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In this paper, a distributed parameter model for the evaporation system of a su-
percritical spiral water wall boiler is developed based on a 3-D temperature
field. The mathematical method is formulated for predicting the heat flux and the
metal-surface temperature. The results show that the influence of the heat flux
distribution is more obvious than that of the heat transfer coefficient distribution
in the spiral water wall tube, and the peak of the heat transfer coefficient de-
creases with an increment of supercritical pressure. This distributed parameter
model can be used for a 600 MW supercritical-pressure power plant.
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Introduction

Supercritical, sliding-pressure-operation, once-through boilers have been widely used
in thermal generator sets because of their superior properties. The spiral design can be used
with fewer tubes to obtain the desired flow per tube by wrapping the tubes around the furnace.
The benefit of this arrangement is that the spira tubes pass the fluid through heat zones to
maintain a nearly even fluid temperature at the outlet of the furnace. The wide use of supercrit-
ical-pressure water has made heat transfer at supercritical pressures a very important issue.

Research on heat transfer of supercritical fluids has been ongoing since the 1950s.
Y amagata and Nishikawa [1] systematically investigated the heat transfer characteristics of su-
percritical water in tubes and separately proposed some classical correlations to predict the
heat transfer coefficient. With the devel opment of supercritical-pressure boilers in China, many
investigations on heat transfer of supercritical-pressure water have also been conducted by
Yang et al. [2]. Because of the complexities of heat transfer at supercritical pressures and the
heat-transfer specifics in a combustion chamber of a steam generator, simplifications of the
heat flux distribution were usually made for modeling the evaporation system. Li and Huang
[3] developed a lumped parameter mathematical model to analyze a helically coiled, once-
through steam generator. Pan and Y ang [4] cal culated the thermal-hydraulic characteristics of a
water wall in an ultra-supercritical coal -fired boiler using a distributed parameter model. How-
ever, al of these models are based on a reduced one-dimensional heat flux distribution scheme.

Flame image processing techniques have been successfully applied to deal with
temperature reconstruction in pc-fired boilers [5]. We have revealed a distributed parameter
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model in a subcritical tangential once-through boiler [6], but this model is unsuitable for su-
percritical spiral-type water-tube boiler owing to the large difference in furnace structure and
heat transfer characteristics.

In this paper, a distributed parameter model is proposed for an evaporation system
based on 3-D combustion monitoring in a furnace. A mathematical model was formulated for
predicting the distributions of the heat flux and
Frontwall Left wall / the metal-surface temperature to include the
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Figure 1. Layout of the evaporation systemina evaporation zone between the ash hopper
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Figure 2. Thegrids of the unfolded spiral water wall ~ solving the energy balance equations,
which serves as a distributed boundary

condition for the dynamic, distributed parameter model of the evaporation system.
The saturated boiling hesat transfer coefficient « in a sloped, rifled tube is based

on the Lockharte-Martinelli formula[7]:
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The critical quality x.,. (which characterizes the heat transfer deterioration of the
second kind) is given by [2]. According to the Slaughterback empirical relation [8], the for-
mula for the post-dryout-region heat transfer coefficient in asloped, rifled tubeis given by:
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The formula for the frictional resis- 700
tance coefficient can be given by [2].

In the supercritical pressure range,
the heat transfer characteristics of water
in tube strongly depend on the variations
in the physical properties. As shown in
fig. 3, the specific heat capacity has alo-
cal maximum at the pseudo-critical tem-
perature. The thermal conductivity as
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cosity decrease dramaticaly within a Temperature [°C]
very narrow temperature range near the
pseudo-critical point. Figure 4 shows
that the changes in the thermo-physical
properties become less pronounced in
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Figure 3. Thermal-physical properties of
water versustemperature at 26 MPa
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Results and discussions . o
] . . Figure 4. The effect of pressure on the specific
Thetest cases are listed in tab. 1. A monitor- heat of water at supercritical pressures

ing instrument was installed to capture the tem-
perature at a height of 52.886 m. The measured Table 1. Operational data in the simulation

wall temperatures and the calcule_tted values are oo | Steam | Feedwater | Feedwater
shown in fig. 5. The massvelocity can be ob- | cCase [MOW] pressure | quantity |temperature
tained after summation of al the unitsin atube: [MPq] [th™] [°C]
300 | 16.03 | 914.20 235.00
25 (/’ W) 2 | 480 | 2301 | 13690 | 25547
600 | 2868 | 1710.0 269.70
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As shown in fig. 5, the maximum relative difference between the simulation results
and the measurements is 0.6%, the maximum temperature difference is 4 °C and the mass ve-
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locity difference is 3.2%. The results show the mathematical model for predicting the metal

temperatures of tubes are fit for in-situ operation.
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Figure 6. Comparison of heat transfer characteristicin a
single tube on different types of water wallsat a subcritical
pressure: (a) vertical water wall, (b) spiral water wall

