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Abstract:

The supercritical carbon dioxide (S-CO,) cooling wall in coal-fired boiler suffers from severe fragile crisis due to the high
temperature of S-CO,. The analysis of both heat transfer at process scale and cooling wall arrangement at component scale were
carried out in present work. At the process scale, the difference in heat transfer performance between the smooth tube and the rifled
tube were identified, especially the location of maximum outer wall temperature of cooling wall. The 1-D mathematical model for
thermal-hydraulic analysis of S-CO, furnace cooling wall tubes was then developed. At the component scale, the coupled model of
combustion and S-CO, heat transfer is employed for studying the thermal-hydraulic performance of rifled-spiral (R-S) and
smooth-spiral (S-S) cooling wall arrangements. The maximum outer wall temperature of R-S cooling wall is 16.38°C lower while
the pressure drop increases by 2.33 times compared with the S-S cooling wall. Considering the pressure drop penalty on cycle
efficiency of S-CO, boiler power system, the R-S cooling wall is not recommended, while the S-S cooling wall should be carefully
arranged in S-CO; boilers.
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Table 1 Prime table

Nomenclatur SCW Supercritical water
Bo Buoyancy parameter T Temperature ("C)
d Inner diameter (mm) U Circumference (mm)
D Outer diameter (mm) X Coordinate (mm)
f Friction coefficient Greek letters
g Gravity acceleration (m * 5 o Angle (° )
G Mass flux (kg * m? « %) 5 Thickness (mm)
h Enthalpy (k] * kg A Thermal conductivity (W « m™ « K™
L Length (mm) P Density (kg * m*)
m Mass flow (kg * s™) ) View factor
Nu Nusselt number Subscripts
P Pressure (MPa) ave Average
q Heat flux (kW + m?) b Bulk
r Inner radius diameter (mm) f Friction
R Outer radius diameter (mm) in Inlet
Re Reynold number iSO Isothermal
S Pitch diameter (mm) max Maximum
S-CO, Supercritical carbon dioxide w Wall

supercritical carbon dioxide (S-CO,) Brayton cycle has
been considered as one of the promising candidates in
the coal-fired power conversion systems . For the
engineering design of S-CO, coal-fired power system,

1 Introduction

Due to its high efficiency ™ and compactness, the
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one of the major issues lies in the thermal-hydraulic
design of cooling wall in boilers, e.g. the prevention of
thermal fragile and the circumferentially average heat
transfer prediction for a single tube at the process scale,
and the arrangement of the S-CO, cooling wall at the
component scale.

Firstly, at the process scale, there exist restraints to
the heat transfer for an actual S-CO, cooling wall tube:
(1) circumferentially non-uniform heating condition, (2)
large tube diameter (d), and (3) large mass flux (G).
However, few work concerns the aforementioned issues [,
The test parameters in typical experiments for the S-CO,
heat transfer are presented in Table 2. We can see that the
test tube diameter d is lower than 10 mm and the mass
flux G is within a moderate range. Moullec et al.
designed the S-CO, cooling wall tube with d of 50-70
mm. In contrast, Xu et al. ®® suggested that although the
tube with large d can theoretically alleviate the pressure
drop in cooling wall, its reliability under such working
conditions of high pressure and temperature cannot be
ensured. Thus, a traditional range of 25-40 mm was
recommended. Meanwhile, the large G in the S-CO,
cooling wall was mainly caused by the low enthalpy
difference of S-CO, in heaters in S-CO, power system !,
Generally, the large G was accompanied with the large
pressure drop 1, further leading to the reduction in cycle
efficiency. Thus, aiming to solve this problem, some
researchers employed the partial flow strategy ! so that
the G of S-CO, in cooling wall can be within a
reasonable range of 1500-2500 kg m? s™.

Table 2 Experimental parameters in literature

Authors d,mm P,MPa G,kgm?s! @, kwm?
Te"’t“;'lm['ﬁ‘ 87 7590  185-285.97 16-64
Jia”ﬁfft a5 558962 629663  4.49-81
Lia([’lze]t 8l 07216 7412 Re=(1-20)10° 10-200
Kimetal 45 7461026  208-874 38-234
Hangetal o484 853-95 Re=1743-25011 2.503-108

