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ABSTRACT

As a field of unsteady heat transfer problem and two-phase flow, phase
change problem has been an object of concern not only in academic research
but also in various industrial fields. However, this is being analyzed as an
approximated or simplified form due to the complexity of the problem and

still remains as an important issue to solve.

In this paper, the numerical analysis method was used in analyzing the
phase change problem between solid phase and liquid phase. Using the
numerical analysis program, the two—dimensional phase change problem was
verified and the phase change process of the object for calculation and
natural convection were considered in detail. Also, the freezing and thawing
phenomena of urea solution were numerically analyzed in consideration of
natural convection in the Urea-SCR system, as one of promising ways of
reducing NOx of diesel vehicles that causes a three—dimensional phase change

problem, and the following results were obtained.

The result of numerical analysis on the melting phenomena of pure gallium
in the rectangular cavity which is a two—dimensional unsteady state
corresponded relatively well with the existing study results and thus the
numerical analysis method used in this study was useful in solving the

coagulation and melting problem of pure material.

To solve the urea freezing problem of the Urea-SCR system installed in
the H/D(Heavy Duty) diesel car for reduction of NOx in the cold-weather
area with a temperature below -20C during the winter season, a separate

thawing device is needed. In this study, using the coolant heater urea-SCR

— viii —



system, as a thawing method for stably supplying liquid urea required in the
early stage of cold start-up from frozen urea, the thawing phenomena of urea

in the urea storage tank were numerically analyzed.

Optimal design of cooling water circulation pipe is required for securing a
lot of urea within a short time, and the big heat transfer area and the coil
shape rather than the zigzag shape were more favorable to the improvement
of thawing performance. Also, it was more effective to horizontally install the

cooling water circulation pipe near the bottom of the storage tank.

But the effect of cooling water circulation flow on thawing performance
was insignificant. This result goes against researcher’s expectation and came
from the simplified shape of the cooling water circulation pipe.

In conclusion, it is thought that the flow path should be long and complex
to obtain improved thawing performance depending on the increase in the

cooling water circulation flow rate.
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279t 28(Solidification & Melting)
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3.2 57} 9% W (Equivalent Heat Capacity Method)

)

—~
o

Ty Aol (T, -

N
Uo

zhofo} g}

Eis

ks

=
e}

A, AT = 7}
o= upE = ) wEkA] ]

9|

o
=

o
o
es

N

o} 3}

o o
=

&

<
\D
&~
N
~
N N~
_ \Y
- N
SIHERY;
Vo N
& X
_
-
CM
|T2
cw
IT
NS
IS [a\]
I
=

T>T, + AT

Cp Y,

~B

W
A

=
Gel)

Nro

i
o)
Ho
)

=
o}

olo

o

57

BT, — AT<T<T, + AT)NA

o A

2

+ Fig. 89 e

oA Bl 2=k

o
!

23!

(18)

21 (18)9f A

Eal

(19) =



T<T — AT

(19)

m

(T—T + & AT<T<T, + 4T

kﬂ - ks
2AT

K(T) = k, +

T>T + AT

h.s[
2AT

CDQ

CD S

Cp

Fig. 8 Dependence of specific heat to temperature for equivalent heat

capacity model[44]

fite)
il
Ao

)

—~
o

g
3

il

ai7

A, At, A 27 (Ax, Ay, Az) L

gl ool glen, o

o

s

o aEy B2 AgA A= Al

s

W9, ATS AA

AF

o

<0

%
)

N

®
)

ol



3.3 =% -1¥3} X9 (Temperature-Transforming Model)
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Table 1. Gallium property

Density (liquid) [kg/m3] 6093
Reference density [kg/m3] 6095
Reference temperature, Tref [TC] 29.78
Volumetric thermal expansion coefficient of liquid, 8 [1/K] 1.2%10-4
Thermal conductivity, k [W/ml] 32
Melting point [TC] 29.78
Latent heat of fusion, L [J/kg] 80160
Specific heat capacity, C [J/kg * K] 381.5
Dynamic viscosity, v [kg/m ¢ s] 1.81%10-3
Prandtl number, Pr 2.16%10-2
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Table 2. Korea emission standard for H/D Diesel Engine.(g/kWh)

