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¸ɼThere are no foolish questions and no man becomes 

a fool until he has stopped asking questionsò  

¸  Charles P. Steinmetz quotes (Prussian Engineer and Inventor, 

1865-1923) 
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6 ӻ ⁄ ᵂ  
ӻ ᶮה 

Є ϩ 

(absolute)  
⇔  ☼ ạ  

ẕ₤ ӻ ѐЉ

  
ἤ 

ᵐהAir -cooled  500 bar  

( ) 

600 °C  

( ) 

ắ ὑḊ

ᵂ 

5 ~350 m
2
 ( Ȳḕ

Ϛ а)ȲҠṿӣֵ

аȴ  

ṿӣȲṳЄ ṿӣ

ѱ  

ҠὊẫὰה ӻ   16~25 bar  

(█ṷ ӣ

Ҡ

40 bar) 

-25~ 200°C.  Л ӣ

Ẓד☼ Ȳṿӣ

ϱ ╥ḟứ֪

 

1 ~to 1200 m2 

 
о ȲЛὔ  

ỆứᶩהԛӢה ӻ   1 bar  ~ 600°C.  ӣὑ

ᾼ ᵎӣẃן֫

Ὲ  

ï  ᵂϱ ṿӣ Ἠ Ḋ  

ה ӻ   300 bar (

) 

1400 bar 

( ). 

ï100 to 600°C 

(ṿӣ Ḋ

ҠḆ ) 

ắ ὑḊ

ᵂ 

0.25 ~ 200 m
2
 per 

unit ï multiple units 

are often used.  

High thermal efficiency, standard 

modular construction.  

ӻ Heat-pipe  ~ 1 bar ᵅὑ

200°C ȲᵀҠṼ

ậ вЏ

ᵂ☼ ȲЏᵂὑ

М 

Low pressure 

gases.  

100 ~ 1000 m2. Ҡ כ ֣ ☼ Ȳᵐ ᶁҠ

ṿӣ ѱ Ғ  

ὰ  ה

Plate-fin  

100 bar  

( ֥ ) 

200 bar  

(Л ) 

ï273~150°C (

֥ ) 

~ 600°C  

(Л ) 

Low fouling. ӻ Њὑ 

9  m3 

Very small possible. Incorporation 

of multiple streams. Very large 

surface area per unit volume. DT  

֙ẚהPrinted-circuit  1000 bar  800°C 

(Л )  

Low fouling 1 to 1000 m2  Very large surface area per unit 

volume. Stainless steel or higher 

alloys normal construction 

material.  

ԛӢהRotary regenerators  ~ 1 bar  980°C.  Low pressured 

gases.  

 Inter-stream leakage must be 

tolerated  

 Shell-and-tube  300 barה

( ). 

1400 bar 

( ).  

ï25 ~ 600°C (ṿ

ӣ Ḋ Ҡ

ᵂὑḆᵅἨḆ

ᾼ ⇔) 

ắ ὑḊ

ᵂ 

10 to 1000 m2 (per 

shell ï multiple shells 

can be used).  

Very adaptable and can be used for 

nearly all applications.  

 ה

Spiral  

18 bar  ~ 400°C  Subject only to 

materials of 

construction. 

Often used for 

fouling duties.  

~ 200 m2.  High heat transfer efficiency. 

Cylindrical geometry useful as 

integral part of distillation tower.  
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) ה ) 
15.88, 

19.05  25.4 mm
 ̢ 

19.05 mm
  

6.35 mm
250~1200   

0.9~2.4 m/s (3 ~ 8 ft/s, 
) 0.6~1.5 m/s (2~5 ft/s)  

(Pt/do pitch ratio)
1.25~2.0

1.25 (Pt - do)
1/8 (3.175 mm) 

1/4 (6.35 mm)  
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Roated Triangular PitchTriangular Pitch

☼ Ѡ֣
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P

☼ Ѡ֣ ☼ Ѡ֣ ☼ Ѡ֣
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1.732
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0.707

0.707

1.414
0.5

0.866
t

(30  ) (45  ) (60  ) (90  )
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ὰᾼ  

/ 5~10 ̢

 

ҵ Ґ J

ὰJ
(stationary)

flange
Channel

Window
 

 
 
 

Shell flange

Tube sheet

ὰ

ὍЄП ὰ

Orifice

Segmental baffle

Drilling

Disc and doughnut baffle

Orifice baffle
Baffle

Doughnut 

эЀה ὰ

Doughnut 

ҵ

ҵ
ҙѣ₤

O.D. of  tubes

Disc
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1/5~1 shell dia. 

