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Study on the development of waste heat recovery system for

steel making industry using oscillating capillary tube heat pipe

Tae-Un Heo

Department of Refrigeration and Air conditioning Engineering,
Graduate School

Pukyong National University

Abstract

In this study, waste heat recovery heat exchanger on middle temperature
of high. efficiency and high performance was developed using principle of
oscillating capillary tube heat pipe. It is a serpentine type and it has a
high efficiency and performance.

Especially, this heat exchanger of serpentine type has operation
mechanism of three dimensions and characteristics which are possible to
manufacture easily by using conventional equipment. The heat exchanger
of serpentine type was composed of 347 stainless steel pipe(i.d 1.8mm),
extruded flat aluminum capillary tube with 6 channel(id 2.8X2.4mm) and
louvered fin. Through basic performance experiment results, the working
fluids were water, R-141b, R-142b, Ethanol and their charging ratio was

40% in total inner volume of heat exchanger. The specification of heat



exchanger used 347 stainless steel pipe was length 350%X200mm and
composed of 100 turns and heat exchanger used extruded flat aluminum
capillary tube was length 350X200mm, width 22mm, thickness 4mm and
composed of 6 turns.

The experiment was performed by variation of air velocity, working fluid
and unit of heat exchanger.

From the experimental result, the effectiveness according to variation of
heat exchanger unit was about 0.28 to 0.7 and the heat transfer rate and
effectiveness increased in case of an Ethanol as the working fluid. Also,
the performance of heat exchanger was evaluated by using
effectiveness-NTU method. In the study, the NTU of heat exchanger was
1.5 when two unit of heat exchagner used Ethanol as working fluid was
used.

[ developed the performance prediction program. The program was made
bv effectiveness-NTU method. The error range shows within 10% in
result of comparison with real experimental values for reliability of

prediction values through performance prediction program.



Nomenclature

FI()I
Fu
G

g

k

Area

Area of fin

Inside surface area of heat pipe
Outside surface area of heat pipe
Area of extruded flat aluminum capillary tube
Area of heat exchanger

Heat capacity rate

Specific heat

Frontal area of fin

Height of fin

Length of fin

Number of fin

Frontal area of pipe

Curvature radius of fin
Thickness of fin

Frontal area of heat exchanger
Width of fin

Mass velocity

Heat transfer coefficient

Latent heat

Thermal conductivity

Length of heat exchanger

[m7]

[m]

[m”]

[m’]

[m’]

[m’]

[KJ/K]
[KJ/kg - K ]
[m’]

[m]

[m]



My
M,

Mass flow rate

Merit number of heat pipe
Merit number of thermosyphon
Heat transfer rate
Temperature

Tickness of pipe

Width of pipe

Velocity

Overall heat transfer coefficient

Greek symbols

€ Effectiveness

7 Viscosity

0 Density

o Surface tension
Subscripts

c Cooling section
g Gas

0

Heating section
Inlet

Liquid

QOutlet

[kg/h]

[kW/m’]
[kW**/m? ")
(kW]

[°C) or [K]

[m]

(m]

(m/s]

[W/m’ (]

(kg/s - m]
[kg/m’]
[N/m]
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Condensing Evaporating
Part Vapor Part

(a) Looped type

|_Liquid

Condensing Evaporating
Part Yapor Part

(b) Non-looped type

ig. 2.1 Basic concept of oscillating capillary tube heat pipe.
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20 40 60 80 100 120 140 160
Temperature (°C)

Fig. 22 Merit number of working fluids for heat pipe.
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Table 2.1 Typical operating range for heat pipe working tluid

Working fluid Melti?g Boiling point at 1 atm(TC) iUseful range(T)
point(C)

Ammonia -78 -33 L-60 ~ 100
R-142b -131 -9.8 -
R-141b - 32 -

R-11 -111 24 -40 ~ 120
R 113 -35 48 10 ~ 100
Acetone -95 57 0 ~ 120
Ethanol -112 78 0 ~ 130

Methanol -98 64 10 ~ 130

Water 0 100 30 ~ 200

Thermex 12 257 150 ~ 395
Mercury -39 361 250 ~ 650
Caesium 29 670 450 ~ 900
Potassium 62 774 500 ~ 1000
Sodium 98 892 600 ~ 1200
Lithium 179 1340 1000 ~ 1800

Silver 960 2212 1800 ~ 2300
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Table 2.2 Working fluid & container material suitability

Recommended

Not Recommended

Ammonia

Aluminum
Carbon Steel
Nickel
Stainless Steel

Copper

Acetone

Copper
Silica
Aluminum
Stainless Steel

Methanol

Copper
Stainless Steel
Silica
Nickel

Aluminum

Water

Copper
Monel
347 Stainless Steel
Refrasil fiber

Aluminum
Silica
Inconel
Nickel
Carbon Steel

Thermex

Copper
Silica

Stainless Steel

- 14 -
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Photo. 3.1 Photograph of experimental apparatus.
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Fig. 3.4 Cross sectional area of test tube.