Yoar co THC | NOx PM TEST
2001 (Euro 1) 1 11 7 015
2003 (Euro M) | 2.1 0.66 5 01
2006 (Euro IV) 35 ESC & ELR
2000 (Euro V) | 15 0.46 5 0.02
2014 (Euro VI) 0.13 0.4 0.01
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- 849 &% 1 Aqueous[(NH2)2COl, — [(NH):COl, + 7TH,O (>135C) (48)
- 849 g3l ¢ [(NH2).COl, — NH; + CO; (49)

: [(NH2).COJ, — HNCO + NHs (50)
- NHCO %3 : HNCO + H,O — NH; + CO; (51)

Aot 7t A8S AX LR N SdAEZHA NOxeoF sdvks&

NHzel 93k NOxe| A3} d== v 7= & <A dew, 2 T 4
(52) WkE2o] 7H wE 54 Bola 7] wwel, SCR v A& DOCE A

9 EHE AL F Aok

- Fast reaction: 4NO + 4NH; + O; — 4N, + 6H,O (52)
- Slow reaction : 2NO, + 4NH;3 + Oy — 3Ny + 6H:0 (53)
- Very fast reaction : NO + NO, + 2NH; — 2N, + 3H0 (54)
ShA | 2eF8 Urea-SCR Al2=®lo] AFEH &= A Q449 7|2 B4

= Table 3.9} 2t}
325wt% AdBlue™-< (NH,),CO¢ H,07F 39 3§ &3 E(eutectic



mixture)©|t. ¢]+= F(freezing point)©] -11.4TCo]a,

1.093kg/m>°] t}.

U= 20CTolA 1.087~
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Table 3. Properties of the AdBlue™ (325 wt% Urea)

Density, solid, ps [kg/m’] 1,010
Density, liquid, p, [kg/m’] 1090
Dynamic viscosity, pn, [kg/ms] 14
Reference density, prer [kg/m’] 1095.6
Reference temperature, Ty [K] 283.16
Melting temperature, Ty, [K] 261.46
Latent heat, L [k]/kg] 16
Thermal expansion coefficient, B [1/K] 45 x 104
Thermal conductivity, k [W/(mK)] 0.57
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Fig. 17 Urea injection system with coolant heating element in th storage
tank



http://www.alibabagroup.com/en/global/home
(b) Coolant heating pipe(5winding)

Fig. 18 Coolant heating pipe & Storage tank of the Urea-SCR system
mounted on 8¢ diesel engine vehicle



(a) Geometry (b) Dimension(mm)

==L <

(c) Analysis area (d) Meshing

Fig. 19 Configurations of the heating pipe(VC&7)



(a) Geometry (b) Dimension(mm)

qI==Ln<

(c) Analysis area (d) Meshing

Fig. 20 Configurations of the heating pipe(VC67)



170

(a) Geometry (b) Dimension(mm)
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(c) Analysis area (d) Meshing

Fig. 21 Configurations of the heating pipe(VZ100)



(a) Geometry (b) Dimension(mm)

(c) Analysis area(middle) (d) Meshing(middle)

(e) Analysis area(bottom) (f) Meshing(bottom)

Fig. 22 Configurations of the heating pipe(HC67-m, b)
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(d) Meshing(middle)

(f) Meshing(bottom)

Fig. 23 Configurations of the heating pipe(HC67-m, b)



Table 4. Specification of Coolant Heating Pipe

& grid Number

Heating pipe

Tank

Name Volume(m?) | Area(m?) | cells cells Total
VC&7 1.851e-4 0.062 11,592 [ 401,213 | 412,805
VC67 2.174e-4 0.073 11,840 (407,329 419,169
V7100 1.224e-4 0.041 6,308 | 281,953 288,261
HC67_m 2.228e—4 0.074 13,938 [ 422,123 | 436,061
HC67_b 2.522e-4 0.084 11,577 (478,919 490,496
HZ100_m 1.312e-4 0.044 8,234 1309,822| 318,056
HZ100_b 1.677e-4 0.057 10,626 | 389,383 | 400,009
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Fig. 25 Melting patterns of urea solution with VC87(x=0)
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Fig. 26 Melting patterns of urea solution with VC67(x=0)
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Fig. 33 Melting properties according to coolant flow rate(VC67)
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