Letal 7895 Re=3800-20000 6.50-5196
Bacetal g3 775812 2851200 30170

G;'.Ot[ift 8 74-88  900-3000  16-615

The smooth tube and the rifled tube are two
dominant tube configurations in actual boilers 182,
However, the heat transfer of S-CO, in the rifled tubes
are less concerned yet. Li et al. " studied the S-CO,
inside the rifled tubes and suggested that the inner ribs
can destroy the boundary layer to weaken the negative
effects of buoyancy effect. Meanwhile, the heat transfer
of supercritical water (SCW) inside the rifled tubes was
investigated broadly, which would be helpful for
understanding S-CO,. Shen et al. ¥ found a positive
impact of inner ribs on the heat transfer of SCW. Gu et al. 2
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found that the heat transfer of SCW is closely related to
the ribs. Yang et al. ¥ found a high flow resistance
caused by the inner ribs. Whereas, note that all the
above-mentioned works mainly focus on the heat transfer
in the near-critical region. For the S-CO, cooling wall,
the working conditions are far away from the critical
point as T;, > 450 C and P;, = 30 MPa. Moreover, as
the scale of the cooling wall tube is much less than that
of the combustion chamber, a  simplified
thermal-hydraulic tube model for predicting the
maximum outer wall temperature and average outer wall
temperature is essential to engineering design.

In addition to the thermal-hydraulic analysis of
S-CO, at the process scale, the detailed analysis of S-CO,
cooling wall arrangement is essential. Yang et al. *? studied
the 300 MW S-CO, boiler by a coupled simulation
between the S-CO, heating and the combustion. Yang et
al. ! our previous work, provided both 1-D and 3-D
coupled simulation of S-CO, cooling wall and proposed
the "cold S-CO,-hot fire matching and cascaded
temperature control” method guiding the S-CO, cooling
wall arrangement under partial flow strategy . The
method of S-CO, cooling wall arrangement in ref 2! was
further proved with high reliability by Zhou et al. ["®.
However, all the existing works for the S-CO, cooling
wall are based on the smooth tube, and the rifled tube is
not concerned. Moreover, the spiral cooling wall layout
with the smooth or the rifled tube is widely used in the
steam boiler, while the open literature concerning S-CO,
cooling wall is limited to the vertical layout. Therefore,
the spiral arrangement for both smooth and rifled cooling
walls in S-CO; boiler needs to be examined, especially
considering both thermal safety and pressure drop
penalty on cycle efficiency.

The rest of the paper is organized as below. In Sec.
2, the three-dimensional numerical model for S-CO, heat
transfer in both smooth tube and rifled tube and the coupled
simulation method between S-CO, heating and combustion
are demonstrated. The heat transfer performance is
discussed in detail in Sec. 3. In Sec. 4, the arrangement of
rifled-spiral R-S and smooth-spiral S-S cooling walls for
S-CO, boiler is discussed. A brief conclusion is finally given
in Sec. 5.

2 Numerical model and validation

2.1 3-D S-CO, heat transfer model inside smooth and
rifled tubes

The numerical model of S-CO, flowing in smooth
tube is quite similar to our previous work 2. Firstly, the
circular tubes made of stainless steel 316L were selected
for the smooth tube and the rifled tube. The typical
geometric parameters of the tubes are presented in Table
3. Particularly, the mesh of fluid region at the cross
section for the rifled tube is presented in Figure 1. Four
rectangular ribs with depth of 0.85 mm and width of 2.5
mm are arranged uniformly in the inner rifled tube. And
the helix angle of the inner ribs is 30< An additional
isothermal section was also adopted in the present
physical configuration. Secondly, the Shear Stress
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Transport (SST) k- turbulent model was employed to
solve the turbulent flow and heat transfer for S-CO,. The
model validation is shown in Figure 2 and a good
agreement with available experimental data for both
smooth and rifled tubes is found. Note that Figure 2a and
Figure 2b stand for the high performance of SST k-w
turbulent model at near-critical region while Figure 2c
further indicates a high reliability at the far-critical
region. Thirdly, considering the non-uniform distribution
of heat flux along the circumferential direction of the
tube, the view factor of @ = (joca / Qmax IS adopted to
model the non-uniform heat flux on the outer wall of
tubes, as shown in Figure 3. Note that the view factor is
calculated by a self-developed subroutine program in
FLUENT based on the theoretical formulas in ref 2™, For
the inner wall, the coupled thermal boundary condition
and non-slip velocity boundary condition are utilized.
Besides, the boundary conditions of the mass flow inlet
and the pressure outlet are employed, as required by the
NIST real gas model . Finally, the grid independency
is checked and the optimal grid numbers for smooth tube
and rifled tube are 3.67 million and 4.89 million,
respectively, as shown in Table 4.

