.: Lbu,u:LA)" GALQ) 5o
)94 LS’LQ; le.bc\.lj.l CA.MJ‘) 9 &= Crouw 085S S 6&5514 )|
GJLO; 4J5J oS S 591.» @a.ul.n].w u‘y aas l; ).gl).g UM.’LQ)]

Gt i Y

0ALS e S 53 (59935 &l OIF e A B 0l 5o

1 Double-Ended Cooling and Middle Heating (DCMH)
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Table 1. Geometric specification and full details of the tested heat pipes
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Fig. 2. Schematic of the experimental setup used to study the thermal performance of the heat pipes
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Fig. 3. Installation of the cooling blocks and thermometers on the condenser part of the tested heat pipes. a) double-ended
cooling and middle heating heat pipe, and b) conventional heat pipe
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Fig. 4. Installation intervals of thermometers on the external surface of the tested heat pipes. a) double-ended cooling and
middle heating heat pipe, and b) conventional heat pipe
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Table 2. Symbols used in research
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Fig. 5. Thermal resistance distribution network of the double-ended cooling and middle heating heat pipe
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Table 3. Error measuring of the test parameters
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Fig. 6. Surface temperature axial distribution of the heat pipes at horizontal position for 20 W to 80 W heat inputs range. a)
double-ended cooling and middle heating heat pipe, and b) conventional heat pipe
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Fig. 7. Surface temperature axial distribution of the double-ended cooling and middle heating heat pipe at horizontal posi-
tion for different volume flow rates of cooling water. a) Q =20 W, b) Q=40 W, ¢) Q =60 W, and d) Q =80 W
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Fig. 8. Surface temperature axial distribution of the conventional heat pipe at horizontal position for different volume flow
rates of cooling water. a) Q=20 W, b) Q =40 W, ¢) Q =60 W, and d) Q =80 W
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Fig. 9. Thermal resistance of the heat pipes at horizontal position for different volume flow rates of cooling water
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Fig. 10. Surface temperature axial distribution of the double-ended cooling and middle heating heat pipe at different tilt
angles for 20 W to 80 W heat inputs range. a) 6=20°, b) 6=40°, ¢) 6=60°, and d) 6=80°
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Fig. 11. Surface temperature axial distribution of the conventional heat pipe at positive tilt angles for 20 W to 80 W heat
inputs range. a) 6=10°, b) 6=30°, c¢) =50°, and d) 6=70°
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Fig. 12. Surface temperature axial distribution of the conventional heat pipe at negative tilt angles for 20 W to 80 W heat
inputs range. a) 6=10°, b) 6=20°, c¢) =30°, and d) 6=40°
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Fig. 13. Evaporator surface temperature of the heat pipes in terms of heat input and for different tilt angles. a) double-ended
cooling and middle heating heat pipe, b) conventional heat pipe at positive tilt angles, and c) conventional heat pipe at nega-
tive tilt angles
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Fig. 14. Evaporator surface temperature of the heat pipes at 80 W heat input and for different tilt angles
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Fig. 15. The effect of heat input and tilt angle on the thermal resistance of the heat pipes. a) double-ended cooling and middle
heating heat pipe, b) conventional heat pipe at positive tilt angles, and c) conventional heat pipe at negative tilt angles
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Fig. 16. Thermal resistance of the heat pipes at 80 W heat input and for different tilt angles
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Fig. 17. Effective thermal conductivity of the heat pipes in terms of heat input and for different tilt angles. a) double-ended
cooling and middle heating heat pipe, b) conventional heat pipe at positive tilt angles, and c) conventional heat pipe at
negative tilt angles
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