Fig. 35 Specification of louver fin.
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Table 3.1 Test conditions

Items Conditions
Working fluid Water, R-141b, R-142b, Ethanol
Charging ratio 40 (Vol.%)

Inlet air temperature

. . N 200(C)
in evaporating section(C)

Air velocity in evaporating

15, 2.0, 25, 3.
section{m/s) ® 5 3.0m/s

Air velocity in condensi
T Veloclly In concensing 15 2.0, 25 28, 30. 35m/s
section(m/s)

Number of heat exchanger unit Unitl, Unit2, Unit3, Unit 4, Unitb

Table 3.2 Type of heat exchanger unit

Heat exchanger unit Container material Working fluid
Unit 1 347 stainless steel pipe Water
Unit 2 Extruded flat aluminum R-141b
Unit 3 Extruded flat aluminum R-14Zb
Unit 4 Extruded flat aluminum Ethanol
Unit 5 l Extruded flat aluminum Ethanol

_25_




Photo. 3.4 Photograph of charging cvhinder.

Photo. 3.5 Photograph of high vacuum system.
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(f) Unit 1, Vi = 25m/s, V. = 3.5m/s

_29_



Temperature {(°C)

Temperature {°C)

(k) Unit 1+2, Vi = 25m/s, V. = 25m/s
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Heating lemp. . 200°C Charging rats : 48 (vol. % }
250‘:‘:::”: 250 1 v, a 30 mis
) ” V=35 mis

Heating inlet temp. Heating inlet temp.

Temperature (°C)
g
Temperature (°C)
g

Cooling outlet temp.

50 Heating outiet temp. 50 4
____________________ H i S
Cooling inlet temp. H i Cooling inlet temp.
Q - 4 [ [P
0 1000 2000 3000 3000 ] 1000 2000 3000 2000
Time (sec) Time (sec)

(o) Unit 1+2+3, Vi, = 25m/s, Ve = 3.0m/s (p) Unit 1+2+3, Vi, = 3.0m/s, V. = 3.5m/s

300 wcc e e s e 300 e e e
Workmg fluid - Water R-141b, R-1425 Working Buid : Water. R-148. R-1428
Charging rate 40 { vol % } f Charging rate : 48 { vol. % }
Heating temp. 200 °C Haating temp. : 208 °C
250 - Yo" 2.5m 250 AV *25mis
v =25mn v.=38me
- Heating inlet tamp. -~ ! Heating inlet temp.
O 200- O 2004 i
2 e
2 i3
® 150 w 150 -
4 4
o -3
a =8
€ " £
& 100 - Cooling outlet temp. o 1001 !
B S TROTTR TP 2 Cooling outhet temp.
I e e e A e e e A R e
777777777 Heating outlet temp. | e T T T e e —
50 50 4 Heating outiat temp.
e e e e | e e e D e e e m e
Cooling inlet temp. | Cooling inlet tamp.
0 - o . SR —
0 1000 2000 3000 4000 o 1000 2000 3000 4000
Time (sec) Time (sec)

(@) Unit 1+2+3, Vy = 25m/s, Ve = 25m/s(r) Unit 1+2+3, Vy = 20m/s, V. = 35075
Fig. 4.1 Variation of inlet and outlet temperature with time variation and
number of heat exchanger unit (Heat exchanger unit 1, 2, 3).
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Fig. 4.2  Variation of inlet and outlet temperature with time variation and

number of heat exchanger unit (Heat exchanger unit 4, 5).
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Fig. 43 Temperature profile of heat pipe axial direction.
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—O— V,=15mis, ¥V =20mis
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—@— V,=25mis,V =15mis
—O- V,=25mis, V,=20mis
@ V,=25mis, V=35 mis
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Unit1 Unit 142 Unit 1+2+3
Number of heat exchanger unit
(a) Heat exchanger unit 1, 2, 3
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@ Y\=20nvs, V =25mis

—O V,=2.5mis,V, = 3.0 mis
—A— V,=30mis,V =35mis
—g— V,=25m/s,V, =25 mis
104 g v,=25ms, v, =28ms
O~ V,=2.5mis,V, =385 ms

Heat transfer rate (kW)

4 T T
Unit4 Unit 4+5

Number of heat exchanger unit

(b) Heat exchanger unit 4, 5

Fig. 44 Variation of heat transfer rate with number of heat exchanger unit.
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(b) Heat exchanger unit 4, 5

Fig. 45 Variation of heat flux with number of heat exchanger unit.
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(b) Heat exchanger unit 4, 5

Fig. 4. 6 Effectiveness with number of heat exchanger unit.
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(b) Heat exchanger unit 4, 5.

Fig. 4.7 Effectiveness to NTU.
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® Dimension of heat pipe and fin

Input date

@ Properties of Exhaust Gas and Air

® Basic dimension of Evaporator and Condenser
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@® Overall Heat transfer coefficient
CalC“late ® Number of transfer unit

@ Effectiveness

® Exhaust gas outlet temperature

@ Heat transfer rate
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Analyze Payback

@® Heat transfer rate

End

Fig. 5.1 Design flow chart of heat pipe heat exchanger.
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