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ชื่อวิทยานิพนธ์ การควบคุมการไหลและการถ่ายเทความร้อนในช่องการไหลที่หมุนด้วยตัว 
เพ่ิมความปั่นป่วน 

ผู้เขียน นายณัฐพร แก้วชูทอง 
สาขาวิชา วิศวกรรมเครื่องกล 
ปีการศึกษา 2561 
 

บทคัดย่อ 

งานวิจัยนี้มีวัตถุประสงค์เพ่ือศึกษาการกระจายการถ่ายเทความร้อนบนพื้นผิวภายใน
ช่องระบายความร้อนของใบเทอร์ไบน์โดยการติดตั้งตัวสร้างความปั่นป่วนด้วยครีบ เพ่ือที่จะให้เกิดการ
กระจายการถ่ายเทความร้อนสม่่าเสมอภายใต้การหมุน ในงานวิจัยนี้ มีการทดลอง 2 ส่วน ได้แก่ การ
ทดลองในช่องตรงอยู่กับทีแ่ละช่องคดเคี้ยวหมุน 

ส่าหรับช่องตรงอยู่กับที่ ช่องการไหลมีความสูง (H) และความกว้าง (W) เท่ากับ 75 
มิลลิเมตร อัตราส่วนของความสูงครีบต่อไฮดรอลิคของช่องการไหล (e/Dh) อัตราส่วนของความยาว
ของต่อไฮดรอลิคช่องการไหล (L/Dh) และอัตราส่วนของระยะพิท (p/e) เท่ากับ 0.13, 8 และ 10 
ตามล่าดับ รูปแบบของครีบที่ใช้ในงานวิจัยนี้มี 15 แบบ ได้แก่ (1) ครีบท่ามุมเอียง 90o, 30o, 45o และ 
60o (2) ครีบท่ามุมเอียงรูปตัววี 30o, 45o และ 60o (3) ครีบท่ามุมเอียงรูปวีกลับ 45o และ 60o (4) 
ครีบท่ามุมเอียง 60o ที่มีต่าแหน่งช่องว่างต่างกัน และ (5) ครีบรูปวีแบบวกกลับท่ามุมเอียง 60o ที่มี
ช่องว่าง ซึ่งรูปแบบครีบเหล่านี้ถูกติดตั้งบนผนังทั้งด้านบนและด้านล่างของช่องการไหล ค่าตัวเลขเรย์
โนลด์ที่ใช้ในการทดลองทั้งหมดเท่ากับ 10,000 ถึง 30,000 ค่าการกระจายสัมประสิทธิ์การถ่ายเท
ความร้อนถูกวัดโดยใช้ แผ่น  thermochromic liquid crystals (TLC) การทดลองนี้ ยั งวัดค่า
สัมประสิทธิ์แรงเสียดทานและสมรรถนะเชิงความร้อน นอกจากนี้ โครงสร้างการไหลและลักษณะการ
ถ่ายเทความร้อนบนพ้ืนผิวภายในช่องตรงอยู่กับที่ถูกศึกษาโดยใช้โปรแกรมทางพลศาสตร์ของไหล 
ANSYS ver. 15.0 (Fluent)  

ส่าหรับช่องคดเคี้ยวหมุน การวัดค่าของการกระจายสัมประสิทธิ์การถ่ายเทความ
ร้อนบนพ้ืนผิว มี 2 วิธี ได้แก่ วิธีแรกคือ ใช้แผ่น thermochromic liquid crystals (TLC) ซึ่งมีความ
สูงของช่องคดเคี้ยวหมุน (H) และความกว้าง (W) เท่ากับ 50 มิลลิเมตร มีอัตราส่วนของความสูงครีบ
ต่อไฮดรอลิคของช่องการไหล (e/Dh) อัตราส่วนของความยาวของต่อไฮดรอลิคช่องการไหล (L/Dh) 
อัตราส่วนของรัศมีการหมุน (r/Dh) และอัตราส่วนของระยะพิท (p/e) เท่ากับ 0.1, 8, 5 และ 10 
ตามล่าดับ รูปแบบของครีบที่ใช้ใน มี 7 แบบ ได้แก่ (1) ครีบท่ามุมเอียง 90o, 45o และ 60o (2) ครีบ
ท่ามุมเอียงรูปตัววี 60o (กรณี I) (3) ครีบท่ามุมเอียงรูปตัววี 60o โดยมีครีบท่ามุมเอียงรูปตัววีแบบ
วกกลับกลับ 60o ในกลับที่สอง (กรณี II) (4) ครีบท่ามุมเอียงรูปตัววี 60o โดยมีครีบท่ามุมเอียง 60o ใน
กลับที่สอง (กรณี III) และ (5) ครีบท่ามุมเอียงรูปตัววี 60o ที่มีช่องว่าง (กรณี IV) ซึ่งรูปแบบของครีบ
ทั้งหมดจะถูกเปรียบเทียบกับช่องคดเคี้ยวแบบผิวเรียบ นอกจากนี้ ค่าสัมประสิทธิ์แรงเสียดทานและ
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ค่าสมรรถนะเชิงความร้อนยังถูกวัดในทุกกรณีของการทดลอง ส่าหรับวิธีที่สองคือ วิธีการระเหิดของ
ลูกเหม็น ในวิธีการนี้ มีความสูงของช่องคดเค้ียวหมุน (H) และความกว้าง (W) เท่ากับ 15 มิลลิเมตร มี
อัตราส่วนของความสูงครีบต่อไฮดรอลิคของช่องการไหล (e/Dh) อัตราส่วนของความยาวของต่อไฮ
ดรอลิคช่องการไหล (L/Dh) อัตราส่วนของรัศมีการหมุน (r/Dh) และอัตราส่วนของระยะพิท (p/e) 
เท่ากับ 0.133, 11.3, 22 และ 10 ตามล่าดับ รูปแบบครีบที่ใช้ในวิธีการนี้ มี 2 แบบ ได้แก่ ครีบท่ามุม
เอียง 90o และ 60o ก่าหนดค่าตัวเลขเรย์โนลด์คงที่ที่ 10,000 และค่าตัวเลขการหมุน (Ro) ถูกก่าหนด
ในช่วง 0.0 ถึง 0.3 นอกจากนี้ โครงสร้างของการไหลภายในช่องคดเคี้ยวหมุนถูกศึกษาโดยใช้
โปรแกรมทางพลศาสตร์ของไหล ANSYS ver. 15.0 (Fluent) 

ส่าหรับกรณีของช่องตรงอยู่กับที่ ผลการทดลองพบว่า การกระจายสัมประสิทธิ์การ
ถ่ายเทความร้อนบนพ้ืนผิวที่มีการติดตั้งครีบ ส่าหรับครีบท่ามุมเอียง 60o ครีบท่ามุมเอียงรูปตัววี 45o 
และ 60o และครีบท่ามุมเอียงรูปตัววี 60o ที่มีช่องว่าง มีค่าการถ่ายเทความร้อนเฉลี่ยสูงอย่างมี
นัยส่าคัญประมาณ 19.3%, 23.5%, 32.6% และ 38.7% ตามล่าดับ เมื่อเทียบกับกรณีมุมครีบ 90o 
เพราะผลของการไหลอันดับที่สองที่เหนี่ยวน่าโดยครีบเอียงไหลปะทะบนพ้ืนผิว พฤติกรรมการไหลนี้
ช่วยลดความหนาของชั้นขอบเขต ส่งผลให้การถ่ายเทความร้อนเพ่ิมขึ้น การกระจายการถ่ายเทความ
ร้อนสูงสุดเกิดที่กรณีครีบรูปตัววีเอียงท่ามุม 60o ที่มีช่องว่าง เมื่อเทียบกับครีบกรณีอ่ืนๆ เพราะครีบ
รูปตัววีเอียงท่ามุม 60o ที่มีช่องว่าง สร้างการไหลอันดับสองที่ซับซ้อนเหนี่ยวน่าโดยมุมเอียงของครีบ
และยังมีผลของการไหลผ่านช่องว่าง นอกจากนี้ ผลการทดลองพบว่า ครีบท่ามุมเอียงรูปตัววี 60o ที่มี
ช่องว่าง ให้ค่าสมรรถนะเชิงความร้อนดีที่สุด เมื่อเทียบกับครีบกรณีอ่ืนๆ 

ส่าหรับกรณีของช่องคดเคี้ยวหมุน ผลการทดลองพบว่า แนวโน้มของอัตราการ
ถ่ายเทความร้อนเฉลี่ย (Nu̅/Nuo) ส่าหรับทุกกรณีของครีบเพ่ิมขึ้นที่การเพ่ิมขึ้นของตัวเลขการหมุน 
(Ro) อัตราการถ่ายเทความร้อนเฉลี่ยในช่องกลับแรกสูงสุดที่ผนัง TS (ผนังด้านความดัน) ตามด้วยผนัง 
LS (ผนังด้านดูด) ซึ่งแนวโน้มนี้คล้ายกับผลในส่วนกลับ ในขณะที่ อัตราการถ่ายเทความร้อนเฉลี่ยใน
กลับที่สองสูงสุดที่ผนัง LS ตามด้วยผนัง TS นอกจากนี้ อัตราการถ่ายเทความร้อนเฉลี่ยในกรณีของ
ครีบท่ามุมเอียงรูปตัววี 60o โดยมีครีบท่ามุมเอียง 60o ในกลับที่สอง (กรณี III) และครีบท่ามุมเอียงรูป
ตัววี 60o ที่มีช่องว่าง (กรณี IV) ให้ค่าสูงกว่าประมาณ 21.8% และ 25.4% เมื่อเทียบกับกรณีผนัง
เรียบ และยังให้ค่าสูงในช่วง 10-15% เมื่อเทียบกับกรณีครีบรูปแบบอื่นๆ ค่าแฟกเตอร์ความเสียดทาน 
(f/fo) ในกรณีครีบรูปตัววีท่ามุมเอียง 60o ให้ค่า f/fo สูงสุด ในขณะที่ ครีบท่ามุมเอียง 60o ในกลับที่
สอง (กรณี III) และครีบรูปตัววีท่ามุมเอียง 60o ที่มีช่องว่าง (กรณี IV) ให้ค่าสมรรถนะเชิงความร้อนดี
ที่สุด นอกจากนี้ ยังพบว่า โครงสร้างสนามการไหลภายในช่องที่คดเคี้ยวเนื่องจากการหมุนสร้างการ
ไหลอันดับสองที่ซับซ้อน มันสามารถช่วยเพ่ิมการถ่ายเทความร้อนอย่างมีนัยส่าคัญบนพ้ืนผิ ว 
โดยเฉพาะอย่างยิ่ง พ้ืนผิว TS ในช่องกลับแรกและพ้ืนผิว LS ในช่องกลับที่สอง 
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ABSTRACT 

The objective of this research is to study the local heat transfer distribution 

inside the cooling channel of the turbine blade with rib turbulators in order to give a uniform 

heat transfer distribution under the rotations. In this research, there are two main parts of the 

experiment, viz. the experiment in a stationary straight channel and a rotating serpentine 

channel. 

For the stationary straight channel, it has a height (H) and width (W) of 75 mm. 

The rib height-to-hydraulic diameter ratio (e/Dh), the channel length-to-hydraulic diameter ratio 

(L/Dh) and rib pitch-to-height ratio (p/e) were selected at 0.133, 8 and 10, respectively. Fifteen 

different types of rib geometries used in this research, viz. 90o, 30o, 45o and 60o inclined ribs, 

30o, 45o and 60o V-shaped ribs, 45o and 60o Λ-shaped ribs, 60o inclined ribs with different gap 

positions, and 60o V-shaped ribs with a gap, which these rib types were installed on two side 

walls. All experimental tests were carried out in the range of Reynolds number (Re) of 10,000 

to 30,000. The local heat transfer coefficient distributions were conducted by using steady 

thermochromic liquid crystals (TLC) method. The friction factor and thermal performance 

factor were also performed to evaluate for each case. Furthermore, the commercial software, 

ANSYS ver. 15.0 (Fluent) was utilized to reveal the flow structure and heat transfer 

characteristic on the surface inside the stationary straight channel. 

For the rotating serpentine channel, there are two methods to measure the local 

heat transfer coefficient distribution on the surface, viz. the first method is steady 

thermochromic liquid crystals (TLC) method. In this method, the rotating serpentine channel 

has a height (H) and width (W) of 50 mm. The ratio of rib height-to-hydraulic diameter (e/Dh), 

the channel length-to-hydraulic diameter ratio (L/Dh), radius ratio (r/Dh) and rib pitch-to-height 

ratio (p/e) was selected at 0.1, 8, 5 and 10, respectively. Seven different types of rib geometries 

conducted in this method, viz. 90o, 45o, 60o inclined ribs, 60o V-shaped ribs (Case I), 60o V-

shaped ribs by having 60o Λ-shaped ribs in the second-pass (Case II), and 60o V-shaped ribs by 

having 60o inclined ribs in the second-pass (Case III), and 60o V-shaped ribs with gap (Case 

IV), which all rib geometries were compared with the smooth serpentine channel. Also, the 
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friction factor and thermal performance factor were also carried out to evaluate for all rib cases. 

For the second method is the naphthalene sublimation method. The rotating serpentine channel 

has a height (H) and width (W) of 15 mm. The ratio of rib height-to-hydraulic diameter (e/Dh), 

the channel length-to-hydraulic diameter ratio (L/Dh), radius ratio (r/Dh) and rib pitch-to-height 

ratio (p/e) was selected at 0.133, 11.3, 22 and 10, respectively. Two different types of rib 

geometries studied in this method, viz. 90o and 60o inclined ribs. Both two methods were 

defined at the Reynolds number (Re) of 10,000 and rotation number (Ro) were varied in ranges 

from 0.0 to 0.3. Moreover, the 3D flow field structures inside the rotating serpentine channel 

were revealed by using the commercial software, ANSYS ver. 15.0 (Fluent). 

For the case of the stationary straight channel, it is found that the heat transfer 

coefficient distributions on surface for the cases of 60o inclined ribs, 45o, 60o V-shaped ribs and 

60o V-shaped ribs with gap were significantly high about 19.3%, 23.5%, 32.6% and 38.7% 

respectively when compared with the case of 90o ribs because effect of the secondary flow 

induced by the inclination of rib, attaches on surface. This flow can help to reduce the boundary 

layer thickness. As a result, the heat transfer rate increases. The highest average heat transfer 

coefficient on the surface was achieved for the angle of 60o V-shaped ribs with a gap when 

compared with other rib cases. Because the 60o V-shaped ribs generated the complex secondary 

flow field that induced by the inclination of rib and effect of flow through a gap. Besides, it is 

indicated that the case of 60o V-shaped ribs with a gap gives the best thermal performance when 

compared to the other rib cases. 

