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Abstract--Deterioration in heat transfer at supercritical water cooling in a vertical pipe is numerically 
analyzed. The calculation is based on a parabolic solver for steady-state equations in r-z  two dimensions, 
a Ice  model for turbulence and a steam table library for physical properties of supercritical water. 
Calculation results agree with the experimental data of Yamagata et al. It is found that heat transfer 
deterioration is caused by two mechanisms depending on the flow rate. When the heat flux is increased 
much above the deterioration heat flux, a violent oscillation is observed in the temperature distribution. 

1. INTRODUCTION 

At supercritical pressure, the boundary between liquid 
and gas phases disappears. Density continuously 
decreases when temperature increases as Fig. 1. Spec- 
ific heat shows a peak at pseudo-critical temperature 
where the density change is maximum. It has been 
known that supercritical fluids exhibit unusual 
phenomena near the pseudo-critical temperature. The 
heat transfer coefficient is enhanced when the heat flux 
is low, while it is deteriorated or oscillated when the 
heat flux is high []-9]. Correlations of the heat transfer 
coefficient and criteria of the deterioration have been 
developed on the basis of experiments. These cor- 
relations and criteria are used, for example, in the 
design of supercritical pressure fossil fired plants. The 
authors have been studying the design of nuclear reac- 
tors cooled by supercritical water for improving the 
efficiency of power generation and to simplify the 
plant system [10-14]. However the correlations which 
were obtained by the specific experiments are not 
available when the flow conditions are much 
changed; a flow channel is surrounded by a tri- 
angular array of pipes in the designed reactors. 

The unusual phenomena of supercritical fluids have 
been explained by many theories, which are roughly 
categorized into two types:  single-phase and two- 
phase fluid dynamics. However the conclusion has not 
been obtained yet. In the theory based on single-phase 
fluid dynamics, anusual behaviors are attributed to 
single-phase turbulent flow with excessive change of 
physical properties by heating. On the other hand, 
pseudo-boiling is assumed in the theory based on two- 
phase fluid dynamics. Deterioration of heat transfer 
is explained by transition from pseudo-nucleate to 
pseudo-film boiling. 

Analytical studies assuming the single-phase fluid 
dynamics have been carried out [2, 5, 15, 16]. In these 
studies mixing length models were employed for tur- 

bulence. Since this type of model requires the dis- 
tribution of turbulent viscosity in advance, a special 
assumption is used to incorporate effect of excessive 
change of physical properties. In this case, validity of 
the special assumption remains for discussion even if 
the calculation result agrees with the experimental 
one. In addition, change of density is not considered 
in the continuity and momentum equations, which 
implies that buoyancy force and fluid expansion are 
not incorporated. Therefore these studies were appli- 
cable to limited flow conditions. 

The present calculations are based on a k-e model 
by Jones-Launder [17]. It has a more general descrip- 
tion for turbulence than the mixing length models. 
Effects of buoyancy force and fluid expansion on the 
heat transfer to normal fluids have been successfully 
analyzed by the k - e  model [17, 18]. Physical properties 
are treated as variables in the governing equations 
and evaluated from a steam table library [19]. Thus 
extremely nonlinear physical properties of super- 
critical water are evaluated directly and correctly. The 
present approach is applicable to wide range of flow 
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Fig. 1. Physical properties of supercritical water near 
the pseudo-critical temperature Tm= 383°C at P = 

2.452 x 107pa. 
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Cp specific heat 
G,, c~, c2 constants in the k-e model 
d pipe inner diameter 
f~,f~,f2 functions in the k-e model 
G flow rate 
Gr Grashof number ; 

g[(Pb -- Pf)/Pb] [d3 /vr 2] 
g gravitational constant 
H enthalpy 
h pipe height 
k turbulence kinetic energy 
Nu Nusselt number, ~d/2f 
P pressure 
Pr Prandtl number, pCpv/2 
Prt turbulent Prandtl number 
q" heat flux 
Re Reynolds number, Ubd/Vb 
Rt turbulent Reynolds number, k2/ve 
r radial coordinate 
T temperature 
U axial velocity component 

NOMENCLATURE 

V 

Y 
Z 

radial velocity component 
normal distance from the wall 
axial coordinate. 

Greek symbols 
heat transfer coefficient, q"/(Tw-- Tb) 

~0 ideal heat transfer coefficient at q" = 0 
e dissipation rate of turbulence kinetic 

energy 
2 thermal conductivity 
v kinematic viscosity 
V t kinematic viscosity of turbulence 
p density 
ak, tr, constants in the ~ e  model. 