2/5~1/2 shell dia. 

 2 in. or 1/5 shell 

dia. ( ) 

http://www.nctu.edu.tw/
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20~49% 

20~25%  

45~50% 

25% 

 

window
( ) 

 

Baffle

b
c

L

Eddies

bL

ҙѣй Њ

Main flow

ҙѣйыЄ
ҵ
в

֥ ᾼҙѣй

Main flow

Eddies
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Rod baffle 
 

½   

 

Q/DP  

                                                                    

Plate Baffle Example                       Rod Baffle Example  
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Intensified heat transfer techniques 

üHelical Baffles®, which reduce the   

   number of dead spots created by 

   segmented baffle design, where no   

   heat transfer occurs between the  

   tube-side and shell-side fluids  

 

üEM Baffles®, which employs  

   expanded metal baffles (tube  

   supports) made of plate material  

   that has been slit and expanded.  

   The open structure allows a  

   longitudinal flow pattern and results  

   in lower hydraulic resistance, so  

   that flow induced tube vibration will  

   not occur. 

Shell-side: 

http://www.nctu.edu.tw/
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Impingement baffle 

http://www.nctu.edu.tw/


16 

 

E shell,  

(
)

(effectiveness, why?) 

F shell (longitudinal baffle)

(why?) 

G & H shell : DP
phase 

change  

J shell E shell 1/8
 

X shell (
)  
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ה ӻ  

Shell < 100 mm 

( Leakage & 

bypass loss) 

Guideline (ESDU 92013): 

¸ 25% 
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ὰה ӻ  

Highly flexible (
), sealing may be a 

problem. 

Maximum 
temperature/pressure 
constraints. 

  

(
) 

http://www.nctu.edu.tw/


20 ᵐה ӻ  
Cross flow

effectiveness  

Cooling 
tower  

Induced draft 
fan

 

 A-frame Steam 
condensation 

 

1 in. 
with 2 in. wound fins. Fin 
pitch ~ 11 fins/in. 

 2~ 5 m/s. 

Row number: 3~8.  

http://www.nctu.edu.tw/


 

F T  Method 

Effectiveness Method 

 

 Get Q/DTm 
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Extended surfaces 

 

Which is better? 

ᾌ ѱ
(wavy) 

ᴍ ѱ
ʟ ֣ Ѐ
(louver) 

ᴍ ѱ
ʟ ֣ Ѐ
(louver) 

Ѐה ѱ
ʟ ֣ Ѐ
(slit) 

Ѐה ѱ
ʟ ֣ Ѐ
(slit) 

֥ᴍ
ѱʟ

convex 

louver 

http://www.nctu.edu.tw/


Intensified heat transfer techniques  

üTwisted-tape inserts, which cause   

   spiral flow along the tube length   

   to increase turbulence 

 

üCoiled wire inserts, which consist  

   of a helical coiled spring and  

   function as non-integral roughness 

 

ühiTRAN ®, which consist of a wire  

   mesh with different densities.  They  

   are usually used to improve the heat  

   transfer coefficient for the laminar  

   regime 

Tube-side: 
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ӻ ᾼ ⁄ (ῴḔứἤ)  
Maximum Pressure 

Temperature range 

Fluids limitation 

Size range available 

Fouling & cleanability 

Plot area available 

Design life 

Location (maintenance) 

Is there a ñtemperature cross?ò. If so, HX 
approaches counter flow is more appropriate 
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e-NTU   

 

NTU

F∂ Ӕ ϱ G

e

>>>>>> ế

ế 12

95%
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NTU

e

Є 1
>Ȳ Є2

Ҡ╥צ ⇔чᴖ Њ

eῈ ⇔Ȳ ╥Ȳ⁄>>чᴖ

ҏ
Ѐ

☼

ᵐ ☼

Ѐ

☼

air,T

air,T

air,T

Tair,

air,T

с
ϱ

T

air,T

air,T

air,

air,T

⇔

ᵐ

  