For the case of the rotating serpentine channel, the results show that the trend 

of the average heat transfer ratios (Nu̅̅̅̅ /Nuo) for all rib cases increases with increasing the 

rotation number (Ro). The average heat transfer ratios in the first-pass were highest on the TS 

wall (Pressure side wall) followed by the LS wall (Suction side wall). This trend was similar in 

the turn region as well. Whereas, the average heat transfer ratios in the second-pass was highest 

for the LS wall followed by the TS wall. Furthermore, the average heat transfer ratios in the 

cases of V-60o rib having 60o inclined ribs in second pass (case III) and V-60o rib with a gap 

(case IV) are high about 21.8% and 25.4% when compared with a smooth wall case, and high 

in range of 10-15% when compared with other rib cases. The friction factor (f/fo) in the case of 

60o inclined rib gave the highest f/fo while the 60o V-shaped ribs by having 60o inclined ribs in 

the second-pass (Case III), and 60o V-shaped ribs with a gap (Case IV) provide the best thermal 

performance. Also, the flow field structure inside the serpentine channel due to rotation 

condition gives the complex flow of secondary flow. It can help significantly to increase heat 

transfer on the surface, especially on the first-pass TS surface and second-pass LS surface. 
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ṁ'' Local mass flux of naphthalene kg/m2 ∙ s 

n The experimental constant of naphthalene (=0.4) - 

N Number of a pixel in the considered region - 

N Rotational speed rpm 

Nu Nusselt number - 

Nuo The Nusselt number for turbulent flow on heat transfer 

from Dittus-Boelter correlation (=0.023Re0.8Pr0.4) 

- 

Nu̅̅̅̅  Average Nusselt number - 

p Rib pitch m 

Pr Prandtl number - 

Pv Situated vapor pressure of naphthalene Pa 

∆P Pressure drop Pa 

q̇
input

 Generated heat flux W/m2 

q̇
loss, cond.

 Heat loss from conduction W/m2 

q̇
loss, conv.

 Heat loss from convection W/m2 

q̇
loss, rad.

 Heat loss from radiation W/m2 



(18) 

 

List of Abbreviations and Symbols (Cont.) 

List of Abbreviations 

r Radius of rotation m 

R Gas constant for naphthalene (=64.89) J/mol ∙ K 

Re Reynolds number - 

Ro Rotation number - 

Sc Schmidt number of naphthalene in air - 

tfoil Thickness of stainless foil m 

tTLC Thickness of TLC sheet m 

∆t Duration of test run s 

Ti Inlet temperature of air oC 

To Outlet temperature of air oC 

Tm Mean temperature of air oC 

Tw Wall temperature oC 

Tm
̅̅̅̅  Average wall temperature oC 

Tsurr Surrounding temperature oC 

Ui Inlet velocity of air m/s 

V Electric potential difference Volt 

W Channel width m 

x Coordinate in the spanwise direction - 

y Coordinate in wall normal direction - 

z Coordinate in the streamwise direction - 

 

List of Symbols 

α The inclination angle of the rib -o 

δ Depth of naphthalene sublimation m 

εTLC Emissivity coefficient of TLC sheet (=0.9) - 

η Thermal performance factor - 

ν Kinetic viscosity of air m2/s 

ρ Density of air kg/m3 

ρ
s
 Density of solid naphthalene (=1175 at 20oC) kg/m3 

Ω Angular velocity of the rotational channel (=πN/30) rad/s 

   



(19) 

 

List of Abbreviations and Symbols (Cont.) 

List of Symbols 

σ Stefan-Boltzmann constant (=5.67×10-8) W/m2 ∙K4 

 



(20) 

 

List of Publications 

The list of publications was classified in order of the study. The publications 

of the rib turbulators inside the straight channel, the rib turbulators inside the serpentine channel 

were attached in Appendix A and Appendix B, respectively. 

 

1. Publications of the rib turbulators inside the stationary straight channel 

1.1 Conference Paper (Thai) 

N. Kaewchoothong, K. Maliwan, and C. Nuntadusit, Influences of inclined 

angle on heat transfer characteristic in a square channel with rib turbulators. The 16th Heat and 

Mass Transfer in Thermal Equipment and Process, 23-24 February 2017, 36–42, Chiang Mai, 

Thailand. 

N. Torungniphat, C. Chohchoo, N. Kaewchoothong, and C. Nuntadusit, Heat 

transfer characteristic in a square duct with rib installation. The 16th Heat and Mass Transfer in 

Thermal Equipment and Process, 23-24 February 2017, 194–200, Chiang Mai, Thailand. 

T. Nontula, N. Kaewchoothong, K. Maliwan, and C. Nuntadusit, Effect of pitch 

ratios on heat transfer characteristic in a square channel with U-ribs. The 18th Heat and Mass 

Transfer in Thermal Equipment and Process, 20-21 March 2019, 151–157, Krabi, Thailand. 

1.2 Conference Paper (Inter.) 

N. Kaewchoothong, K. Maliwan, K. Takeishi, and C. Nuntadusit, Effect of 

inclined ribs on heat transfer coefficient in stationary square channel, The 14th Asian 

Symposium on Visualization (ASV), May 22-26, 2017, Beijing, China. 

1.3 Journal Paper 

N. Kaewchoothong, K. Maliwan, K. Takeishi, and C. Nuntadusit, Effect of 

inclined ribs on heat transfer coefficient in stationary square channel, Theoretical and Applied 

Mechanics Letters, 7(6) (2017) 344–350. 

N. Kaewchoothong, K. Maliwan, K. Takeishi, and C. Nuntadusit, Experimental 

and numerical investigations of flow and heat transfer characteristics with inclined ribs having 

alternative gap positions in a stationary rib-roughened channel, This manuscript is being 

submitted. 

 

2. Publications of the rib turbulators inside the rotating serpentine channel 

2.1 Conference Paper (Thai) 

N. Kaewchoothong, K. Maliwan, M. Wae-hayee, K. Takeishi, and C. 

Nuntadusit, Simulation of flow and heat transfer in two-pass square channel with rotation. The 



(21) 

 

29th Conference of Mechanical Engineering Network of Thailand (ME-NETT 29). 30 June 11-

2 July 2015, 718–726, Nakhon Ratchasima, Thailand. 

N. Kaewchoothong, K. Maliwan, M. Wae-hayee, K. Takeishi, and C. 

Nuntadusit, Flow and heat transfer characteristics in a rotating square channel with 90๐ ribs. The 

30th Conference of Mechanical Engineering Network of Thailand (ME-NETT 30). 5-8 July 

2016, 897–904, Songkhla, Thailand. 

N. Kaewchoothong, K. Maliwan, and C. Nuntadusit, Effect of rotation on 

vortex core distribution in a ribbed two-pass square channel. The 18th Heat and Mass Transfer 

in Thermal Equipment and Process, 20-21 March 2019, 158–167, Krabi, Thailand. 

2.2 Conference Paper (Inter.) 

N. Kaewchoothong, K. Maliwan, and C. Nuntadusit, Numerical simulations on 

flow and heat transfer in ribbed two-pass square channels under rotational effects, The 2nd 

International Conference on Computational Fluid Dynamics in Research and Industry 2017 

(CFDRI 2017), 3-4 August 2017, Songkhla, Thailand. 

2.3 Journal Paper 

N. Kaewchoothong, K. Maliwan, and C. Nuntadusit, Numerical simulations on 

flow and heat transfer in ribbed two-pass square channels under rotational effects, IOP 

Conference Series: Materials Science and Engineering, 243(1) (2017) 012004. 

N. Kaewchoothong, K. Maliwan, K. Takeishi, and C. Nuntadusit, Effect of 

rotation number on flow and heat transfer characteristics in serpentine passage with ribbed 

walls. Journal of Mechanical Science and Technology. 32(9) (2018) 4461–4471. 

N. Kaewchoothong, P. Narato, S. Thaina, and C. Nuntadusit, Experimental 

investigation on heat transfer characteristics and thermal performance inside ribbed serpentine 

channel under rotational effects. This manuscript has been submitted in International 

Journal of Thermal Sciences (Under review 22 May 2019). 

N. Kaewchoothong, P. Narato and C. Nuntadusit, Effect of rotation on flow 

and heat transfer characteristics inside ribbed two-pass square channels. This manuscript is 

being submitted. 



(22) 

 

 

List of Permissions 

1. Journal Paper 

N. Kaewchoothong, K. Maliwan, K. Takeishi, and C. Nuntadusit, Effect of 

rotation number on flow and heat transfer characteristics in serpentine passage with ribbed 

walls. Journal of Mechanical Science and Technology. 32(9) (2018) 4461–4471. 

 

 
Dear Natthaporn, 

 

Thank you for your Springer Nature request. As an author, you are welcome to 

reuse this content in a thesis/dissertation, but we require a license for our records. 

Please note:  we allow the use of the final accepted manuscript version of the 

article in the thesis, not the published version. 

 

Best wishes, 

 

Paloma Hammond 

 

Rights Assistant SpringerNature 

 

The Campus, 4 Crinan Street, London N1 9XW, United Kingdom 



1 

 

1. Introduction 

1.1 Background 

A simple gas turbine engine consists of three main components, viz. 

compressor, combustor, and turbine as shown in Fig. 1. Firstly, the air passes through the 

entrance and into the compressor where it is compressed. The compressed air flows into the 

combustor where fuel is injected and then burned to heat up the air. After that, the high 

temperature and high-pressure combustion gas are introduced into the turbine section where 

mechanical power is achieved. Finally, the nozzle accelerates the exhaust gas in order to 

increase the thrust of the aircraft. 

 

 

Fig. 1. Component of a gas turbine engine (Turbo fan GE90-115B) [1]. 

 

A recent trend in the modern gas turbine industries is seeking to increase the 

power output and thermal efficiency, and decrease fossil fuel consumption and CO2 emissions 

of the gas turbine. One method of increasing both power output and thermal efficiency of the 

engine is increasing of the turbine inlet temperature (TIT). Recent gas turbines, the turbine inlet 

temperature can be as high as 1,700oC which exceeds the melting temperature of metal airfoils. 

Therefore, it is essential that the gas turbine vanes and blades must be cooled to make it resist 

the high temperatures. The temperature of hot gases and cooling air of the blades can be 

decreased to around 1,000oC, which is acceptable for the operation of the gas turbine engine. 

Fig. 2 shows a typical cooling method for the main body of a turbine rotor 

blade using internal convection supplied by multi-serpentine channels. Han et al. [1] described 

that many cooling techniques were normally used in various combinations to increase the life 

of turbine blades such as film cooling, impingement cooling, and internal passage cooling, etc. 

GE90-115B 115,000 lbs. thrust

Fan blades

LP compressor (booster)
HP compressor

HP turbine

LP turbine

GE I-A 1,250 lbs. of thrust

Same scale

Combustor
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It is widely accepted that the lifetime of a turbine blade can be reduced by haft 

if the predicting temperature of the metal blade decreases approximately 30oC. Thus, designers 

must predict precisely the local heat transfer coefficient distributions and local airfoil metal 

temperature. However, due to the complicated flow around the airfoils, it is difficult for 

designers to predict the metal temperature of the turbine blades accurately. 

Fig. 3 shows the variation of the heat transfer rate around a turbine blade. The 

heat transfer distributions under the blades not film cooled are higher than those for cooled-

film blades at the same engine flow conditions. Heat transfer distribution at the leading surface 

is very high and continuous decrease as the flow travels along the blade. On the trailing surface, 

the flow transitions from laminar to turbulent, and the heat flux suddenly increases, the heat 

transfer distribution on trailing surface increases as the flow accelerates around the turbine 

blade, which is non-uniform heat flux on the surface of the blade. 

 

Fig. 2. Typically cooled aircraft gas turbine blade [2]. 

 

 

Fig. 3. Variation of heat transfer rate around a turbine blade [3]. 
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Fig. 4 shows an overview of several modern techniques to cool a gas turbine 

blade. An internal turbine blade consists of multi-serpentine cooling channels lined with rib 

turbulators. Jet impingement is used to cool the leading edge of the blade, and short pin-fin is 

utilized near the trailing edge due to space limitation and structural integration. The heat transfer 

trends in vanes and blades of the gas turbine are very different because the blades are rotating 

and the flow of the coolant in channels is changed. Hence, the effect of the rotation on the 

internal heat transfer enhancement must be considered. Both Coriolis and centrifugal forces can 

modify the flow fields and temperature profiles in the rotor coolant passage and affect their 

surface heat transfer distributions. 

 

Fig. 4. Overview of several techniques to cool a modern gas turbine blade [4]. 

 

1.2 Literature review 

Rib turbulators are the most frequently used technique for enhancing the heat 

transfer distribution in the internal cooling channels. It is typically placed on two opposite walls 

of the cooling channel. The rib turbulators can generate separated and reattachment flows, 

which can break the thermal boundary layer that acts as a barrier to heat transfer. In addition, 

using rib turbulators induce the secondary flow to intensify flow turbulence, and increase the 

surface area for convective heat transfer. Flow separation and reattachment due to the existence 

of ribs are presented easily in Fig. 5, which can help to explain the mechanism of heat transfer 

distribution in the internal cooling channel clearly. 
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In the last two decades, most experiments have only focused on non-rotating 

models (stationary), which did not consider the effect of the Coriolis and centrifugal force. 

Recently, heat transfer experiments in rotating turbine blades have been performed by many 

researchers. Liou et al. [6] experimentally studied fluid flow and heat transfer in a rotating 

serpentine square channel with 90o ribs at rib pitch-to-height ratio (p/e) of 10, using transient 

thermochromic liquid crystals. The Reynolds number, based on channel hydraulic diameter and 

mean velocity, was fixed at 10,000 whereas the rotational number (Ro) varied from 0 to 0.2. 

They found that heat transfer increases with increasing the rotation number. Likewise, Mayo et 

al. [7] investigated heat transfer distribution of a rotating one-pass square channel with 90o ribs, 

using steady thermochromic liquid crystals. The rib pitch-to-height ratio was 10. The Reynolds 

number was varied from 15,000 to 40,000. The maximum rotation number values were ranging 

between 0.12 (Re=40,000) and 0.30 (Re=15,000). They concluded that heat transfer, in the first 

pass, on the trailing wall was higher than that heat transfer on the leading wall while heat 

transfer, in the second pass, on the leading wall was larger than on trailing wall, especially at 

high Ro. 