Subscripts 
b bulk 
f film, 1/2 (Tw+ Tb) 
m pseudo-critical point 
w inner wall surface. 

conditions of supercritical water without any special 
assumption. 

In Section 2, numerical methods are described. The 
calculation results are compared with the exper- 
imental ones by Yamagata et al. [6] in Section 3. 
Mechanisms of the deterioration are considered in 
Section 4. An oscillation of the inner wall temperature 
distribution is presented and discussed in Section 5. 
Conclusions are noted in Section 6. 

2. CALCULATION MODELS 

2.1. Governing equations 
Governing equations are the continuity equation, 

the Navier-Stokes equations and transport equations 
of k, ~ and enthalpy in r-z two dimensions. The Jones- 
Launder's k-~ model is employed for turbulence [17]. 
To use a parabolic solver, diffusion terms in the z- 
direction and pressure profile in the r-direction are 
neglected. Since vertical variation of density is much 
smaller than radial one in the pipe geometry that is 
analyzed in this study, an additional generation term 
of turbulence derived from the buoyancy force is neg- 
lected. 

lt3 
~ (pU) + r or (rp V) =0 (1) 

~p 
a 1 ( r p V U ) = - T z  

(pVV) + 7 

-I-r-~r p(v+vt)r --pg ( 2 )  

k 2 

v, = c . L  7 (31 

Oz r ~ r ( r p V k ) = r ~ r  p V+ak] c3rJ 

+pvt(~rr~ ~ /ak'/2'2 --pe-2pv~-r-rr ) (4) 

¢3 (pUe)+ l ¢3 1 ~ ? [ (  Vt~r63g 1 
O~ ror(rpVe) = r~rr p v + ~ ]  ~rrJ 

+c,f, ~pvt~k~r) - c 2 f 2 p ~  +2pvvtk Or~, ] (5) 

where 

- 2 . 5  

f2 = 1.0--0.3exp(--Rt2), Rt = k2/w. 
Constants in the turbulence model are represented in 
Table 1. The transport equation of enthalpy is 

Table 1. Values of the constants in the k-e model 

C# C l C 2 O" k 0"~ 

0.09 1.45 2.0 1.0 1.3 
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Fig. 2. Calculation geometry. 

~z (pUH)+ ! ~r (rpVH) 

1~ I ( v vt , ~T ] 
= 7 ~ Per, ~ + T;,r , J r T;r J (6) 

where Prt is the turbulent Prandtl number and is set 
constant 0.9. The fluid is water and its physical proper- 
ties are calculated from a steam table library [19]. 

2.2. Numerical methods 
The solution algorithm is based on the parabolic 

solver of Patankar-Spalding [20]. The steady-state 
solution is obtained by marching from the inlet to the 
outlet in the z-direction. At each position of z, an 
implicit calculation is performed by an iterative 
method and a radial distribution of axial flow vel- 
ocities is obtained. The physical properties are 
updated in each iteration. The pressure value, which 
is constant in the radial direction, is determined to 
keep the total axial flow rate. The radial flow velocities 
are calculated from the continuity equation. 

The calculation geometry is a vertical pipe with 
height 2 m and inner diameter 1.0 cm as shown in Fig. 
2. The wall surface is heated uniformly. Water flows 
into the pipe at the bottom. The inlet velocity profile 
is given as that of the fully developed turbulent flow, 
which is obtained by a preliminary calculation with 
constant physical properties of the inlet temperature. 
The inlet temperature profile is set uniform. A con- 
stant pressure is u:~ed for the physical properties. 

Non-uniform grids are employed. In the r-direction, 
the mesh adjacent to the wall has the minimum width, 
which is determined such that the non-dimensional 
length y+ is lowe~F than 0.1 at the largest Reynolds 
number (approximately 420,000 in the present analy- 
sis). The mesh width is enlarged by 1.2 toward the 
center of the pipe till it reaches the maximum limit 

1.0 × 10 4 m. The mesh width is kept constant at this 
limit near the center. Consequently, the radial mesh 
size was 83. In the z-direction, the mesh width is con- 
trolled to avoid numerical oscillations. Alternate 
increase and decrease of temperature appear when 
this type of oscillations occurs. Particularly, the mesh 
width should be finer near the inlet boundary where 
the radial temperature distribution, which is set uni- 
form at the inlet, rapidly changes. The mesh size 
should be finer for higher heat flux, smaller mass flow 
rate or higher enthalpy as well. Therefore the mesh 
sizes in z-direction are greatly different in the cases. 