Table 3 Geometric parameters of the smooth and rifled

tubes
Tube d/mm D/mm  s/mm Lo/ di Lieatea/ di
Smooth tube 38 49.2 78 79 184
Rifled tube 38 49.2 78 79 184

Table 4 Grid independency test results

Tube Total grid Mean relative error of Nu along
number/ x10° the tube/ %
1.37 -3.96
H 2.29 -1.24
Smoot 3.08 1.67
tube
3.67 0.81
4.36 0
1.94 -2.64
) 2.78 2.09
Rifled 3.67 113
tube
4.89 0.56
5.91 0
Rib
Valley

Rotation 8 1
Direction v

Figure 1 Cross section mesh of the rifled tube
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2.2 1-D coupled simulation between S-CO, heating
and combustion

The coupled model of combustion and S-CO, heat
transfer for cooling wall was presented in our previous
work 1, by which the thermal-hydraulic performance of
cooling wall can be calculated. Firstly, the simulation of
combustion of furnaces is essential for the coupled
model, by which the wall furnace wall heat flux can be
obtained for further S-CO, heat transfer calculation.
Second, the 1-D S-CO, heat transfer model is used for
cooling wall calculation. Finally, after the iteration of the
two calculation processes, the maximum temperature and
pressure drop of cooling wall tubes can be captured.
More details about the coupled model can be found in ).
In this work, we will use this coupled model to calculate
the R-S and S-S cooling walls in S-CO, boiler.

3 S-CO, heat transfer in smooth and rifled tubes

The comparison of the heat transfer performance of
S-CO, between the smooth tube and the rifled tube is
shown in Figure 4. Note that the working conditions are
based on the 1000 MW S-CO, coal-fired power system
in ref % A small difference in the inner circumferentially
average heat transfer (characterized by Tiinmerave) IS
observed, indicating a negligible effect of inner ribs of rifled
tubes on the circumferentially average heat transfer of
S-CO,. Meanwhile, the outer circumferentially average wall
temperature (Twouterave) fOr the smooth tube tends to be a
little higher than that of the rifled tube. This difference in
Twouterave Means that the heat conduction in the solid regions
cannot be ignored. Moreover, the localized maximum wall
temperature in the inner wall (Tyinnermax) Of the smooth tube
is almost identical to that of the rifled tube, while the
localized maximum wall temperature in the outer wall
(Twoutermax) OF the smooth tube is slightly higher than that of
the rifled tube.

1000
—T, —T
9501
900 TW,Duter‘max

850} © Smooth tube
A Rifled tube

w,inner,ave

w,inner,max TW,Duter,ave

800 -
750
7001 M
esol M
600l M
5500 L L L L L L . L L

1 2 3 4 5 6 7 8 9 10
Position/ m

Temperature/ °C

Figure 4 Comparison of heat transfer of S-CO,
between smooth tube and rifled tube with T;, =580 C,
Pin = 35 MPa, Qmax = 240 kW m™? and G = 1800
kgm?st

As shown in Figure 4, the bulk fluid temperature (T})
and all the wall temperature almost increase linearly in
the streamwise direction. Thus, the abnormal heat
transfer phenomenon near the critical region does not
occur at the working conditions of the S-CO, cooling
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wall. We take the distribution of the wall temperature and
heat flux at 225 m as an example and compare the
circumferential heat transfer between smooth tube and rifled
tube in Figure 5. As shown in Figure 5a, both the inner wall
temperature (Ty,imer) @nd the outer wall temperature (T, outer)
of smooth tube show a smooth profile. In contrast, for the
rifled tube, Ty,ouer ShOWS @ smooth profile, while Ty inner gOES
oscillating. This distinct distribution of Tyjmner OF rifled tube
is mainly caused by the oscillating distribution of the
localized heat flux on the inner wall (Qinner) O rifled tube, as
shown in Figure 5h. Meanwhile, the smooth distribution of
Qinner for smooth tube and the outer wall heat flux (Qoyer) for
both smooth and rifled tubes lead to the smooth distribution
of the wall temperature in Figure 5a. Therefore, we can see
a strong relation between the distribution of wall
temperature and heat flux. Moreover, compared with the
Twimer OF the smooth tube, the Ty OF the rifled tube is
more gentle since the difference between the maximum and
the minimum Tyner iS smaller, as shown in Figure 5a.
Besides, the maximum Tyiner in the smooth tube and the
rifled tube are almost the same, while the maximum T outer
of rifled tube is smaller than that of smooth tube.
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Figure 5 Circumferential distribution of (a) wall
temperature and (b) heat flux on inner and outer walls for
smooth tube and rifled tube in the streamwise direction
of 2.25m