 

Fig. 5. Structure flow over a two-dimensional rib [5]. 

 

Lamont et al. [8] studied heat transfer characteristics of the rotating serpentine 

square channel with 90o and W-shaped ribs, using transient thermochromic liquid crystals. The 

rib pitch-to-height ratio, rotation number, and Reynolds number were fixed at 10, 0.08 and 

16,000, respectively. They found that the W-shaped ribs enhance heat transfer in all cases 

(stationary and rotating) around 1.75 times more than the 90o ribs. The overall thermal-

hydraulic performance of the W-shaped ribs still surpasses that define of the 90o ribs. Next 

years, Singh et al. [9] experimentally and numerically investigated heat transfer inside the 

serpentine rectangular channel (AR=1:2) under stationary and rotating conditions, featuring V-

shaped rib turbulators, using transient thermochromic liquid crystals. The rib pitch-to-height 

ratio was 9.625 and the rib height-to-channel hydraulic diameter was 0.125. The Reynolds 
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number was varied from 20,000 to 70,000. The rotation experiments were conducted at 400 

RPM (Ro=0.036) and 700 RPM (Ro=0.063). They found that high heat transfer enhancement 

appeared on the first-pass trailing wall and the second-pass leading wall with an increase Ro. 

However, Parsons et al. [10] offered that the heat transfer coefficient of a 

turbine blade actually depends on many other reasons other than the geometry or the only pitch-

to-height ratio of the rib turbulators. It has essential other factors include the Reynolds number 

of main cooling air, the rotation number of the turbine blades, and flow directions inside the 

turbine blades, etc. The rotation number (Ro) of the turbine blades is a very important factor 

because it defines the rotation speed of the turbine blades. Actually, the rotation numbers for 

the gas turbine engines are about 0.25 with Reynolds number of 50,000, which is difficult to 

attain with larger hydraulic diameter. Additionally, the flow direction inside the turbine blades 

is very important as it directly affects the heat transfer coefficient distribution of the surface 

based on location inside the turbine blade. 

Knowledge gap of literature review above, many studies have focused only on 

the side wall of the rib-roughened channel under low rotational speed. Most of the rib 

turbulators are solid rib without a gap. Besides, the heat transfer coefficient distributions on 

both side walls in the second pass that are installed by different ribs are rarely studied in the 

past. Therefore, this research is to study the local heat transfer coefficient distributions with rib 

with a single gap, two side walls under high rotational speed both experiment and numerical 

simulation. 

1.3 Objectives  

The aim of this research is to study the local heat transfer coefficient 

distributions within the rotor coolant channel of the turbine blade and to provide a uniform heat 

transfer distribution under the rotation conditions using the rib turbulators. In this research, 

there are two techniques used to study the local heat transfer coefficient distributions, viz. 

thermochromic Liquid Crystals (TLCs) and naphthalene sublimation techniques. Moreover, 

flow structures inside a channel are predicted by using commercial software, ANSYS (Fluent) 

ver.15.0. 

 

2. Experimental details 

2.1 Study model and parameters 

2.1.1 Stationary straight channel by using TLC method 

The stationary straight channel condition was conducted to determine the best 

rib orientation. The details of the rib-roughened channel model and rib geometries used in this 

research are shown in Figs. 6 and 7. The stationary straight channel has the height (H) and the 
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width (W) of 75 mm. The length (L) of measurement is equal to 300 mm. All ribs are made of 

an acrylic plate with a square cross-section of 10 mm. The rib height-to-hydraulic diameter 

(e/Dh) and rib pitch-to-height ratio (p/e) were selected at 0.133 and 10, respectively. The rib 

was attached on the heat transfer surface and aligned to the mainstream. All experimental tests 

were carried out for the Reynolds number (Re) based on the mainstream velocity and hydraulic 

diameter of the wind tunnel in the range of 10,000-30,000. The parameters used in this work 

are presented in Table 1. In this study, seven rows of ribs were positioned on both walls of the 

wind tunnel, which the 4th to 7th rows of ribs on one side were placed on the heated surface for 

heat transfer measurement. 

 

Fig. 6. Detail of study model. 

 

 

Fig. 7. Rib geometries studied.  
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Table 1 Values of parameters for stationary straight channel 

Parameters Values 

Channel height and width (H, W) 75 mm 

Channel aspect ratio (AR) 1.0 

Length of heat transfer measurement (L) 300 mm 

Rib height (e)  10 mm 

Rib pitch to height ratio (p/e) 10 

Rib height-to-hydraulic diameter ratio (e/Dh) 0.133 

Reynolds number (Re) 10,000, 15,000, 20,000, 25,000 and 30,000 

 

2.1.2 Rotating serpentine channel by using TLC method 

The geometry of the study model and rib geometries are illustrated in Figs. 8 

and 9. The essential coordinates x, y, z are represented by the spanwise, normal and streamwise 

directions respectively, where the clockwise around the x-axis direction of a ribbed serpentine 

channel is concurrently defined. The ribbed serpentine channel has seven rows of in-line rib 

turbulators that were installed on both leading and trailing sides of the first and second passes, 

which the 3rd to 7th rows of ribs were placed on heat transfer surface for heat transfer 

measurement. In addition, there are the 90o ribs in the middle of the bends. During the rotation 

of the ribbed serpentine channel, the direction of the Coriolis force (Fco) will act towards trailing 

side for the first pass and leading sides for the second pass. Whereas, the centrifugal force has 

direction out of the rotating axis both the first and second passes. 

The test section was made of the acrylic plate that has a cross-sectional area 

(W×H) of a ribbed serpentine channel of 50 mm with a hydraulic diameter (Dh) of 50 mm. The 

length (L) of the test section was 400 mm having the radius of rotation (r) of 250 mm. The 

distance (a) between the first and second passes was equivalent to 30 mm. The length of the 

heat transfer surface was 300 mm. The rib height (e) was equal to 5 mm. The rib height-to-

hydraulic diameter ratio (e/Dh) and the rib pitch-to-height ratio (p/e) were fixed at 0.1 and 10, 

respectively. There were seven rib arrangements studied and then compared to the case of a 

smooth wall as shown in Fig. 9. The rotation numbers (Ro) were performed in the range of 0.0 

to 0.3 corresponding to first stage blade of the real rotating engine in the range of 0.2 to 0.4 

with Re of 10,000–40,000 [11]. Furthermore, all experimental tests were carried out at the 

Reynolds number (Re) of 10,000, based on the mainstream velocity and hydraulic diameter of 

the channel. The parameters used for this experiment are shown in Table 2. 
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Fig. 8. Detail of study model for the rotation. 

 

Table 2 Values of parameters for rotating serpentine channel by using TLC 

Parameters Values 

Channel height and width (H, W) 50 mm 

Channel aspect ratio (AR) 1.0 

Rib height (e)  5 mm 
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Rib height ratio (e/Dh) 0.1 

Channel length ratio (L/Dh) 8 

Radius ratio (r/Dh) 5 

Rotation number (Ro) 0.00, 0.10, 0.15, 0.20, 0.25 and 0.30 

Reynolds number (Re) 10,000 
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Fig. 9. Rib geometries tested for rotating serpentine channel. 

 

2.1.3 Rotating serpentine channel by using naphthalene method 

A 3D geometry of a test section and meshed test-pieces is clearly demonstrated 

in Fig. 10. The coordinates x, y, z for this section are the same as a previous section. Eight rows 

of in-line rib turbulators were installed on both side walls of the flow channel, and there were 

the 90o ribs in the middle of the bends. To study local heat transfer distributions of each rib, 

two removable test pieces (green region) made of lightweight duralumin metal (see a 

photograph in Fig. 10), were placed on both the first and second passes of the leading side at a 

distance of L/2 or between the 4th and 5th rows of ribs of the serpentine square channel. Each 

meshed test-piece was covered by stainless steel wire mesh of 150 mesh/inch which easies to 

cast the naphthalene on a test piece. 

The test section has a cross-sectional area (W×H) of a ribbed serpentine square 

channel of 15 mm with a hydraulic diameter (Dh) of 15 mm. The length (L) of the test section 
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height (e) was equivalent to 2 mm. The rib height-to-hydraulic diameter ratio (e/Dh) and the rib 

pitch-to-height ratio (p/e) were fixed at 0.133 and 10, respectively. The angles of rib inclinations 

(α) of 60o and 90o were examined. The rotation numbers (Ro) were performed in the range of 

0.0 to 0.3, which are corresponding to the first stage blade of the real rotating engine in the 

range of 0.2 to 0.4. Likewise, all experimental tests were conducted at Reynolds number (Re) 

of 10,000, based on the mainstream velocity and hydraulic diameter of the channel. The 

parameters used for this experiment are illustrated in Table 3. 

 

 

Fig. 10. Schematic diagram of the test section and meshed test-pieces. 
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Table 3 Test conditions and geometries of rotating serpentine channel by using naphthalene 

Parameters Values 

Channel height and width (H, W) 15 mm 

Channel aspect ratio (AR) 1.0 

Rib height (e)  2 mm 

Rib pitch ratio (p/e) 10 

Rib height ratio (e/Dh) 0.13 

Channel length ratio (L/Dh) 11.3 

Radius ratio (r/Dh) 22 

Rib angled of attack ( ) 90o and 60o 

Rotation number (Ro) 0.00, 0.10, 0.20 and 0.30 

Reynolds number (Re) 10,000 

 

2.2 Experimental setup 

Two techniques for rotating facilities used to study heat transfer characteristics 

are thermochromic liquid crystals (TLC) and naphthalene sublimation method. A brief 

discussion on both the facilities is given below. 

2.2.1 Facility for stationary straight channel 

An experimental facility was set up to study the effect of gap positions for 

inclined ribs on the convective heat transfer coefficient and friction factor of the rib-roughened 

channel. The experiments were conducted in the wind tunnel for heat transfer measurement as 

presented in Fig. 11. The wind tunnel was operated in open-loop flow with the suction mode. 

The length of the upstream section, the test section, and the downstream section were set at 650 

mm, 300 mm and 150 mm, respectively. The wind tunnel was made of an acrylic plate which 

has a square cross section of 75 mm and 1,100 mm long. During the experiment, the 

surrounding air was induced through a heater chamber to preheat the air in order to control the 

internal temperature of 25oC. Then, the air was directed to a straight honeycomb prior to 

entering the wind tunnel. A calibrated orifice plate connected with an inclined manometer was 

used to measure the flow rates of air, which it was located between the plenum and the blower. 

Furthermore, two T-type thermocouples were placed at the center of a wind tunnel before and 

after heat transfer surface for temperature measurement. 
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Fig. 11. A schematic diagram of the experimental setup. 

 

Fig. 12 presents details in the test section. The heat transfer surface was made 

of stainless steel foil (SUS304) with a width of 95 mm, a length of 320 mm and a thickness of 

0.03 mm. In order to achieve constant heat flux on the heat transfer surface, electrical current 

was supplied to stainless steel foil from a power supply unit via two copper bus bars which 

were placed on both ends of stainless steel foil and acrylic plate (see in Fig. 12). A 

thermochromic liquid crystals (TLC, Omega LCS-95) sheet was attached on the rear side of the 

heat transfer surface to measure the temperature distributions. The TLC sheet changed colors 

in the temperature range of 30ºC to 35ºC. The relationship between color and temperature 

information of the TLC sheet was calibrated at the same condition with experiment [12, 13]. 

When the color pattern or temperature of the TLC sheet on the rear side reached 

steady state, the color pattern was recorded via a CCD camera. Subsequently, the recorded 

thermal image was systematically converted from RGB (Red, Green, and Blue) to HSI (Hue, 

Saturation, and Intensity) color domain. The hue distribution was converted to surface 

temperature via a calibration curve between the hue and the temperature. Correlation of the 

curve was then received by calibration against the thermocouples. When a constant color on 

TLC sheet corresponded to temperature, all of the colors on the TLC sheet were analyzed by 

evaluation of heat transfer coefficients under a constant heat flux boundary condition via image 

processing technique by using commercial software, MATLAB ver. 2016(a). 
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Fig. 12. Details of heat transfer measurement wall. 

 

2.2.2 Facility for rotating serpentine channel by using TLC 

An experimental facility was conducted to investigate the effect of rotations on 

heat transfer coefficient distribution inside the ribbed serpentine channel. The schematic 

diagram of a rotating facility in this study is schematically shown in Fig. 13. The rotating 

facility consists of three main parts; rotating part, heat flux generation part and coolant part. 

For the rotating part, the rotating arm was installed with a hollow main shaft that had outside 

diameter (OD) of 70 mm and inner diameter (ID) of 50 mm. The hollow main shaft was held 

by three bearing supports and two rotor seals (SHOWA GIKEN-KCL50A RH). The one end of 

a hollow main shaft had a small pulley that was connected with the encoder (Primus PR-01N) 

to measure the rotational speed. The 5-hp motor that is rotationally controlled by a frequency 

inverter, was used to drive the rotating arm via a V-belt and a pulley. For heat flux generation 
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conductors which connected to a DC power supply via the electrical cables to generate constant 

heat flux. For the coolant part, a 3-hp blower that is controlled by a frequency inverter was 

placed beside the rotating facility and connected with suction mode to induce the air entering 

the test section. In order to measure local heat transfer distributions, the coolant air under 

ambient pressure was induced through a heater chamber, controlled by SCR, to preheat the air 

and retained the internal temperature about 26oC. Then, it passed through the orifice plate flow 

Stainless steel foil

TLC sheetScrews

Copper bus bars

Acrylic plate

Side View

Top View

TLC sheet

Copper bus bars

Screws

Stainless steel foil

Acrylic plate

Connect with 

power supply

Ribs

4th ribs 5th ribs 6th ribs 7th ribs

Flow



14 

 

meter (FLOWTECH KF600-50), located between the heater chamber and rotating facility, to 

measure the flow rate of air. After that, it was directed to the 1st rotor seal prior to entering the 

hollow main shaft and passed into the test section which was placed on one end of the rotating 

arm, and there was a counterweight positioned on another side to ensure the balance of the 

rotating system. Then, the air flow passed through the 2nd rotor seal into the 3-hp blower and 

blowing to the laboratory ambient. During the air into a rotating facility, two K-type 

thermocouples were located at the inlet (Ti) and outlet (To) of the rotating facility for 

temperature measurement, which was connected with a digital data logger (GRAPHTEC-

GL840) with a measurement accuracy of 0.1oC. The maximum rotational speed of this rotating 

facility was up to about 800 rpm. 