Results of fully developed turbulent flow with con- 
stant physical properties agreed well with those pre- 
sented in ref. [21]. 

3. NUMERICAL RESULTS 

3. l. Effect of the heat flux 
Calculations were carried out with three values of 

the heat flux, 2.33, 4.65 and 9.30 x 105 W m -2, at 
2.452 ×107 Pa. Since the inlet temperature profile is 
set uniform, the wall surface temperature is low and 
the heat transfer coefficient is high near the inlet 
boundary. Thus this developing region is removed 
from the calculation results. Many cases of different 
inlet temperatures are calculated and relation between 
the heat transfer coefficient and the bulk enthalpy is 
obtained in wide range. Comparison is made with the 
experimental data by Yamagata et al. [6] in Fig. 3. 
The heat transfer coefficient shows a maximum peak 
near the pseudo-critical temperature. The peak 
decreases and moves to the lower bulk enthalpy as the 
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Fig. 3. Heat transfer coefficient near the pseudo-critical tem- 
perature ; comparison with the experimental data of Yam- 

agata et al. [6] and Dittus-Boelter's correlation. 
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heat flux increases. These behaviors agree with the 
experimental data. 

The present results show better agreement than 
those of the mixing length model in [16]. This is mainly 
attributed to the formulation of extreme change of 
physical properties in the governing equations. In the 
present analysis, change of physical properties affects 
many terms in the governing equations, while most of 
them are neglected or approximated when the mixing 
length model is used. 

Heat transfer coefficients calculated by the Dittus- 
Boelter's correlation, 

Nu = O.023Re°8 p r  °4 (7) 

are drawn in Fig. 3 as well. The Dittus-Boelter's cor- 
relation gives the ideal coefficient :t0 at the heat flux 
being zero because constant physical properties at the 
bulk temperature are assumed in it. Though the 
Dittus-Boelter's correlation gives smaller coefficients 
than those at the smallest heat flux, 2.33 × 105 W m -z, 
we should not conclude that the heat transfer 
coefficient is enhanced at low heat fluxes. It is known 
that the Dittus-Boelter's correlation shows relatively 
small heat transfer coefficients at high Prandtl 
numbers. Thus the coefficient near the pseudo-critical 
temperature, where the Prandtl number becomes 
large, can be smaller. The ideal coefficient calculated 
by the Jones-Launder's k - e  model at the pseudo-criti- 
cal temperature is plotted in Fig. 3. It is calculated by 
fixing the physical properties at the pseudo-critical 
temperature. This value is higher than the curve of 
2.33 × 105 W m -2. When the Jones-Launder k - e  

model is used, it is known that the wall shear stress is 
relatively large, and that the heat transfer coefficient 
is also large with a constant turbulent Prandtl number. 
As indicated by Jackson and Hall [8], the heat transfer 
coefficient is maximum at the heat flux being zero and 
it monotonically decreases as the heat flux increases. 
The present analysis supports their assertion. 

3.2. Deterioration heat f l u x  
To obtain the deterioration heat flux, calculations 

were carried out with various combinations of the 
flow rate G and the heat flux q". Deterioration is 
assessed where the bulk temperature reaches the 
pseudo-critical temperature. Deterioration ratio ~/ct0 
is defined where :t0 is the ideal heat transfer coefficient 
mentioned above. The calculation results are shown 
in Fig. 4. The heat transfer coefficient monotonically 
decreases when the flow rate is large. On the other 
hand, it abruptly drops at a certain heat flux and 
maintains a constant value or increases with larger 
heat fluxes when the flow rate is small. The boundary 
is around 200 kg m -2 s -~ in the present flow 
conditions. These behaviors suggest that there exist 
different mechanisms of deterioration depending on 
the flow rate. 

A map of deterioration is presented in Fig. 5. Occur- 
rence of deterioration is judged when the deterioration 
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Fig. 4. Heat transfer deterioration of various flow rates ; ~ : 
heat transfer coefficient ; % : ideal heat transfer coefficient at 

q" = 0. 

ratio is smaller than 0.3 in the present analysis. The 
correlation by Yamagata et al. is also provided in 
Fig. 5. This correlation was obtained where the heat 

1 2 transfer coefficient was deteriorated to 5-~ compared 
with that of normal heat transfer predicted by their 
own formula. The present calculation results agree 
with the correlation by Yamagata et al. when the flow 
rate is high. The slope of the curve becomes steep 
when the flow rate is small. Deterioration occurs at a 
relatively small heat flux in this region. There is an 
arbitrary choice in the present criterion of deterior- 
ation, ~/~0 < 0.3, but the above discussion will not be 
much affected by changing this. 