Twoutermax 1S the main concern in the analysis of thermal
fragile of cooling wall. Generally, the distribution of Ty,oyter
is closely related to Ty,iner. The circumferential distributions
Of Twimermax @Nd Tywoutermax fOr rifled tube are further
presented in Figure 6. As shown in Figure 6a, the Tyinnermax
of rifled tube does not always occur at the heated top
generatrix and shows a dispersive distribution, which is
different from that of smooth tube. The Tyjinnermax always
locates near the left zone of the top generatrix. For this
reason, the Tyoutermax OF rifled tube also concentrates near the
left of the top generatrix, but note that it is not that disperse
as the Tw,inner,max-
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To identify the relation between Ty innermax and
Twoutermax OF rifled tube, the effect of the ribs on the heat
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transfer of S-CO, in rifled tube is further discussed as
shown in Figure 7. From Figure 7a, we can observe that
the inner ribs lead to the rotating flow of S-CO,,
especially in the rib peak region. It indicates that the
S-CO; in the rifled tube can be mixed more strongly than
in the smooth tube. Thus, the Ty inner OF the rifled tube can
be more gentle than that of the smooth tube as shown in
Figure 5a, further leading to the reduction in the
maximum Tyouer- From Figure 7b, we can observe that
the points of Tyimermax MOStly concentrate at the
intersection of rib valley and windward rib side close to
the top generatrix. In contrast, the Ty, outermax IN Figure 7¢
has a more even distribution. Thus, we can observe a
stronger impact of heat conduction in the solid region
than the inner convective heat transfer on the distribution
Of Ty,outer TOr rifled tube.
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Figure 7 The impacts of inner rib distribution on the heat
transfer of S-CO,: (a) the rotating flow due to inner ribs and
the distribution of (b) Tuinnermax @Nd (C) Tuoutermax
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Based on the aforementioned discussion of the
S-CO, flow and heat transfer, we find that both Ty outer max
and Tuouterave are closely related to the tube configuration
(external diameter D and internal diameter d), pitch
distance (S), tube solid thermal conductivity (1sig), total
incident radiative heat flux value (gmax) and inner heat
transfer coefficient (h). Thus, the empirical correlations
are proposed according to the dimensional analysis
method:

Smooth tube:

T :T . 0.74[D)1.894 (djo.gsl NUmpSﬂb -0.512 qmaxs
W,0Ut,max b S S d /1 l

solid solid

1

2470 -1.648 -0.717 (

S

Tw out,ave = Tb + 0967 D 9 NuﬂVES/{b qﬂVE,Um
o S S d j’solid ﬂ'solid

Rifled tube:
T

0.0338 1.251 Nu 0.522
a5 (2
d d ﬂ’solid isolid
T

S e D - Nu o lave,ou d
woutave — Tb + 234() (j i/lﬂ qit
‘ d Aot Aol

To determine the parameters along the cooling wall
tube, the thermal-hydraulic  correlations  were
incorporated into the 1-D mass, momentum and energy
equations to develop the heat transfer prediction model.
Firstly, the mass, momentum and energy conservation
equations of the steady state S-CO, flow are solved.

Mass:
dm
—=0
i ®)
Momentum:
dp dp; m?d(1
4t = =0
i dx A dx(p]+pg @)
Energy:
qdu
aw, |
@_ i%_}_lﬁ_}_u_ =0 (5)
dx | pdx p dx m

where p; is the friction pressure drop. Secondly, the
backward difference scheme was employed to
approximate the derivatives in the conservation
equations (Eqgs. 3-5). The control volume of the 1-D
S-CO, flow is shown in Figure 8. Finally, after obtaining
the detailed parameters of S-CO, flowing inside the tube,
Twoutermax @Nd Ty, outerave CaN be calculated using Egs. 1-2.