 

Fig. 13. A schematic diagram of rotation experimental facilities. 

 

The schematic diagram presented in Fig. 14 describes the procedure of the 

coolant entrance into the serpentine channel. The distance from the centerline of the hollow 

main shaft to the end of the test section is about 13Dh. Flange A is the inlet part. The main flow 

turns in the flange A by 90o (circular channel zone) and travels a distance of 5Dh before the 

circular channel merges into the square channel. A distance from flange A to measurement area 

(without heat flux) is approximately 2Dh. In this test section, there are two pressure tap located 

before and after entering the serpentine channel, to measure the pressure drop. 
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Fig. 14. Detail of coolant flow prior to entering the test section. 

 

Fig. 15 demonstrates the details in the test section. The test section made of the 

clear acrylic plate (photograph in Fig. 15) had the total length (Lt) of 440 mm, the total width 

(Wt) of 200 mm and the total height (Ht) of 70 mm. A heat transfer surface was placed on one 

side of the test section. A serpentine window was punched into the heat transfer surface part. 

The serpentine window was used to support the heat transfer surface. The heat transfer surface 

was made of stainless-steel foil (SUS304) with a width of 150 mm, a length of 350 mm and a 

thickness of 0.03 mm. To attain constant heat flux about 860 W/m2 on the heat transfer surface, 

46A electric current from a DC power supply was delivered to stainless-steel foil via 2-pole 

slip ring and two copper bus bars which were positioned on both ends of stainless-steel foil and 

acrylic plate. These copper bus bars had a length of 480 mm, a width of 10 mm and a thickness 

of 5 mm. A steady thermochromic liquid crystals (TLC, Omega LCS-95) sheet was cut 

according to the window of the serpentine channel and then attached on the rear side of the heat 

transfer surface to measure the temperature distributions. The temperature range in changing 

colors of this TLC sheet was 30oC to 35oC. The relation between temperature and color data of 

the TLC sheet was calibrated to ensure the accuracy, which the relationship of the recorded 

temperature versus the hue value from the color changed observations is plotted in Fig. 16. 

Calibration information was recorded in 0.2°C decremented steps as average temperature until 

it approached 26°C. During image keeping, LED strip light was modified to illuminate on the 

test section (see in Fig. 13). When the liquid crystal color pattern or temperature of TLC sheet 

on the rear side reached steady state, the liquid crystal color pattern was recorded via a CCD 

camera. Then, the recorded thermal image on the TLC sheet was converted from RGB (Red, 

Green, and Blue) system to HSI (Hue, Saturation, and Intensity) system. The Hue (H) value 

was converted to surface temperature via a calibration curve (see in Fig. 16) between the Hue 
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and the temperature. The correlation of curve was also received by calibration against the K-

type thermocouple. All of the colors on the TLC sheet were analyzed by evaluation of heat 

transfer coefficient when a constant color on TLC sheet corresponded to the temperature. The 

image processing technique was used to analyze the heat transfer coefficient by using 

commercial software, MATLAB ver. 2016(a). 

 

 

Fig. 15. Details of heat transfer measurement wall. 

 

 

Fig. 16. A typical calibration curve relating the hue of the liquid crystal color versus the wall 

temperature.  

Side View Top View

ScrewsCopper bus bars

Plastic (Acrylic) plate SUS304 Stainless foil

TLC sheetScrews

Screws

TLC sheet

Copper bus bars

Plastic (Acrylic) plate

Front View

Copper bus bars

Screws SUS304 Stainless foil

Plastic (Acrylic) plate

Inlet

Outlet TLC sheet

H

W

Ribs

Ribs

Wt

Lt

Ht

Heat transfer surface part

Hue

0.0 .1 .2 .3 .4 .5 .6 .7 .8

T
e
m

p
e
ra

tu
re

25.0

27.5

30.0

32.5

35.0

37.5

40.0

Col 1 vs Col 2 

25.0

27.5

30.5

32.5

35.0

37.5

40.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

T
 (

o
C

)

Hue (H)

T=86.849(H)3-44.938(H)2+8.581(H)+25.44

R2=0.999



17 

 

2.2.3 Facility for rotating serpentine channel by using naphthalene 

An experimental facility was performed to study the heat transfer coefficient 

distribution inside the ribbed serpentine square channel. The schematic diagram of a rotating 

facility in this study is shown in Fig. 17. The rotating arm was installed with a hollow main 

shaft that had an outside diameter (OD) of 60 mm and inner diameter (ID) of 25 mm. The 

hollow main shaft was held by three bearing supports and two rotor seal (Fawick AS-1). The 

one end of a hollow main shaft had a small pulley that was connected to the encoder (Omron 

E6B2-C) to measure the rotational speed. The 5-hp motor, rotationally controlled by a 

frequency inverter, was used to drive the rotating arm via a V-belt and a pulley. Finally, the 1-

MPa compressor was used to generate the air towards the rotating facility via a receiver tank. 

 

 

Fig. 17. Schematic diagram of a rotating facility. 

 

During the local heat transfer test, the coolant air under high-pressure 

conditions was supplied by a compressor through a receiver tank into a pressure regulator which 

was used to control pressure about 0.4 MPa. After that, the air passes into a water heat 

Water cooling 

bathV-Belt

Motor

Rotor Seal

Bearing Support

Test Section

Pulley

Pressure Gauge

Counter

Weight

1.0 atm
Flow

Mass flow controller

Encoder

T2 T1

Data logger

OMRON

from T2

Water heat exchanger

Inverter

0
.2

 a
tm

Receiver Tank

Silencer

Results

DVD

acer

Computer

Pressure regulator

MITSUI SEIKI

Escol

Compressor

M
IT

S
U

I 
S

E
IK

I

Motor

Counter

Weight

Rotor Seal

Bearing Support

Test Section

Side view

0
.2

 a
tm



18 

 

exchanger in order to control the temperature of the air (about 20oC) via a water cooling bath 

and then passes through a mass flow controller (Alicat MCR-500SLPM-D). The mass flow 

controller was connected to a computer to record the flow rate. Then, the pressure was measured 

by pressure gauges. Two K-type thermocouples were located at the inlet and outlet of the 

rotating facility to measure air temperature, which was connected with a digital data logger. 

Then, the coolant air passes through the hollow main shaft into the test section that was placed 

on one end of the rotating arm. Whereas, a counterweight was located on another side to ensure 

the balance of the rotating system. After that, before the air flow was routed to the laboratory 

ambient via a pressure gauge, a valve, and a silencer. The pressure was maintained at 0.4 MPa. 

The maximum rotational speed of a rotating facility was up to about 1,000 rpm. 

Fig. 18 shows the casting technique of naphthalene to make about a 0.1 mm 

thick naphthalene layer on a meshed test-piece. The naphthalene layer on a test piece was 

necessary to be smooth and low air gap on a test-layer surface. In order to reduce the error from 

the measurement process. Therefore, the series of steps were operated to make a smooth 

naphthalene surface in a timely and economical method. First, the white naphthalene crystals 

were pounded with an estimated dimension about 1.0 μm and melted on a heated pan until they 

boiled rapidly, which had naphthalene temperature about 107oC. Second, they were poured on 

the test piece in mold preheated at 57oC and were cooled to room temperature and naphthalene 

was solidified. Finally, a cover plate of the mold was struck from the side from a hammer to be 

removed. 

The casting naphthalene surface on a test piece before and after experiments 

was measured by using a laser displacement sensor (Keyence LT-9030M) with a resolution of 

0.1 μm and a linearity error of 0.3% and using a piece of two-axis auto-transverse equipment 

to control the movement of a test piece. 

 

Fig. 18. A casting technique of naphthalene in meshed test-piece. 
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3. Method 

3.1 Heat transfer measurement 

For TLC method, all experimental tests of the ribbed serpentine channel under 

rotations were carried out at Reynolds number based on the mean velocity and hydraulic 

diameter of the wind tunnel. 


hm

DV
Re       (1) 

where Dh is the hydraulic diameter of a wind tunnel, Vm is mean velocity and 𝜈 is kinematic 

viscosity of air. 

The local heat transfer coefficient (h) on the rib-roughened channel for the 

heated surface can be evaluated from the Eq. (2). 
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where q̇
in

 is the generated heat flux from Ohm’s effected on stainless-steel foil, which can be 

evaluated from the Eq. (3), and q̇
total, losses

 is the total heat losses from the rear side of the heat 

transfer surface to surrounding caused by radiation q̇
rad

 and natural convection q̇
conv

, 

respectively which are given by Eq. (4). The Tw is the wall temperature on a heat transfer surface 

of the TLC sheet and Tm is mean air temperature between the inlet (Ti) and outlet (To) of the test 

section which can be calculated from Tm = (Ti+To)/2. 
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From Eq. (4), the whole heat transfer losses on the heated surface are given by, 
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where   is the Stefan-Boltzmann constant, 
TLC
  is the emissivity coefficient for TLC sheet 

which was 0.9 [14], 
c

h  is the average natural convective heat transfer coefficient from the 
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horizontal surface to the surrounding based on the empirical equation [15], w
T  is average wall 

temperature, Tsurr is surrounding temperature. 

For naphthalene sublimation method, the local mass transfer coefficient at each 

measurement point is given by 
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where m''̇  is the local mass flux of naphthalene, which can be calculated from m''̇ =(ρ
s
δ)/∆t when 

ρ
s
, δ, and ∆t were the density of solid naphthalene, the depth of naphthalene sublimation, and 

the duration of the test run, respectively. R is the gas constant, Tnw is the naphthalene surface 

temperature, and pv is the saturated vapor pressure of naphthalene in air. The thermal-physical 

properties of naphthalene were achieved from Goldstein and Cho [16]. 

The local heat transfer coefficient is converted from Eq. (7) using the analogy 

between heat and mass transfer. Hence, the correlation of h is given by 
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where   is the density of air, Cp is the specific heat at constant pressure, Sc is the Schmidt 

number of naphthalene in air, Pr is the Prandtl number, and n is the experimental constant of 

naphthalene sublimation method, which is equal to 0.4 with turbulent flow. 

The rotation number (Ro) is defined as 
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where   is the rotating speed of a serpentine channel. 

The local Nusselt number on the rib-roughened walls can be determined from 

k
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where k is the thermal conductivity of air. The average Nusselt number on the heat transfer 

surface can be calculated from: 
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where Nui is the local Nusselt number and N is the number of points in the considered region. 

The normalized Nusselt number can be used the correlation of the standard Dittus and Boelter 

equation (Nuo) [17] for turbulent flow in a smooth channel. 

4.08.0 PrRe023.0
o

Nu      (12) 

where Pr is Prandtl number of air, which the thermal properties of air are evaluated from the 

mean air temperature of the fluid. 

The friction factor (f) in a flow channel is calculated using the differential 

pressure between the measured inlet and outlet pressures as shown in Eq. (13). 
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where Pin and Pout are the inlet and outlet pressures respectively, and L is total length along the 

centerline of a test section. The turbulent friction factor (fo=0.079Re-0.25) against a smooth 

channel (without rib) as given by Blasius equation was used in this research to find correlation 

of the friction factor ratio (f/fo). 

The thermal performance ( ) is given by 
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3.2 Numerical simulation 

A numerical simulation was performed prior to the experimental test for 

verification of the effect of the rotation number (Ro). The flow simulation can give detailed 

information about 3D flow field inside the serpentine square channel clearly. 

All numerical simulations were established with the experimental conditions. 

Three dimensional Reynolds averaged Navier-Stokes (RANS) equations and energy equation 

was used to solve the flow fields. These equations in the Cartesian tensor system are written as: 

Reynolds averaged continuity equation: 

0)(  U       (15) 

Reynolds-averaged momentum equation: 

 )()2()( rUPUU
ij

   (16) 
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Energy equation: 

)()( UTkUH
ij
       (17) 

There are two additional acceleration rotation terms in Eq. (16). The first term 

is the Coriolis acceleration )2( U , and the second term is the centrifugal acceleration 

)( r  and its direction is radially outward, and r is the radius of rotation. 

The Reynolds stress model (RSM) [18–22] was closed for this work, which is 

good for accurately predicting complex flows. The RSM model was utilized to solve the 

individual Reynolds stress, τij=ρui
'uj

'̅̅ ̅̅ ̅, using differential transport equations. The exact transport 

equations for the transport of the Reynolds stresses can be written as follows: 

SFGPDDC
t

ijijijijijijLijTij

ij








,,

  (18) 

where ∂τij ∂t⁄  is the local time derivative term, Cij is the convection term, DT,ij is the turbulent 

diffusion term, DL,ij is the molecular diffusion term, Pij is the stress production term, Gij is the 

buoyancy production term, ϕ
ij
 is the pressure term, εij is the dissipation term, Fij is the 

production by system rotation term, and S is the source term. The various terms in these exact 

equations, Cij, DL,ij, Pij, and Fij do not require any modeling. However, there are four terms, viz. 

DT,ij, Gij, ϕij
, and εij that need to be modeled to close the equations. 

The SIMPLE algorithm was used for the pressure-velocity coupling to 

calculate the steady-incompressible viscous fluid flow. A second-order upwind scheme was 

applied to discretize for all equations. The convergence criteria for the continue equation and 

energy equation is about 10-4 and 10-7, respectively [23, 24]. 

The numerical grid detail of ribbed square channel, used for this study both 

stationary straight channel and rotating serpentine channel is shown in Fig. 19. Structured 

hexahedral elements were used for all computational domains. In all cases, grid spacing of the 

near walls had y+ values below 1.0. In order to evaluate grid suitability for turbulent flow 

through the ribbed serpentine square channel under rotation, a grid dependence study is 

demonstrated in Table 4. There are four values of numerical grid points; 264,843 elements, 

451,840 elements, 602,178 elements and 752,516 elements. The numerical results of the 

average Nusselt number ratio (Nu̅̅̅̅ /Nuo) on the first-pass leading surface at Ro=0.10 show a 

difference within 4.803% of 602,178 elements when compared to the highest element study 

(Baseline). Therefore, it can be acceptable to predict the flow fields. 
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(a) Grid model of a stationary straight channel 

 

(b) Grid model of rotating the serpentine channel 

Fig. 19. Detail of computational grid. 