4. C O N S I D E R A T I O N  OF HEAT TRANSFER 

DETERIORATION 

4. l.  Hea t  transfer deterioration at  high f l o w  rates 
Radial profiles of flow velocity, turbulence energy, 

temperature, viscosity and the Prandtl number near 
the wall (y = 0 ~ 2.0× 10 -5 m) at G = 1180 kg m -2 
s-1 and Tb = Tm are shown in Fig. 6. When the heat 
flux increases, the flow velocity and the turbulence 
energy decrease near the wall. The viscosity increases 
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Fig. 6. Radial distributions near the wall at G = 1180 kg m 2S-1 : (a) flow velocity, (b) turbulence energy, 
(c) temperature, (d) viscosity and (e) Prandtl number. 
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and the Prandtl number decreases locally because the 
temperature is enhanced by heating. Higher viscosity 
leads to a thicker viscous sublayer, which reduces tur- 
bulence near the wall and heat transfer is deteriorated. 
Smaller Prandtl ~Lumbers reduce the heat transfer as 
well. This explanation is consistent with the mon-  
otonic behavior o f  deterioration at high flow rates. 

4.2. Heat transfer deterioration at low flow rates 
Figures 4 and 5 suggest that deterioration is caused 

by a different mechanism at low flow rates. The cal- 
culation results at G = 39 kg m -2 s - l  and Tb = Tm, 
which gives the Reynolds number 10000,  are 
rearranged in terms of  the Grashof  number and the 
Nusselt  number in Fig. 7. The Grashof  number, the 
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Fig. 7. Relation between Gr and Nu at G = 39 kg m 2s ~ ; 
A, 100 ; B, 450 ; C, 550 ; D, 2000 ; E, 10000 W m -2. 

Nusselt number and the Reynolds number are defined 
a s  

(Pb --Pf) d3 
Gr = g (8) 

pb vf 2 

q" d 
N u  - (9) 

Tw- Tb 2r 

UbD 
Re  = (10) 

rb 

where subscripts b and w denote bulk and wall, respec- 
tively. Subscript f means the film temperature which 

! 
is the average of  bulk and wall temperatures : Tf = 
(Tb + Tw). As shown in Fig. 7, N u  exhibits a minimum 
value at Gr = 2 x 10 7. N u  keeps constant when Gr is 
lower than it, which means that forced convection is 
dominant.  On the other hand, N u  increases linearly 
when Gr is larger than the minimum point, which 
implies that natural convection is dominant.  The mini- 
mum point emerges at the boundary between the two 
convection modes. 

Flow velocity and turbulence energy profiles are 
depicted in Fig. 8. When the heat flux is enhanced, the 
flow velocity increases near the wall and the profile 
becomes flat. Since turbulence energy is produced by 
the derivative of  flow velocity, turbulence energy is 
reduced. Thus heat transfer is deteriorated. When the 
heat flux is enhanced more above the minimum point, 
the flow velocity profile is more distorted and tur- 
bulent heat transfer is then enhanced. 

It is known that this type of  heat transfer deterio- 
ration occurs due to acceleration as well as buoyancy. 
In the present analysis, buoyancy force is dominant.  
To verify this, calculations were performed without 
the buoyancy force term in the Navier-Stokes  equa- 
tions. The results are also provided in Fig. 7. Without  
the buoyancy force term, the minimum point com- 
pletely disappears. 
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Fig. 8. Radial distributions at G = 39 kg m 2s-~ ; A, 100 ; 
B, 450 ; C, 550 ; D, 2000 ; E, 10 000 W m 2 : (a) flow velocity 

and (b) turbulence energy. 
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5. OSCILLATION OF WALL TEMPERATURE 

When the heat f lux was enhanced above the cri t ical 
value of  deterioration, a violent oscillation of  the wall 
temperature was observed. Figure 9 shows the axial 
profile of  wall temperature at G = 1180 kg m 2 s -~ and 

q" = 1.63 x 10 6 W m -2 .  This oscillation is steady-state. 
An enlarged profile near Hb = 2.0X 106 J kg -~ is 
shown in Fig. 10. The wall temperature gradually 
increases and abruptly decreases in each cycle. There- 
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the film boiling in subcritical fluids. Similarity with 
the nucleate boiling is unsatisfactory for explaining 
this. 