1

2

3

4

5

6

7

8

9

ױ ☼ Ҡצ⇔ ᵅὑ ֮ᾼ

Ғᴖϯ
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>
D

P
  

…
 h

⇔ (V)

 P ~VD
1.75

0.8
h ~ V

… ȳ ⇔ᾼ …ӱ  
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Some common ways 

for augmentation 

40 

× More Surface Area 

× Thermal Boundary Layer Restart 

× Instability 

× Thermal Wake Management 

× Swirl flow 

US patent 4817709

ɚ
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Concept of Interrupted 

surfaces 
Boundary restart & Mixing 

x

Plain fin - continuous fin

x

average

Interrupted surface

average

Performance Performance

http://www.nctu.edu.tw/


Plate fin heat sink featuring heat transfer improvement by 

increasing heat dissipating surface. Generally, smaller fin 

spacing is used to accommodate more fin surface. 

 Fin spacing can be lower than 1 mm 

 

  

 

 Heat sink with interrupted fin geometry which improves 

convective heat transfer coefficient via periodical renewal 

of boundary layer such as slit or louver fin. 

 

Various kinds of improvements 

- Implementations 

louver fin slit fin 

http://www.nctu.edu.tw/


    

Various Fin Patterns 
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Interrupted surfaces.. 

Provide effective heat transfer 

augmentations at medium and high 

velocity with significant pressure drop 

penalty. 

Nearly ineffective at low velocity but still 

suffer from considerable pressure drop. 

¸Duct flow effect.  

http://www.nctu.edu.tw/


Air flow  

Air flow  

Effects of Periodic Entrance/Exit  

Louver directed vs. fin directed 

SCHEMATIC OF DUCT FLOW VS. FIN -DIRECTED  

FLOW FOR LOUVER FIN GEOMETRY AT SMALLER AND  

LARGER FLOW VELOCITIES. (Yang et al. IJHMT, 2007)  

http://www.nctu.edu.tw/


Interrupted surfaces.. 

Smaller fin 

spacing 

accentuates the 

duct flow effect, 

resulting in fully 

developed flow 

and deteriorate 

the heat transfer 

performance. 
10

-3

10
-2

j

10
-2

10
-1

10
0

X
+
=(L/Dh)/(ReDhPr)

Louver fin F
s
 = 0.8 mm
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-3

10
-2

10
-2

10
-1

10
0

Louver fin F
s
 = 1.65 mm

10
-3

10
-2

10
-2

10
-1

10
0

Louver fin F
s
 = 2.43 mm 

10
-3

10
-2

10
-2

10
-1

10
0

Plate fin  F
s
 = 0.8 mm 

10
-3

10
-2

10
-2

10
-1

10
0

Plate fin  F
s
 = 1.65 mm

10
-3

10
-2

10
-2

10
-1

10
0

Plate fin  F
s
 = 2.43 mm 

10
-3

10
-2

10
-2

10
-1

10
0

Slit fin F
s
 = 0.8 mm 

10
-3

10
-2

10
-2

10
-1

10
0

Slit fin F
s
 = 1.65 mm

10
-3

10
-2

10
-2

10
-1

10
0

Slit fin F
s
 = 2.43 mm 

INVERSE GRAETZ NUUMBER NUMBER X + VS. j FOR 

LOUVER, SLIT AND PLATE FIN. (Yang et al., IJHMT, 2007)  
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Transverse vortex 

Longitudinal vortex 

Longitudinal vortex outperforms the 

transverse vortex 

Type of vortex generators 

http://www.nctu.edu.tw/


Typical LVGs 

Plough type

Dome-type

delta-winglet 
vortex 
generator

Flow induced
near cores

Delta wing Rectangular wing

Divergent pair of 
vane
vortex generators

Scoop-type
Ramp-type

Wing-type vortex generators

Wedge type, 

single sided

Wedge type, 

double sided

delta-winglet 
vortex 
generator

Wheeler doublet

Kuethe or wave-element types

Wheeler singlet

Benefits of 

vortex 

generator 
ÅPrevent 

Boundary Layer 

separation 

ÅImprove heat 

transfer 

performance 

with acceptable 

pressure drop 

http://www.nctu.edu.tw/


Int. J. of Heat and Mass Transfer, Vol. 45, pp. 1933-1944. 