AX aX

i1 i i+

AX

Figure 8 The 1-D S-CO, flow control volume

To validate the present model, we compared the
S-CO, heat transfer results between the FLUENT 3-D
simulation and the present 1-D model in Figure 9 and a
good agreement is found. Therefore, the present 1-D
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model can be regarded as an efficient and accurate tool
for the design of S-CO, furnace cooling wall.
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Figure 9 Comparison of temperature between
FLUENT 3-D simulation and present 1-D model. (a)
Smooth tube. (b) Rifled tube

4 R-S and S-S cooling wall arrangements for
S-CO; boiler

The spiral cooling wall arrangement calculation is
based on the coupled model of combustion and S-CO,
heat transfer. In the coupled model, the cooling wall tube
model can be set as smooth tube or rifled tube by
changing the empirical correlations as shown in Egs.1
and 2. To examine the R-S and smooth-spiral (S-S)
cooling wall in 1000 MW S-CO, boiler, a traditional
cooling wall arrangement in steam boiler is chosen, in
which the integral spiral tubes cover the whole surface of
the furnace wall without interruption. The inclination of
spiral tube is 30< The thermal parameters of the cooling
wall are presented in Table 5.

Table 5 Thermal parameters of the cooling wall

Cooling Inlet Inlet pressure 1
wall  temperature/C /MPa Mass flow/kg-s
S-S and
R-S 552.87 35.35 6320.09

The fluid temperature and maximum outer wall
temperature distributions of R-S and S-S cooling walls
are presented in Figure 10. First, we can see that the
maximum outer wall temperature of R-S cooling wall is
lower than that in S-S cooling wall. The maximum
temperature difference is up to 16.38 °C in the tube
outlet. The rifled tube can successfully reduce the
maximum outer wall temperature. Second, the S-CO,
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fluid temperatures are quite similar inside both cooling
walls due to the same heat load. Third, the profiles of
maximum outer wall temperature show an obvious drop
near 20 m in the furnace height direction, where the spiral
cooling walls are going through the corner of the furnace
and the wall heat fluxes are quite low due to the dual circle
tangential firing in the furnace. In summary, the rifled tube
can improve the thermal safety of the furnace.

700 -
—— S-S fluid temp
6754 —— S-S max wall temp
—— R-S fluid temp

—o— R-S max wall temp

Temperature /°C
D (2]
N [$2]
(6] o
1 1

[o2]

o

o
L

Height /m

Figure 10 Fluid and maximum outer wall temperature
distributions of R-S and S-S cooling wall in S-CO, boiler

In addition, the pressure drop penalty on cycle
efficiency is essential for S-CO, boiler. Figure 11 shows
the pressure drops of R-S and S-S cooling walls. Due to
the large flow friction in the rifled tube, the pressure drop
in R-S cooling wall increases by 2.33 times of that in S-S
cooling wall, which will cause incredible penalty on
cycle efficiency. Since the reduction in the cooling wall
temperature by the rifled tube is not obvious either, it is
not recommended in S-CO, boilers. Moreover, the
pressure drop in S-S cooling wall is up to 4.10 MPa,
which is extremely high. It is because we do not use the
partial flow strategy and module design of the cooling
wall Bl According to the 1/8 principle ! and 4 times of
the cooling wall length, the present pressure drop of S-S
cooling wall increases by 31 times of the result in our
previous work 2! using partial flow strategy. Therefore,
we can come to a conclusion that the S-S cooling wall
should be carefully arranged in S-CO, boiler, while the
R-S cooling wall is not recommended.

14

12 —&— S-S pressure drop
—A— R-S pressure drop

Pressure drop /MPa

10 20 30 40 50
Height /m

Figure 11 Pressure drops of R-S and S-S cooling walls
in S-CO, boiler
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5 Conclusions

The process and component analysis for the
supercritical carbon dioxide (S-CO,) cooling wall in
coal-fired boiler was investigated, including the heat
transfer performance and the S-CO, cooling wall
arrangement. The main conclusions are as follows.

(1) The rifled tube is able to reduce the maximum
outer wall temperature since it has a stronger mixing
effect on S-CO, than the smooth tube under the
non-uniform heating.

(2) The 1-D heat transfer prediction model coupled
with the empirical correlations for S-CO, inside smooth
tube and rifled tube is developed based on the 1-D steady
state governing equations. A good agreement for S-CO,
fluid flow and heat transfer prediction is found between
the 1-D heat transfer prediction model and the 3-D
FLUENT simulation.

(3) The coupled model of combustion and S-CO,
heat transfer is employed for cooling wall arrangement.
The maximum outer wall temperature of rifled-spiral
cooling wall is 16.38 °C lower, while the pressure drop
increases by 2.33 times compared with the smooth-spiral
cooling wall. Considering both pressure drop penalty on
the cycle efficiency of S-CO, boiler and the wall
temperature reduction, the rifled-spiral cooling wall is
not recommended in S-CO, coal-fired boilers. In addition,
the smooth-spiral cooling wall should also be carefully
arranged due to its extremely high pressure drop.
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