 

Table 4 Validations of element size on numerical simulation and experiment results 

 Numerical grid validations 

Grid points 264,843 451,840 602,178 752,516 

Nu̅̅̅̅ /Nuo 1.95 2.06 2.18 2.29 

Difference, % 14.847 10.044 4.803 Baseline 
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4. Results and discussion 

4.1 Stationary straight channel 

4.1.1 Heat transfer characteristics 

Before the discussion, a comparison of the normalized Nusselt number 

contours (Nu/Nuo), where Nuo is the Nusselt number of a smooth channel, between the 5th and 

6th ribs for 60o inclined continuous ribs at Reynolds number of 30,000, is noticeably exhibited 

in Fig. 20. The heat transfer coefficient increases near the upstream edge of a rib while it 

decreases by the downstream edge of the rib. The qualitative characteristics in the heat transfer 

distribution are replicated well by the numerical simulation. There is a good match in the heat 

transfer distribution pattern in the upstream edge and downstream edge of ribs between 

experimental and CFD results. The high heat transfer region in experimental results is slightly 

larger by area than in the CFD results. However, the heat transfer distribution pattern between 

CFD and experimental results is overall acceptable. 

 

 

Fig. 20. Comparison of Nusselt number distribution between experiment and CFD 

simulations at 𝛼=60o and Re=30,000. 

 

Distributions of normalized Nusselt number (Nu Nuo⁄ ) on the heat transfer 

surface with different rib arrangements at p/e=10 and Re=30,000 are presented in Fig. 20. The 

case of rib angle 90o (Fig. 21(a)), it is clearly indicated that the heat transfer coefficient is higher 

in the middle area between two adjacent solid ribs. Further downstream, the heat transfer is 

decaying gradually because of the growth of a new boundary layer. However, the heat transfer 

coefficient is enhancing in the area of the downstream rib (see in the front of 6th rib). When the 
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angle inclination of ribs are 60o, 45o and 30o (Figs. 21(b)-21(d)), respectively. Heat transfer 

coefficient significantly increases near the upstream edge of each rib and decrease as going to 

the downstream edge of the ribs. On the other hand, in the case of the V-shaped ribs with angle 

inclination of 30o, 45o and 60o (see in Figs. 21(e)-21(g)), heat transfer coefficient augmentations 

in spanwise direction are much more uniform behind the ribs especially in the case of 60o V-

shaped rib due to the symmetric of the secondary flow. Whereas, the heat transfer enhancement 

near the downstream edge of each rib decreases in the streamwise direction because of flow 

separation and boundary layer development, which these behaviors will be explained in the 

next section. In the case of the ∧-shape ribs with angle inclination of 45o and 60o in Figs. 21(h) 

and 21(i), the heat transfer coefficient is slightly high near the upstream edge of ribs and very 

low in the downstream edge region. In addition, it is found that the heat transfer rate is higher 

for 60o V-shaped ribs and covers for the large area behind the rib when compared to all cases 

of rib-roughened walls.  

In order to increase heat transfer distributions better, the 60o V-shaped rib with 

a gap (or broken rib) was used to modify low heat transfer region in the case of 60o V-shaped 

ribs (Fig. 21(g)), which is demonstrated in Fig. 21(j). It is indicated that in the case of 60o V-

shaped ribs with the gap, there are double peaks of heat transfer coefficient behind the ribs and 

also gives a high heat transfer rate between a gap of each rib, which becomes higher heat 

transfer than in the case of 60o V-shaped ribs. This may be caused by the flow mixing between 

the mainstream and the fluid that flow passes through a gap. 

As aforementioned above, in the case of angle inclination of rib with 60o (Fig. 

21(b)) is also renovated to increase heat transfer at the downstream edge of the rib by adding 

the gap. More details of this section have been written in the publication as attached in 

Appendix A. 
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Fig. 21. Comparisons of Nusselt number distributions on measurement surface with different 

rib arrangements at p/e=10 and Re=30,000. 
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Fig. 21. Comparisons of Nusselt number distributions on measurement surface with different 

rib arrangements at p/e=10 and Re=30,000. (cont.) 
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4.1.2 Thermal enhancement evaluation 

Fig. 22 shows the effect of Reynolds number (Re) on average Nusselt number 

ratio (Nu̅̅̅̅ Nuo⁄ ) between 5th and 6th ribs and friction factor ratio (f/fo) with different rib 

arrangements, at p/e=10. It is found that the Nu̅̅̅̅ Nuo⁄  (Fig. 22(a)) decreases with increasing of 

the Re. Whereas, the f/fo (Fig. 22(b)) tends to increase with increasing of the Re caused by the 

increasing of turbulent intensity. Also, the results demonstrate that the maximum heat transfer 

is achieved in the case of the 60o V-shaped ribs with a gap. It increases by an average about 

2.3–2.7 times when compared to a smooth case. On the other hand, the friction factor in the 

case of the 60o V-shaped ribs with the gap is lower than the case of 60o V-shaped ribs without 

the gap. This may be due to the gap effect. It can reduce friction losses and increase turbulent 

mixing between two adjacent solid ribs in the flow channel. 

 

 

(a) Average Nusselt number ratio 

 

(b) Friction factor ratio 

Fig. 22 Variation of (a) average Nusselt number ratio and (b) friction factor ratio with 

Reynolds number at different rib arrangements. 
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Fig. 23 shows the effect of Reynolds number (Re) on thermal performance 

factors (η) with different rib arrangements, at p/e=10. Thermal performance factor decreases 

according to the increasing of Re for all rib arrangements and the maximum value of thermal 

performance factor increases about 1.3-1.6 times for the case of 60o V-shaped ribs with a gap 

when compared to a smooth case. Although, the minimum value of thermal performance factor 

appears in the case of 90o ribs, which reduce about 1.4 times lower than in the case of 60o V-

shaped ribs with a gap. 

 

Fig. 23. Thermal performance factors with Reynolds number at different rib arrangements. 

 

4.1.3 Flow structures 

In order to further understand the effects of rib configurations on the turbulent 

flow field, coherent structures are numerically investigated in this section. The 3D flow 

structures of each rib type in the flow channel are clearly presented in Figs. 24 to 28. All 3D 

flow structures examined are illustrated in the region between the 5th rib and 6th rib at p/e=10 

and Re=30,000. 

In the case of 90o ribs channel as shown in Fig. 24, it is clearly indicated that 

the obvious separation behind rib and the impingement on the front of the ribbed surface can 

be observed by the separation lines (streamlines). The presence of the orthogonal ribs induces 

a large recirculation flow between two adjacent solid ribs and try impingement on the walls at 

the reattachment region (see in Fig. 24(a)). As a result, the heat transfer coefficient in this area 

increases while the recirculation decreases. In addition, the normalized magnitude velocity 

(U/Ui), (Ui is inlet velocity) inside the simulated channel is much higher in the middle of a 

channel and gradually decreases near the top and bottom wall (see in Fig. 24(b)). 

In the inclined ribs channel as shown in Fig. 25, it is interesting to note that for 

the inclined ribs, there is a strong secondary flow between two adjacent solid ribs and it 
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impinges on a surface near the upstream edge of ribs (see in Fig. 25(a)). Besides, the heat 

transfer coefficient is higher near the upstream edge of ribs (see in Fig. 25(b)). This is because 

of the organized large-scale secondary flows, which carry highly energetic turbulent eddies 

from the core region of the channel to the ribbed wall and then rush into the sidewalls along the 

angled ribs. 

On the other hand, in the case of the V-shaped ribs channel as revealed in Fig. 

26, it is found that the case of V-shaped rib, there are two double counter rotating vortices but 

with opposite direction (see in Fig. 26(a)). The appearance of two double counter rotating 

vortices can increase heat transfer on a surface at the central region between two adjacent solid 

ribs (see in Fig. 26(b)). However, there are still some areas between the ribs where the heat 

transfer coefficient is low due to a large recirculation flow caused by the flow of mainstream 

through the V-shaped rib. Moreover, results show that the effect of a V-shaped rib induces high 

velocity at the middle of the channel and gradually decreases at two sidewalls (Left and right 

walls). 

Similarly, in the case of the ⋀-shaped ribs channel as shown in Fig. 27, the 

existence of the ⋀-shaped rib creates two double counter rotating vortices between two adjacent 

solid ribs but opposite direction with the case of V-shape rib (see in Fig. 27(a)). As a result, 

high heat transfer enhancement occurs two peaks near the upstream edge of rib (Left and right 

walls) and low heat transfer in the middle of a flow channel (see in Fig. 27(b)). Also, it is 

obvious that the presence of ⋀-shaped rib occurs the large recirculation flow behind the ribs, 

which affects low heat transfer in this area. 

In the case of the V-shaped ribs channel with a gap as exposed in Fig. 28, the 

flow structure, in this case, is similar to in the case of V-shaped rib (Fig. 26). It can be seen that 

there are two double counter rotating vortices induced by the V-shaped rib as well as the 

swirling flow produces along the angle of attack of ribs (see in Fig. 28(a)). Though, the 

recirculation zone is not appearing behind a gap of the rib because the flow through the rib is 

accelerated immediately and the existence of a gap also reduces the boundary layer 

development. Eventually, there are two peaks of heat transfer that appeared behind the rib 

owing to flow behavior (see in Fig. 28(b)). 

From numerical simulation for all cases of rib arrangement, it can be concluded 

that angle inclination of rib induces the secondary flow while it has not appeared in the case of 

orthogonal rib. The secondary flow can destroy the boundary layer and increase the heat transfer 

coefficient. Conversely, not only the effect of angle inclination of rib but also the effect of a 

gap can increase heat transfer between adjacent ribs. 
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(a) Streamlines and contours of normalized velocity magnitude. 

 

 

(b) Flow conception and Nusselt number ratio on the surface 

Fig. 24. 3D flow structures and heat transfer pattern on the surface of 90o rib inside the 

straight channel. 
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(a) Streamlines and contours of normalized velocity magnitude. 

 

 

(b) Flow conception and Nusselt number ratio on the surface 

Fig. 25. 3D flow structures and heat transfer pattern on the surface of the inclined rib inside 

the straight channel. 
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(a) Streamlines and contours of normalized velocity magnitude. 

 

 

(b) Flow conception and Nusselt number ratio on the surface 

Fig. 26. 3D flow structures and heat transfer pattern on the surface of V-shaped rib inside the 

straight channel. 
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(a) Streamlines and contours of normalized velocity magnitude. 

 

 

(b) Flow conception and Nusselt number ratio on the surface 

Fig. 27. 3D flow structures and heat transfer pattern on the surface of Λ-shaped rib inside the 

straight channel. 
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(a) Streamlines and contours of normalized velocity magnitude. 

 

 

(b) Flow conception and Nusselt number ratio on surface 

Fig. 28. 3D flow structures and heat transfer pattern on surface of V-shaped rib with gap 

inside the straight channel. 
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4.2 Rotating serpentine channel by using the TLC method 

4.2.1 Heat transfer characteristics 

To check the accuracy of flow structure inside a serpentine channel between 

experiment and numerical simulation, comparison of the normalized Nusselt number contours 

(Nu/Nuo), where Nuo is the Nusselt number of a smooth wall channel, inside a serpentine 

channel for 90o continuous ribs at Ro=0.0, Re=10,000, is presented in Fig. 29. The heat transfer 

distributions have been reproduced well by the numerical simulation. The heat transfer 

distribution pattern of each pass in the serpentine channel between experimental and CFD 

results generates a good match, especially in the turn region. The maximum heat transfer region 

in the CFD is a little larger by area than in the experiment. The numerical simulation prediction 

in the 1st pass and the regions further downstream is good. However, the results of numerical 

simulation prediction (CFD) can be acceptable when compared with the experimental results. 

 

 
Fig. 29. Comparison of Nusselt number distribution between experiment and CFD 

at Ro=0.0, 𝛼=90o and Re=10,000. 
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The rotation number (Ro) defined in Eq. (9) is used to describe the ratio of the 

Coriolis force to the inertial force and can be obtained by various combinations of rotational 

speed and mainstream flow velocity. In this section, eight-channel configurations were 

examined. Each configuration will separately discuss the results for each rib case of the rotation. 

The results both the trailing side (TS) and leading side (LS) of each rotation are clearly 

illustrated and also compared with the stationary case. All ribbed cases are then compared to a 

smooth case separately for the stationary, trailing, and leading cases. These results are presented 

in Figs. 30–37. Furthermore, average heat transfer values are calculated in the regions labeled 

1–10 in Fig. 38. The heat transfer rate over the ribs is not considered, therefore not included in 

the average calculations. In Figs. 39–44, the effect of rotation on the Nu/Nuo ratio is offered as 

a function of the rotation number at Ro=0–0.3. 

In the case of the smooth walls, Fig. 30 shows the Nu/Nuo ratio contours along 

the length of the serpentine channel at different rotation for the stationary and rotating test. For 

stationary case in Fig. 30(a), the results show that for both LS and TS walls give significantly 

high heat transfer rate in the U-bend region owing to the geometry of the turn in test section; 

sharp corners do not guide the flow, hence the inward flow from the first-pass channel will 

impinge on the end cap. Besides, the turbulent flow created in the turn generates high heat 

transfer rate at the beginning of the second-pass channel then begins to decrease and steady as 

the flow develops. Whereas, the case of rotation as shown in Figs. 30(b)–30(f), it is found that 

the heat transfer coefficient of LS and TS walls are significantly different. In the first pass, the 

heat transfer coefficient is higher on the TS wall and slightly decrease on the LS wall, especially 

in the entrance region of the channel. In the U-bend region, it is indicated that the heat transfer 

coefficient on the LS wall is higher than on the TS wall. Because of flow impingement on the 

end wall, flow separation at the U-bend edge and secondary flows induced by for both the 

Coriolis and the centrifugal forces. In the second pass, the heat transfer coefficient decreases at 

the TS wall and the LS wall, the heat transfer coefficient increases. This caused by the Coriolis 

force acts away from the trailing side and into the leading side. Additionally, the experimental 

results indicated that the heat transfer coefficient will increase with increasing of the rotation 

number (Ro) when compared with the stationary case. 
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Fig. 30. Effect of rotation number on the Nusselt number distribution for a smooth wall at 

Re=10,000. 
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In the case of the 90o ribbed walls, Fig. 31 shows the Nu/Nuo ratio distributions 

along the length of the serpentine channel at different rotating number. It is found that the heat 

transfer coefficient in the case of 90o ribs tends to increase more than the smooth case (Fig. 30). 