The present analysis suggests that unstable charac- 
teristics of  the thick boundary layer of  temperature 
cause the onset of  thermo-acoustic oscillations. This 
is consistent with the experimental result that oscil- 
lations occur when the heat flux is much enhanced. 
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fore this oscillation is not derived from numerical 
instability which makes alternate profiles. 

Flow velocity, ~mrbulence energy and temperature 
distributions neat' the wall are depicted in Fig. 11. 
When the wall temperature is low (curve a), the vis- 
cous sublayer is t]hin and turbulence energy near the (b) 0.2 
wall is large. As the position moves to the down- 
stream, the viscous sublayer becomes thicker and tur- 
bulence energy becomes smaller. Smaller turbulence 
energy reduces heat  transfer, which causes higher tem- 
perature. Higher temperature leads to higher viscosity. ~" 
Higher viscosity leads to a thicker viscous sublayer 
which further reduces turbulence energy. Therefore a ~ 0.1 
series of  these processes has a positive feedback. The ,~ 
boundary layer of' temperature becomes several times 
thicker in a short distance from point a to e. In Fig. 
11 (c), we can see that temperature difference reaches 
200°C in the boundary layer which is only 2 x 10 -5 m 
thick at point  e. The inner wall is filmed with very hot 0.0 

4.95 
water of  low densi ty, while cold water of  high density 
remains in the bulk of  the pipe. This bulk water is 
near the pseudo-critical temperature. When mixing to) 65o 
is enhanced a little in the steep boundary layer of  
temperature, for ,example because of  the numerical 6oo 
error, the temperature and the viscosity decrease 
toward those of  the bulk water. This enhances tur- 550 
bulence energy and the mixing in the boundary layer ,-', 
is further promoted.  Therefore the steep boundary 

' -"  500 
layer of  temperature is suddenly collapsed and returns 
to being thin. In other words, the steep boundary 
layer of  temperature is unstable when the physical 450 
properties nonlinearly change with temperature as 
those o f  supercritical water. 400 

Thermo-acoustic oscillations of  supercritical fluids 
were found in experiments and reported [4, 7, 8]. This 350' 4.95 
type of  oscillation was explained by the nucleate boil- 
ing [4]. The oscillations, however, occur when the 
heat flux is much enhanced [7], which means that film 
boiling is changed to nucleate boiling at the critical 
heat flux. However  the nucleate boiling is changed to 
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There are many  sources of  d is turbance  in the exper- 
iments, e.g. inlet bounda ry  condi t ions  or resonance 
with pipe vibrat ion.  In reality, the wall tempera ture  
will be oscillated in bo th  space and  t ime as long as the 
bounda ry  layer of  t empera ture  is unstable.  

6. CONCLUSIONS 

Numerica l  analysis of  heat  t ransfer  to supercritical 
water  was carried out. The heat  t ransfer  coefficient 
and  the deter iora t ion heat  flux calculated in the pre- 
sent analysis agree well with  the experimental  da ta  by 
Yamaga t a  et al. Heat  t ransfer  deter iora t ion occurs 
due to two mechanisms  depending on  the flow rate. 
W h e n  the flow rate is large, viscosity increases locally 
near  the wall by heating.  This makes  the viscous sub- 
layer thicker and  the Prand t l  n u m b e r  smaller. Both  
effects reduce the heat  transfer.  W h e n  the flow rate is 
small, buoyancy  force accelerates the flow velocity 
near  the wall. This  makes  the flow velocity d is t r ibut ion 
to be flat and  generat ion of  turbulence energy is 
reduced. This type of  heat  t ransfer  deter iora t ion 
appears  at  the bounda ry  between forced and  na tura l  
convection.  As the heat  flux increases above  the 
deter iora t ion heat  flux, a violent  oscillation of  wall 
t empera ture  is observed. It is explained by the 
unstable  characterist ics of  the steep bounda ry  layer of  
temperature.  Consequent ly  numerical  analysis with  
a k -e  turbulence model  and  accurate t rea tment  of  
physical propert ies  leads to successful explanat ions  
of  unusual  heat  t ransfer  p h e n o m e n a  of  supercritical 
water. 
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