Int. J. of Heat and Mass Transfer, Vol. 45, pp. 3803-3815.  
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Design by Non-uniformity 

1. Place the enhancement 

at low heat transfer 

region. 

2. Check the effective local 

temperature difference. 

Placing enhancements at 

those having lower 

temperature difference 

are generally more 

effective. 

 

ɗ2

ɗ1

Wf

Wa

5934363

AIR

AIR

(a)

Previous Design

(b)
4709753

(c) (d)

5697432

(e)

5117902

l
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Type III: Heat sink with dense vortex generator. The enhancements 

introduce swirl flow, Coanda deflection flow or 

destabilized flow field from vortex generators or 

dimple/protrusion structure. The general arrangement is 

using inline or staggered layout such as semi-circular, 

delta and dimple vortex generator. 

 

 

Type IV: Heat sink with loose vortex generator: The enhancements 

of this category are still vortex generators or dimple/protrusion 

structure but with sparse arrangement of vortex generator. 

Vortex Generators.. 
- Implementations 

http://www.nctu.edu.tw/


Heat sink Nomenclature Side view Dimension  Photos of test sample 

(a) Plate -  - - 

 

(b) Delta VG  - - 
 

(c) Delta 

VG+Plate 

LVG
W

V
G

  - - 
 

(d) 

Semi-circular 

VG 
LVG

W
V

G

 
 - -  

(e) Triangular 

VG     

(f) Triangular 

Attack VG 
 

    

(g) Dimple VG 
 

 
- 

 

(h) Two Groups 

Dimple VG   
 

- 

 

 

 

 

 

 

Heat sink 

(a) Plate 

(b) Delta VG 

(c) Delta 

VG+Plate 

(d) Semi-

circular VG 

(e) Triangular 

VG 

(f) Triangular 

Attack VG 

(g) Dimple VG 

(h) Two Groups 

Dimple VG 
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Å Drag reduction 

Å Longitudinal Vortices 

Å In this study, fin thickness is 0.2 mm,  

Å the length of cavity is 2 mm, effective cavity depth is 0.3 mm 

The original concept of Using dimple.. 

D = 3.05 mm d = 2.0 mm 

df = 0.2 mm 

dd = 0.5 mm 

http://www.nctu.edu.tw/


Performance comparison 

Fin spacing = 0.8 mm 
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An extra problem for some VG 

& interrupted surfaces 

Heat source Heat source

Cavity

Very small fin spacing also jeopardize the 

formation of LVG 

http://www.nctu.edu.tw/


So, whatôs next? 

Oblique Dimples with cannelure structure 
 

 

plate fin   (oblique dimple gap 4-12fin) 

  

(oblique dimple gap 6-12 fin) cannelure fin I  

  

cannelure fin II   (oblique dimple gap 4-12 cannelure fin) 

  

 (oblique dimple gap 6-12 cannelure fin I)  (oblique dimple gap 6-12 cannelure fin II) 

  

 

Cannelure 

channel 

Depth: 0.1 mm 

Width: 0.4 mm 

http://www.nctu.edu.tw/


The original idea 

for oblique 

dimple.. 
Concavity + Dimple 

Lengthen the flow path 

No need for significant amount dimples  

¸Reduce the number of dimples to decrease 

the pressure drop 

http://www.nctu.edu.tw/


The idea of cannelure 

channels.. 

Heat Transfer Research 25(1), 1993, 22-56 

http://www.nctu.edu.tw/


Results: 

 More than 20% increase HTC 

& 20% reduction in pressure 

drop 
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Performance & IR image 

Gz

h
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Plate fin(5 

m/s)  

Gap 6-12 fin(5 m/s)  

Gap 6-12 Cannelure fin II(5 m/s)  
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Why cannelure structure is 

working? ï One possible 

reason 
Reduce the BL thickness to improve the 

heat transfer performance for fully 

developed region. 

It acts like a ñsuctionò device. 
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  -   
Liquid Side  

62 
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Two dimensional microfin tube 
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Three dimensional microfin tube (Olin) 

http://www.nctu.edu.tw/


 

 

 

 

 

 

 

 

 

 

 

  

Three dimensional microfin tube(KME) 

 
�ç
- KME �œ
(�0
�,´�95$�Þ6»1Ñ  
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