In Fig. 31(a), heat transfer coefficient for both the LS and TS walls is higher in the middle region 

between two adjacent solid ribs, and very low suddenly before and after the ribs. The highest 

heat transfer ratios appear in the first-pass channel caused by high recirculation flow. In the 

turn region, the heat transfer coefficient enhances greatly, particularly in the region labeled (6). 

This may be due to the combined effects of the U-bend and 90o ribs in the turn. In the second 

pass, the existence of the bend and 90o ribs reduces slightly heat transfer coefficient in the 

regions labeled (8) and (9), and then slightly increase near the inward flow in the regions labeled 

(10). While the rotating test results in Figs. 31(b)–31(f), it is obvious that Nu/Nuo ratio 

distributions of the LS and TS walls give clearly different because of effect the rotation. In the 

first pass, the heat transfer coefficient at the TS wall is higher than at the LS wall. In the turn 

region, the entrance region of the U-bend shows the same heat transfer distribution for the 

stationary case (see in Fig. 31(a)). However, the higher heat transfer coefficient is at the TS 

wall. The Coriolis force reducing the reattachment length behind the ribs. In the second pass, it 

can be seen that the heat transfer coefficient on the TS wall decreases while an augmentation in 

heat transfer is on the LS wall. Therefore, the presentation of ribs appears to break down the 

turn effects in the second-pass more rapidly than the smooth wall case. In addition, the 

experimental results showed that the heat transfer coefficient increases with an increase of the 

rotation number (Ro) when compared to the stationary case. 

In the cases of the 45o and 60o ribbed walls, the Nu/Nuo ratio distributions along 

the length of the serpentine channel at different rotating number are illustrated in Figs. 32 and 

33. The case of 45o and 60o ribbed walls in the first and the second passes is angled away from 

the inner walls, and there are the 90o ribbed walls in the turn region. It is indicated that the heat 

transfer coefficient in the case of 45o and 60o ribs is higher than in the case of 90o ribs and the 

smooth wall. Most results showed that the heat transfer coefficient increases near the upstream 

edge of each rib and decreases as going to the downstream edge of the ribs. For stationary case 

in Fig. 32(a), it is found that the heat transfer coefficient in the second-pass channel is lower 

than in the first-pass channel owing to combined effects of the U-bend and 90o rib in the turn. 

In the turn region, both the LS and TS walls (in the region labeled (5)) show the highest heat 

transfer at the upstream edge (near inner wall region) of rib and then very low immediately at 

the downstream edge (outer wall or dividing wall) of rib. Whereas, in the region labeled (6), 

the heat transfer coefficient increases behind the ribs. In the second pass, the heat transfer 

coefficient for both the LS and TS walls decrease because of the effect of the U-bend and 90o 
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ribs. In contrast, Figs. 32(b)–32(f) show the rotating test results for the differences of rotational 

effect on the heat transfer coefficient on the LS and TS walls. In the first pass, the heat transfer 

coefficient of the TS wall increases when increasing the rotation number (Ro) and then decreases 

slightly on the LS wall. In the turn region, the heat transfer coefficient is very high caused by 

the combined effects of the U-bend and the 90o ribs in the turn. Also, the centrifugal effect 

owing to the U-bend on the secondary flow has reduced the presence of the ribs. In the second 

pass, the heat transfer coefficient increases near the outer wall and gradually decreases towards 

the inner wall. Higher heat transfer on the LS wall gives significantly than on the TS wall 

because of the effect of the Coriolis force, especially in the case of 60o ribbed walls (see in Fig. 

33). Besides, it is indicated that trend of the overall heat transfer coefficient in the case of 60o 

ribbed walls (Fig. 33) is a larger area than in the case of 45o ribbed walls (Fig. 32). 

In the case of the 60o V-shape ribbed walls (case I), the Nu/Nuo ratio 

distributions along the length of the serpentine channel at different rotating number are 

presented in Fig. 34. For stationary case (Fig. 34(a)), it is observed that for both the LS and TS 

walls in the first pass provide high heat transfer enhancement region along the centerline of the 

channel. The heat transfer coefficient is lower immediately near the upstream and the 

downstream of each rib in the first pass. This may be due to flow separation from the ribs, 

forming two vortices between the ribs. These will be presented clearly in the section of flow 

structure. In the turn region, very low heat transfer region is induced suddenly downstream of 

the last V-shape rib in the first-pass owing to the flow separation caused by the additional effect 

of the U-bend. The 90o rib in the turn region produces high heat transfer enhancement behind 

the ribs. In the second pass, results demonstrate that the heat transfer coefficient decreases 

noticeably when compared to the first-pass because of the combined effect of the U-bend and 

the 90o rib. Figs. 34(b)–34(f) demonstrate the rotating test results for overall heat transfer 

distributions on the LS and TS walls. In the first-pass, heat transfer coefficient on the TS wall is 

higher than on the LS wall, especially in the region labeled (3) and (4). In the turn region, the 

heat transfer coefficient in the region labeled (5) is higher at the TS wall while heat transfer on 

the LS wall slightly increases. Then, heat transfer in the region labeled (6) of the TS wall is 

lower than heat transfer on the LS wall caused by the effect of the Coriolis force. In the second 

pass, the results showed that both the U-bend and the 90o rib provide immediately low heat 

transfer rate when compared to the first pass. However, the overall heat transfer coefficient on 

the LS wall is higher than on the TS wall, particularly when increasing the rotation number (Ro). 

Furthermore, it is observed that overall heat transfer coefficient in the case of 60o V-shaped ribs 

is higher than in the case of 90o, 45o and 60o ribbed channels, especially in the first-pass channel 

for all cases. 
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Fig. 31. Effect of rotation number on the Nusselt number distribution for 90o ribbed walls at 

p/e=10 and Re=10,000. 
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Fig. 32. Effect of rotation number on the Nusselt number distribution for 45o ribbed walls at 

p/e=10 and Re=10,000. 
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Fig. 33. Effect of rotation number on the Nusselt number distribution for 60o ribbed walls at 

p/e=10 and Re=10,000. 
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Fig. 34. Effect of rotation number on the Nusselt number distribution for V-60o ribbed walls 

(case I) at p/e=10 and Re=10,000. 
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In the case of the 60o V-shape ribbed walls (case II), the Nu/Nuo ratio 

distributions along the length of the serpentine channel at different rotating number are shown 

in Fig. 35. The direction of the 60o V-shape ribs is shown in Fig. 9, which is different in case I 

(only second-pass). There are the 90o ribs in the middle of the turn. For stationary case in Fig. 

32(a), the heat transfer coefficient in the first-pass are similar to heat transfer in the case of 60o 

V-shape ribbed walls (case I). Heat transfer coefficient both the LS and TS walls in the first-

pass is higher along the centerline of the channel, and lower immediately near the upstream and 

the downstream of each rib. In the turn region, higher heat transfer coefficient in the region 

labeled (5) occurs behind the ribs and low suddenly in the middle of the channel, and then 

increase near the end cap. Whereas, in the region labeled (6), the heat transfer clearly increases 

behind the ribs and then cover the large area near the dividing wall due to the turning effect. 

For the second pass, it also obvious that the higher heat transfer region moves closer towards 

the mid-channel region on both the LS and TS walls. Figs. 32(b)–35(f) illustrate the rotating test 

results. In the first pass, the overall heat transfer coefficient on the TS wall significantly 

increases when increasing the rotation number. While, in the turn region, the heat transfer 

coefficient on the LS wall is higher than on the TS wall, especially in the region labeled 6. In 

the second pass, the combined effects of the turn and the 90o rib are abruptly low heat transfer 

when compared to the first pass. However, overall heat transfer enhancement on the LS and TS 

walls depends on the rotational effect. General results show high heat transfer on the LS wall 

better than heat transfer on the TS wall because of the Coriolis force. Additionally, it is indicated 

that heat transfer enhancements in the case of 60o V-shaped ribs (case II) are higher than heat 

transfer in the case of 60o V-shaped ribs (case I), specifically in the second-pass for all Ro cases. 

In the case of the 60o V-shape ribbed walls (case III), Fig. 36 shows the Nu/Nuo 

ratio distributions along the length of the serpentine channel under the rotational effect. For 

stationary case (Fig. 36(a)), it is observed that heat transfer coefficient both the LS and TS walls 

in the first-pass is higher along the centerline of the channel, and then lower immediately 

towards upstream and downstream of ribs. In the turn region, low heat transfer region appears 

near downstream of last V ribs of the first-pass and then high immediately behind the 90o rib. 

In the second pass, the 60o inclined ribs are located on both the LS and TS walls to study heat 

transfer characteristics on surface. The experimental results showed that the overall heat 

transfer coefficient enhances near the outer wall and suddenly decreases near the inner wall. 

For rotating test results (Figs. 36(b)–36(f)), it is indicated that the rotational effect of a 

serpentine channel induced two important forces, the Coriolis and centrifugal forces which 

produce the different heat transfer coefficient between the LS and TS walls. In the first pass, the 

heat transfer coefficient on the TS wall is higher than on the LS wall for all rotating cases. In 
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the turn region, heat transfer also significantly increase, especially in the region labeled (6) at 

the LS wall. In the second pass, the Coriolis force induced by rotation generates higher heat 

transfer on the LS wall than the TS wall. The overall heat transfer coefficient in the second-pass 

channel slightly decreases when compared to the first-pass channel because of the centrifugal 

force drop suddenly. Besides, it is found that the heat transfer coefficient in the second-pass 

modified with the new shape rib is well achieved when compared to the other rib cases. 

In the case of the 60o V-shape ribbed walls with a gap (case IV), the Nu/Nuo 

ratio distributions along the length of the serpentine channel at different rotating number are 

illustrated in Fig. 37. For stationary case (Fig. 37(a)), the heat transfer enhancement in the first-

pass is limited to the mid-channel region. The highest heat transfer enhancement is upstream of 

each rib along the direction of the rib. The effect of gap induced complex flow along the broken 

V ribs also occurs double heat transfer behind the ribs. The rib arrangement used in this present 

study makes the secondary flow and reduces boundary layer development. In the turn region, 

the heat transfer coefficient enhances greatly because of the 90o ribs in the U-bend. The heat 

transfer coefficient in the second-pass after-turn region is lower than the enhancement in the 

first pass. Heat transfer is higher near the outer wall and then reduces near the inner wall. 

Conversely, in the case of rotation (Figs. 37(b)–37(f)), in the first pass, the heat transfer 

coefficient on the TS wall is similar to enhancement on the LS wall. Because the secondary flow 

inside a serpentine channel is uniform. The existence of a gap may affect the Coriolis force 

where act on each surface. In the turn region, it is obvious that the heat transfer coefficient on 

the TS wall is higher than enhancement on the LS wall. However, heat transfer on the LS wall 

in the second-pass increases clearly when increasing Ro. Most heat transfer increases near the 

outer wall more than on the inner wall. Because of the effect of a gap and U-bend. 
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Fig. 35. Effect of rotation number on the Nusselt number distribution for V-60o ribbed walls 

(case II) at p/e=10 and Re=10,000. 

 

 

Ro=0.00 Ro=0.10

Ro=0.15 Ro=0.20

Ro=0.25 Ro=0.30     

    

    

    

    

    

    

    

    

Nu/Nuo

0

10

p/e

5

x/Dh

z/
D

h

0 1.0-1.0 0.5-0.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
LS

0

10

p/e

5

0

10

p/e

5

x/Dh

z/
D

h

0 1.0-1.0 0.5-0.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
TS

0

10

p/e

5

0

10

p/e

5

x/Dh

z/
D

h
0 1.0-1.0 0.5-0.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
LS

0

10

p/e

5

0

10

p/e

5

x/Dh

z/
D

h

0 1.0-1.0 0.5-0.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
TS

0

10

p/e

5

0

10

p/e

5

x/Dh

z/
D

h

0 1.0-1.0 0.5-0.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
LS

0

10

p/e

5

0

10

p/e

5

x/Dh

z/
D

h

0 1.0-1.0 0.5-0.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
TS

0

10

p/e

5

0

10

p/e

5

x/Dh

z/
D

h

0 1.0-1.0 0.5-0.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
LS

0

10

p/e

5

0

10

p/e

5

x/Dh

z/
D

h

0 1.0-1.0 0.5-0.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
TS

0

10

p/e

5

0

10

p/e

5

x/Dh

z/
D

h

0 1.0-1.0 0.5-0.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
LS

0

10

p/e

5

0

10

p/e

5

x/Dh

z/
D

h

0 1.0-1.0 0.5-0.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
TS

0

10

p/e

5

0

10

p/e

5

x/Dh

z/
D

h

0 1.0-1.0 0.5-0.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
LS

0

10

p/e

5

0

10

p/e

5

x/Dh

z/
D

h

0 1.0-1.0 0.5-0.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
TS

0

10

p/e

5

(1)

(2)

(3)

(4)

(5)(6)

(10)

(9)

(8)

(7)



48 

 

 

Fig. 36. Effect of rotation number on the Nusselt number distribution for V-60o ribbed walls 

(case III) at p/e=10 and Re=10,000. 
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Fig. 37. Effect of rotation number on the Nusselt number distribution for V-60o ribbed walls 

with a gap (case IV) at p/e=10 and Re=10,000. 
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4.2.2 Average Nusselt number 

Effect of rib arrangements on average Nusselt number ratios (Nu̅̅̅̅ /Nuo) is 

revealed in Figs. 38 and 39. Also, the effects of rotation on average Nusselt number ratios of 

each section in the channel are presented clearly in Fig. 40. 

In the stationary case, the local Nusselt number ratios are regionally averaged 

on the heat transfer surface between two adjacent solid ribs in the serpentine channel. Fig. 38 

shows the effect of rib arrangements on regionally average Nusselt number ratios (Nu̅̅̅̅ /Nuo) 

along the length of the serpentine channel at Ro=0.0, p/e=10 and Re=10,000. It is found that 

average heat transfer in the first-pass for all rib cases is higher than in the case of a smooth wall. 

Whereas, all cases of the 60o V-shaped rib in the first-pass show the highest average heat 

transfer. In the turn region, average heat transfer ratios increase clearly in all cases caused by 

the turn effects which generate high turbulent flow while the average heat transfer in the second-

pass decreases when compared to the turn region. However, when compared to the first pass, 

the average heat transfer ratios in the second-pass is higher, except for all cases of the 60o V-

shaped rib. Moreover, it is indicated that average heat transfer in the second-pass with 60o 

inclined rib gives the highest heat transfer when compared with the other rib cases. 

In the case of rotation at Ro=0.2, p/e=10 and Re=10,000, Fig. 39 shows the 

comparisons of average Nusselt number ratios (Nu̅̅̅̅ /Nuo) on the surface between the ribs of each 

regional index inside a serpentine channel with different rib arrangements. Average heat 

transfer on both LS and TS walls is considered in this work. A comparison of average heat 

transfer on the LS wall for all rib cases is plotted in Fig. 39(a). Results show that average heat 

transfer in all cases of V-60o ribs increases significantly in the first-pass while average heat 

transfer in the turn and second-pass region gradually decreases. In the case of inclined rib at 

45o, 60o and 90o is higher heat transfer in the turn region. On the other hand, average heat 

transfer in the case of a smooth wall is higher both the turn and second-pass when compared to 

the first pass. Besides, it is observed that average heat transfer in the case of V-60o rib (case I) 

shows the highest heat transfer in the first-pass while average heat transfer in the case of V-60o 

rib (case II) is the highest heat transfer in the second pass. For average heat transfer on the TS 

wall in Fig. 39(b), the average heat transfer ratios for all rib cases are similar to average heat 

transfer on the LS wall. The V-60o rib (case I) in the first-pass shows the highest average heat 

transfer. However, the case of 60o inclined rib in the second-pass demonstrates the highest 

average heat transfer when compared to other rib cases. 
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Fig. 38. Comparison of average Nusselt number ratios along the length of a serpentine 

channel for all rib cases at Ro=0.0, p/e=10 and Re=10,000. 

 

 

(a) Regionally average Nusselt number ratios on the LS walls 

Fig. 39. Comparison of average Nusselt number ratios along the length of a serpentine 

channel for all rib cases at Ro=0.2, p/e=10 and Re=10,000. 
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(b) Regionally average Nusselt number ratios on the TS walls 

Fig. 39. Comparison of average Nusselt number ratios along the length of a serpentine 

channel for all rib cases at Ro=0.2, p/e=10 and Re=10,000. (Cont.) 
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4.2.3 Thermal enhancement evaluation 

Fig. 41 shows the effect of Ro on friction factor ratios (f/fo) of each rib type 

inside the serpentine channel. The results clearly show that the friction factor tends to increase 

with the rotation number (Ro). Additionally, the maximum friction factor is found in the case 

of the 60o ribs, and at the relative rotation number Ro=0.3 for which also the maximum heat 

transfer is observed. 

It is essential to consider the overall thermal performance factor of the 

serpentine channel to evaluate the optimum value. The overall thermal performance factors at 

different rotation numbers, both at LS and TS walls, are compared in Fig. 42. The results show 

overall thermal performance matches best thermal performance, because of the combined 

effects of Coriolis-induced secondary flow and rib orientation. The thermal performance factors 

increase with increasing of the Ro. The case of V-60o rib (Case II, III and IV) becomes the best 

thermal performance when compared with the other rib configurations. 

 

 

(a) Average Nusselt number in the first-pass 

Fig. 40. Effect of Ro on average Nusselt number ratios of each section of a serpentine channel 

at p/e=10 and Re=10,000. 
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(b) Average Nusselt number in the turn region 

 

 

(c) Average Nusselt number in the second-pass 

Fig. 40. Effect of Ro on average Nusselt number ratios of each section of a serpentine channel 

at p/e=10 and Re=10,000. (Cont.) 
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Fig. 41. Effect of Ro on friction factor ratios of each rib type inside a serpentine channel at 

p/e=10 and Re=10,000. 

 

 

Fig. 42. Effect of Ro on thermal performance factors of each rib type inside a serpentine 

channel at p/e=10 and Re=10,000. 
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4.3 Rotating serpentine channel by using naphthalene sublimation method 

4.3.1 Heat transfer characteristics 

In the case of 90o ribbed walls at p/e=10, Ro=0.0 and Re=10,000, Fig. 43 

presents the Nu/Nuo ratio distributions in the region between 4th and 5th ribs of the first pass and 

the second pass inside a serpentine channel under the stationary case. It is found that the heat 

transfer coefficient for both the LS and TS walls in the first pass is higher in the middle region 

between two adjacent solid ribs, and very low before and after the ribs. Meanwhile, the heat 

transfer coefficient in the second pass is higher in the middle region between two adjacent solid 

ribs toward the outer wall, and then very low suddenly behind the ribs. 

In the case of 90o ribbed walls at p/e=10, Ro=0.2 and Re=10,000, Fig. 44 shows 

the Nu/Nuo ratio distributions in the region between 4th and 5th ribs of the first-pass and the 

second pass inside a serpentine channel under the rotating case. The results reveal that the effect 

of rotation shows different heat transfer coefficient on the LS and TS walls, both the first and 

second passes. In the first pass, the heat transfer coefficient on the TS wall is significantly higher 

than heat transfer on the LS wall. On the other hand, the direction of the mainstream is changed 

suddenly in the turn region toward the second pass, resulting in heat transfer augmentations. 

The heat transfer coefficient on the LS wall in the second pass is clearly higher than heat transfer 

on the TS wall. Most heat transfer enhancements in the second pass are larger area towards the 

outer wall than heat transfer near the inner wall. 

In the case of 60o inclined ribbed walls at p/e=10, Ro=0.0 and Re=10,000, Fig. 

45 demonstrates the Nu/Nuo ratio distributions in the region between the 4th rib and 5th rib of 

the first-pass and the second-pass inside a serpentine channel under the stationary case. 

Experimental results demonstrate that overall heat transfer coefficient for both LS and TS walls 

in the first pass as same as the second pass increases near the upstream edge of each rib and 

decreases as going to the downstream edge of the ribs. Heat transfer coefficient in the first pass 

is higher than heat transfer in the second pass owing to the turning effect. 

In the case of 60o inclined ribbed walls at p/e=10, Ro=0.2 and Re=10,000, Fig. 

46 illustrates the Nu/Nuo ratio distributions in the region between 4th and 5th ribs of the first pass 

and the second pass inside a serpentine channel under the rotating case. The results reveal that 

the heat transfer coefficient on the TS wall in the first pass enhances clearly when compared to 

the LS wall. Because the rotation induced the Coriolis force in the first pass pushes the high 

momentum core fluid toward the TS wall, and then low momentum fluid near the inner and 

outer walls toward the LS wall. In contrast, the heat transfer coefficient on the LS wall in the 

second pass is much higher than heat transfer on the TS wall caused by the Coriolis force acts 

in the opposite direction with the first pass. Furthermore, experimental results show that the 
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overall heat transfer coefficient on the LS wall in the second pass shows a large area more than 

the TS wall in the first pass. This may be due to the turning effect and the 90o ribs. Most notably, 

the heat transfer coefficient in the case of the 60o ribs is higher than heat transfer in the case of 

the 90o ribs. 

 

4.3.2 Average Nusselt number 

To examine the effect of rotation, the rotational speed is varied while the main 

flow rate is constant. The average Nusselt number ratios (Nu̅̅̅̅ /Nuo) for the angle of rib inclination 

of 60o and 90o at different rotation numbers, both at LS and TS walls, are compared in Fig. 47. 

The results show that overall heat transfer enhancement because rotation occurs on the first 

pass TS and the second pass LS walls of where the Nusselt number ratio is about 10-15% higher 

than the stationary case. While, heat transfer ratio on the first pass LS and the second pass TS 

walls decreases significantly with increasing of the rotation number. Moreover, the first pass 

TS and the second pass LS walls at Ro=0.3 show maximum average Nusselt number ratio, 

elevated by approximately 15-25 % beyond the other rotation number cases. On the other hand, 

the Nusselt number ratio of first pass LS and second pass TS walls with Ro=0.3 decreases by 

around 10-20 % because of the effects of Coriolis and centrifugal forces. Most notably, the 

average Nusselt number ratio in the case of 60o inclined ribbed walls, both at LS and TS walls, 

it appeared clearly when compared to the 90o ribs. 

 

4.4 Flow structures of the rotating serpentine channel 

To understand clearly the mechanisms associated with the vortex structures 

because of the rotation, Figs. 48 to 61 show the 3D flow field and velocity streamlines with 

different rib configurations inside the serpentine channel both stationary and rotating 

conditions, which were predicted by the commercial software ANSYS (Fluent) ver. 15.0. A 

total of five planes have been drawn including the first pass, the turn region and the second 

pass, which were located in the middle between two adjacent solid ribs along of the serpentine 

channel. P1 and P2 are drawn in the first pass, P3 is drawn to study the fluid flow characteristic 

in the turn region. P4 and P5 are drawn in the second-pass after flow through the turn region. 

The reason behind drawing planes in the middle between two adjacent solid ribs was to identify 

the changes in the fluid flow characteristic caused by the introduction of rib turbulators. 
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Fig. 43. Detailed Nusselt number enhancement contours on the surface between the 90o ribs 

of each pass under the stationary condition at Ro=0.0, p/e=10 and Re=10,000. 

 

 

Fig. 44. Detailed Nusselt number enhancement contours on the surface between the 90o ribs 

of each pass under rotation condition at Ro=0.2, p/e=10 and Re=10,000. 
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Fig. 45. Detailed Nusselt number enhancement contours on the surface between the 60o ribs 

of each pass under the stationary condition at Ro=0.0, p/e=10 and Re=10,000. 

 

 

Fig. 46. Detailed Nusselt number enhancement contours on the surface between the 60o ribs 

of each pass under the rotating condition at Ro=0.2, p/e=10 and Re=10,000. 
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(a) Average Nusselt number ratios in the first-pass 

 

(b) Average Nusselt number ratios in the second-pass 

Fig. 47. Effect of Ro on average Nusselt number ratios on the surface between the ribs under 

rotation condition at p/e=10 and Re=10,000. 
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the turn region gives low velocity and also appears the reverse flow because the main flow 
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higher heat transfer. However, the velocity streamlines gradually decrease along the flow 

channel in the second pass results in a low heat transfer rate. Also, the flow away the turn region 

induces the single vortex flow on plane P5. 

Fig. 49 illustrates the 3D flow field and velocity vector contour of each plane 

inside the serpentine channel with smooth wall at Ro=0.2 and Re=10,000. In the first pass, the 

small secondary flow is gradually formed on plane P1 near the LS wall and then gradually 

increase on plane P2 while the direction of the velocity vector of both plane P1 and P2 acts 

towards the TS wall. All planes in the first pass show high velocity near the TS wall caused by 

the Coriolis force (FCO). In the turn region, the complex flow of secondary flow occurs on plane 

P3 because of the rotation and turn effect. The velocity near the inner wall is higher than the 

outer wall when compared to the stationary case. In the second pass, the effect of rotation and 

180o turn shows large secondary flow on planes P4 and P5 near the LS wall. Thus, the heat 

transfer coefficient on the LS wall is higher than on the TS wall. 

Fig. 50 demonstrates 3D flow field and velocity vector contour of each plane 

inside the serpentine channel with 90o rib wall at Ro=0.0, p/e=10 and Re=10,000. In the first 

pass, it is found that the obvious separation behind the rib and the impingement on the front of 

the rib surface can be observed by the separation lines (streamlines). The existence of 90o ribs 

induces a large recirculation flow between two adjacent solid ribs and then impinges on the 

walls at the reattachment region. As a result, the heat transfer coefficient in this area increases 

while the recirculation decreases. Furthermore, the velocity on plane P1 and P2 in the first pass 

is a much higher ratio in the middle of a channel and lower near the top and bottom walls. In 

the turn region, the complex flow of secondary flow appears on the turn region. The velocity 

on plane P3 is higher near the edge of ribs and low velocity in the middle between two adjacent 

solid ribs. In the second pass, the turn and 90o rib create high-velocity streamlines near the outer 

wall more than the inner wall clearly. Consequently, velocity on plane P4 and P5 increases near 

the outer wall. These behavior affect the heat transfer rate. 

Fig. 51 demonstrates 3D flow field and velocity vector contour of each plane 

inside the serpentine channel with 90o rib wall at Ro=0.2, p/e=10 and Re=10,000. In the first 

pass, the rotation induces the secondary flow on plane P1 and P2. The direction of velocity 

streamline and velocity vector acts from the LS wall towards the TS wall. Eventually, heat 

transfer on the TS wall is higher than in heat transfer on the LS wall. In the turn region, the 

effect of rotation generates a complex flow of secondary flow while the velocity on plane P3 is 

higher near the inner wall towards the TS wall. This is due to the flow effect that impinges on 

the end cap. In the second pass, the turn shows high velocity near the outer wall more than the 
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inner wall. Additionally, the effect of rotation also generates a complex flow of secondary flow 

on plane P4 and P5 towards the LS wall. 

Fig. 52 exhibits 3D flow field and velocity vector contour of each plane inside 

the serpentine channel with 60o rib wall at Ro=0.0, p/e=10 and Re=10,000. In the first pass, it 

is observed that the velocity streamlines because main fluid flow produces the flow separation 

at the end face of the rib, and makes the longitudinal vortex flow by beginning from the 

upstream edge of rib towards the downstream edge of the rib. The longitudinal vortex flow 

appears owing to the effect of the inclination of rib. After that, the flow separation will reattach 

on the heat transfer surface immediately. As a result, the heat transfer coefficient in this area 

increases because the thermal boundary layer is destroyed. In addition, the inclination of rib 

produces the secondary flow between the ribs (see in plane P1 and P2). It is another reason to 

increase heat transfer on the surface. In the turn region, it is found that the velocity on plane P3 

is higher near the inner wall while another wall is low velocity. This is due to the flow effect 

that passes the upstream edge of the last rib in the first pass. In the second pass, the turn and 

the first rib in the second pass produces high-velocity streamlines towards the outer wall, which 

is similar to previous rib case. This behavior creates a complex flow of secondary flow behind 

the rib on plane P4 while plane P5 occurs clearly the secondary flow as same as plane P1 and 

P2 in the first pass. Therefore, the heat transfer rate increases. 

Fig. 53 exhibits 3D flow field and velocity vector contour of each plane inside 

the serpentine channel with 60o rib wall at Ro=0.2, p/e=10 and Re=10,000. In the first pass, it 

is found that the velocity streamlines acts from the LS wall towards the TS wall. The rotational 

effect also generates the complex flow of secondary flow on both plane P1 and P2 in the first 

pass. Most of the longitudinal vortex line occurs near the TS wall more than the LS wall. For 

this reason, heat transfer on the TS wall increases because the thermal boundary layer is 

destroyed. In the turn region, the effect of rotation is higher velocity on plane P3 near the TS 

wall more than the LS wall. Furthermore, the 90o rib in the turn creates a complex flow of 

secondary flow between the ribs more than the stationary case. In the second pass, both rotation 

and 180o turn generate the complex flow towards the outer side near the LS wall. As a result, 

heat transfer on the LS wall increases significantly. Similarly, it is observed that the velocity on 

plane P4 and P5 in the second pass is higher near the LS wall clearly when compared to 

stationary case. 
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Fig. 48. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with smooth wall at Ro=0.0 and Re=10,000. 

 

 

Fig. 49. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with smooth wall at Ro=0.2 and Re=10,000. 
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Fig. 50. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with 90o ribbed walls at Ro=0.0, p/e=10 and Re=10,000. 

 

 

Fig. 51. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with 90o ribbed walls at Ro=0.2, p/e=10 and Re=10,000. 
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Fig. 52. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with 60o ribbed walls at Ro=0.0, p/e=10 and Re=10,000. 

 

 

Fig. 53. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with 60o ribbed walls at Ro=0.2, p/e=10 and Re=10,000. 
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Fig. 54 shows 3D flow field and velocity vector contour of each plane inside 

the serpentine channel with V-60o ribbed wall (Case I) at Ro=0.0, p/e=10 and Re=10,000. In the 

first pass, it is indicated that the case of V-shape rib induces the double secondary flow between 

the ribs as shown in plane P1 and P2. The velocity is high in the middle of the flow channel 

and low velocity near the wall. In the turn region, the turn induces the secondary flow between 

the ribs on plane P3. The velocity near the inner wall is higher than the outer wall. This is due 

to the flow effect that impinges on the end cap. In the second pass, both rib orientation and 180o 

turn create high velocity streamlines near the outer wall more than the inner wall. In addition, 

it is found that the velocity on plane P4 increases in the middle of the channel towards the outer 

wall while the velocity near the LS and TS walls decreases. On the other hand, the velocity on 

plane P5 increases near the outer and inner wall and gradually decreases near the LS and TS 

walls. Moreover, it is indicated that the second pass on plane P5 occurs double secondary flow 

but the direction of velocity vector opposite with the first pass on plane P1 and P2. Thus, heat 

transfer in the second pass differs with heat transfer in the first pass. 

Fig. 55 presents 3D flow field and velocity vector contour of each plane inside 

the serpentine channel with V-60o ribbed wall (Case I) at Ro=0.2, p/e=10 and Re=10,000. The 

results show that the effect of the rotation induces the complex flow of secondary flow in the 

first pass on plane P1 and P2. The velocity increases near the TS wall and gradually decreases 

near the LS wall. As a result, the heat transfer rate on the TS wall increases significantly. 

Besides, the V-shape rib generates the longitudinal vortex flow behind the rib. In the turn 

region, the velocity on plane P3 increases near the TS wall towards the inner wall. This may be 

due to flow effect from the rotation. In the second pass, both the rotation and turn makes the 

complex flow of secondary flow between the ribs. Whereas, the velocity on plane P4 and P5 

significantly increases near the outer wall more than the inner wall. However, when compared 

to the case of 60o inclined rib, this case gives higher turbulent flow mixing between the ribs. 

Effect of rotation induces the direction of velocity vector towards the LS wall more than the TS 

wall. 

Figs. 56 to 59 illustrate the 3D flow field and velocity vector contour of each 

plane inside the serpentine channel with V-shape ribbed wall (Case II and III) at both stationary 

and rotation conditions, p/e=10 and Re=10,000. These cases are modified the rib configuration 

in the second pass in order to improve the heat transfer coefficient better. The first case as 

shown in Figs. 56 and 57, these cases use the 60o V-shaped rib to place on the second pass 

having reverse direction. For stationary case (Fig. 56), it is found that the velocity on plane P4 

increases clearly near the outer wall, which gives larger than the previous case. Effect of this 

rib orientation gives double secondary flow which is similar to the first pass. Eventually, heat 
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transfer rate increase behind the rib better than previous V-shape rib case. For rotation case 

(Fig. 57), it is observed that the velocity on plane P4 and P5 in the second pass is similar to the 

first pass. However, the velocity increases near the outer wall towards the LS wall. The second 

case as shown in Figs. 58 and 59, these cases use the 60o inclined rib to locate on the second 

pass. For stationary case (Fig. 58), it is observed that the velocity on plane P4 in the second 

pass increases near the outer wall and decreases near the inner wall owing to the turning effect. 

As a result, heat transfer increases near the upstream edge of the rib towards the outer wall more 

than the inner wall. Moreover, the turning effect induces the complex flow of secondary flow 

between the ribs on plane P4 while plane P5 occurs single vortex flow. For rotation case (Fig. 

59), both the rotation and 180o turn in the second pass makes the complex flow towards the 

outer side near the LS wall. Hence, heat transfer on the LS wall significantly increases because 

the thermal boundary layer is destroyed. Furthermore, it is observed that velocity on plane P4 

and P5 in the second pass is high near the LS wall clearly when compared to stationary case. 

Fig. 60 demonstrates 3D flow field and velocity vector contour of each plane 

inside the serpentine channel with broken V-60o ribbed wall (Case IV) at Ro=0.0, p/e=10 and 

Re=10,000. In the first pass, it is indicated that two double counter-rotating vortices in plane 

P1 and P2 are made by the broken V-shaped rib as well as the swirling flow induces along the 

angle of attack of ribs. However, the recirculation zone is not appearing behind a gap of the rib 

because the flow through the rib is accelerated immediately and the presence of a gap also 

reduces the boundary layer development. As a result, there are two peaks of heat transfer 

coefficient that appeared behind the rib. In the turn region, the turn creates the strong secondary 

flow (see in plane P3) towards the inner wall as well. On the other hand, in the second pass, 

reverse double counter-rotating vortices in plane P4 and P5 are generated by broken V-shaped 

rib and also show high velocity near the outer wall. 

Fig. 61 shows 3D flow field and velocity vector contour of each plane inside 

the serpentine channel with broken V-60o ribbed wall (Case IV) at Ro=0.2, p/e=10 and 

Re=10,000. It is found that effect of rotation induced the secondary flow in the first pass acts 

from the LS wall towards the TS wall while the secondary flow in the second pass acts from the 

TS wall towards the LS wall. Consequently, the heat transfer coefficient differs significantly. 

Besides, it is observed that the velocity in the turn region on plane P3 is high near the inner side 

towards the TS wall clearly. 
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Fig. 54. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with V-60o ribbed walls (case I) at Ro=0.0, p/e=10 and Re=10,000. 

 

 

Fig. 55. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with V-60o ribbed walls (case I) at Ro=0.2, p/e=10 and Re=10,000. 
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Fig. 56. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with V-60o ribbed walls (case II) at Ro=0.0, p/e=10 and Re=10,000. 

 

 

Fig. 57. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with V-60o ribbed walls (case II) at Ro=0.2, p/e=10 and Re=10,000. 
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Fig. 58. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with V-60o ribbed walls (case III) at Ro=0.0, p/e=10 and Re=10,000. 

 

 

Fig. 59. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with V-60o ribbed walls (case III) at Ro=0.2, p/e=10 and Re=10,000. 
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Fig. 60. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with V-60o ribbed walls (case IV) at Ro=0.0, p/e=10 and Re=10,000. 

 

 

Fig. 61. 3D flow field and velocity vector contour of each plane inside the serpentine channel 

with V-60o ribbed walls (case IV) at Ro=0.2, p/e=10 and Re=10,000. 
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5. Concluding remarks 

The aim of this research is to study the local heat transfer distribution within 

the serpentine channel of the turbine blade with the rib turbulators in order to get the uniform 

heat transfer distribution on the surface under the rotations. Based on the previous discussion, 

the two main results can be summarized as follow: 

 

5.1 Stationary straight channel 

1. The heat transfer coefficient distributions on the rib-roughened walls for the 

angle of 60o inclined ribs, 45o, 60o V-shaped ribs and 60o V-shaped ribs with gap are 

significantly high about 19.3%, 23.5%, 32.6% and 38.7% respectively when compared with the 

angle of 90o inclined ribs due to the stronger rotational momentum of the secondary flow which 

impinges the upstream edge enhances the heat transfer. 

2. The highest average heat transfer coefficient on the rib-roughened walls is 

achieved for the angle of 60o V-shaped ribs with a gap when compared with other rib cases due 

to the complex secondary flow field induced by the inclined angle of ribs and flow through a 

gap. 

3. Thermal performance is also evaluated for the considered the effect of 

inclined angle of ribs. All the rib arrangements studied, the angle of 60o V-shaped ribs with gap 

gives the best thermal performance. 

 

5.2 Rotating serpentine channel 

1. The heat transfer coefficient for all rib cases under the stationary condition 

in the first pass is higher than in the second pass. Whereas, the heat transfer coefficient in the 

case of a smooth wall is lowest. 

2. Under the rotation, the heat transfer coefficient for all rib cases in the first 

pass is high on the TS wall followed by the LS wall. This trend is similar to the turn region as 

well. The heat transfer coefficient in the second pass is high on the LS wall followed by the TS 

wall. Furthermore, the heat transfer coefficient for all rib cases increases with increasing of the 

Ro. 

3. The average heat transfer ratio (Nu̅̅̅̅ /Nuo) for all rib cases increases with 

increasing of the Ro. The Nu̅̅̅̅ /Nuo in the first pass is highest on the TS wall followed by the LS 

wall, which was similar in the turn region as well. The Nu̅̅̅̅ /Nuo in the second pass is highest for 

the LS wall followed by the TS wall. Moreover, the average heat transfer ratios in the cases of 

V-60o rib having 60o inclined ribs in second pass (case III) and V-60o rib with gap (case IV) are 
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high about 21.8% and 25.4% when compared with a smooth wall case, and high in range of 10-

15% when compared with other rib cases. 

4. Effect of rotation induced two forces is the Coriolis and centrifugal forces. 

In the first pass (radially outward flow), the Coriolis force acts from LS to TS side walls while 

the centrifugal force has the same direction with the mainstream flow. The mainstream flow 

will cooperate with these forces. As a result, the heat transfer coefficient on the TS wall is higher 

than the LS wall. In the second pass (radially inward flow), heat transfer coefficient on the LS 

wall is higher than the TS wall because of the Coriolis effect. However, the overall heat transfer 

coefficient in the second pass is lower than in the first pass. This may be due to the opposite 

direction between the mainstream flow and the centrifugal force. 

5. Under the rotation, the friction and thermal performance factors as a function 

of Ro in all rib cases differ totally when compared to the smooth wall case. These factors tend 

to increase with the Ro. The friction factor in the case of 60o inclined ribs is highest while in the 

cases of V-60o rib having 60o inclined ribs in the second pass (case III) and V-60o rib with a 

gap (case IV) give the best thermal performance when compared with other rib cases. 

6. Under the rotation, flow field structure inside the serpentine channel appears 

the complex flow of secondary flow. It can help significantly to enhance the heat transfer 

coefficient on the surface, especially on the first pass TS surface and second pass LS surface. 

7. Results of heat transfer characteristic for both TLC and naphthalene 

sublimation methods under the rotations show not different. It depends on the effect of Coriolis 

and centrifugal forces. 

 

6. Recommendations for further research 

Recommendations for further research and development are as follow: 

1. A study of the rotating serpentine channel for further research may be used 

the impinging jet system between the first and second passes of a serpentine channel. 

2. The coolant system of the rotating serpentine channel for future work may 

be conducted by using the pulsating flow system. 

3. A study of the heat transfer distributions inside a rotating serpentine channel 

in the future research may be used the pin-fin turbulators to join with rib turbulators in order to 

increase the thermal performance. 
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Appendix A 

The publications of the rib turbulators inside the stationary straight channel 
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The publications of the rib turbulators inside the rotating serpentine channel 
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Force analysis 

For stationary case, which is a classical fluids problem, only two forces are 

involved: the inertial force (Finertial) and the viscous force (Fviscous), which the constant 

coefficients are omitted in the formulas. 

22

hinertial DVF        (1) 

hviscous VDF         (2) 

The ratio of these forces can be represented by the Reynolds number (Re). 

Re
22




 h

h

h

viscous

inertial VD

VD

DV

F

F
     (3) 

For rotational case, two more forces act in the rotating serpentine channel, viz. 

the Coriolis force (Fco) and the rotational buoyancy force (Fbuoyancy). 

3

hcoriolis VDF        (4) 

3

hrotationbuoyancy DgF        (5) 

where grotation is the centrifugal acceleration as defined by rgrotation
2  

32 )( hbuoyancy DrF        (6) 

The ratio between the rotational buoyancy force (Fbuoyancy) and viscous force 

(Fviscous) is rotational Grashof number (Gr). 
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The ratio between the rotational buoyancy force (Fbuoyancy) and inertial force 

(Finertial) is rotational buoyancy number (Bo), which is equal to Gr/Re2 in the stationary, gravity-

driven buoyancy problem. 
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Similarly, the ratio of the Coriolis force (Fco) and inertial force (Finertial) is the 

rotation number (Ro). 

V

D

DV

VD

F

F
R h

h

h

inertial

co
o








22

3

     (9) 

  



186 
 

 

Table A Comparison of Coriolis force (FCO) on rotation number between the TLC and 

naphthalene sublimation methods 

Rotation number (Ro) 
FCO (×103) 

TLC Naphthalene 

0.10 2.9 0.7 

0.15 4.3 1.0 

0.20 5.8 1.4 

0.25 7.2 1.7 

0.30 8.7 2.1 

Note: Re = 10,000 

 

Table B Comparison of centrifugal force (FCE) on rotation number between the TLC and 

naphthalene sublimation methods 

Rotation number (Ro) 
FCE (×103) 

TLC Naphthalene 

0.10 1.4 1.5 

0.15 3.2 3.4 

0.20 5.8 6.1 

0.25 9.0 9.5 

0.30 13.0 13.7 

Note: Re = 10,000 

 

Table C Properties of naphthalene 

Parameters Values Unit 

Chemical formula C10H8 - 

Molecular weight 128.17 - 

Melting point 80.2 oC 

Freezing point (in air at 1.01325 bar) 80.285 oC 

Normal boiling point (in air at 1.01325 bar) 217.993 oC 

Density of solid (at 20 oC) 1175.0 kg/m3 

Thermal conductivity of solid 0.333 W/m∙K 
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