Figure 6 gives a comparison of the
wall temperature and heat transfer
coefficient distributions for the ver-
tical water wall and the spiral water
wall at a subcritical pressure. As
shown in fig. 6(b), a single tube is
able to by-pass the different furnace
walls, and heat absorption is homo-
genous with the rising spiral along
the furnace perimeter, so the heat dif-
ference is effectively eliminated. As
the steam quality reaches a certain
critical value, which is 0.53 in fig.
6(a) and 0.64 in fig. 6(b), the water
state has changed from saturated boil-
ing to post-dryout. However, the cor-
responding heat flux is maximum in
the vertical water wall tube, whereas
the heat flux is at the local minimum
in case of the spiral water wall tube.
Therefore, the wall temperature in-
creases in the vertical tube, but this
can be avoided in the spiral tube.

Whereas the wall temperature is
influenced by the heat flux and the
heat transfer coefficient distribution,
the influence of the heat flux is larger
than that of the heat transfer coeffi-

cient in the spiral water wall tube. There are two reasons. oneisthat the fluid temperatureis at
the saturated temperature al the time after vaporizing, the other is that the heat flux presents a

wave distribution in the spiral water wall tube. Theref
distribution strongly affects the accuracy of the model.

ore, assuming a non-uniform heat flux
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Figure 7 illustrates a comparison
of the wall temperature and heat
transfer coefficient distributions at a
near-critical pressure and those at a
supercritical pressure in the spiral
water wall. As shown in fig. 7, the
heat transfer coefficient rises to the
maximum of 36 kW/mK when
H,. = 2092.6 kJkg in case 2 and it
rises to the maximum of 21 kW/meK
when H,. = 2106.1 kJKkg in case 3.
So, the maximum heat transfer coef-
ficients are located in the pseudo-
critical enthalpy region. This means
that the heat transfer of supercritical
water in the pseudo-critical enthalpy
rangeis effectively enhanced.

Figure 7 shows that the peak of
the heat transfer coefficient in case 2
is 15 kW/m2K larger than in case 3. It
means that the peak of the heat trans-

fer coefficient decreases and the bulk P b ® --o- heat flux lao [°
fluid enthelpy corresponding to the ] T et ey scefcient
peak of the heat transfer coefficient I e L T e R D

increases with an increase in super-
critical pressure. With increasing heat
flux, more fluid is heated to a tem-
perature above the pseudo-critical
temperature point. In other words, the
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Figure 7. Comparison of heat transfer characteristicsin a
singletube at different pressuresin a spiral water wall: (a)
near-critical pressure, (b) supercritical pressure

portion of the fluid that is responsible for the enhancement of heat transfer is suppressed: as
observed in case 3, the heat transfer coefficients decrease so the tube achieves an optimum

heat transfer effect in case 2.

Conclusions

A distributed parameter model for an evaporation system in a supercritical, spira

water wall boiler was established. A method for predicting the distributions of the heat flux
and the metal-surface temperature in the evaporation system was proposed based on 3-D tem-
perature fields. The simulation results show that the influence of the heat flux distribution is
larger than that of the heat transfer coefficient distribution in the spiral water wall tube. The
maximum heat transfer coefficients are located in the pseudo-critical enthalpy region and the
peak of the heat transfer coefficient decreases by 15 kW/m2K with an increment of supercriti-
cal pressure. The water wall can produce a more desirable heat transfer effect according to
this distributed parameter model.

Nomenclature

G —mass velocity, [kgm™s]

¢, — specific heat capacity, [JkgK™]
g —acceleration of gravity, [ms?]

d —diameter, [m]
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H —height, [m] u —dynamic viscosity, [Nms™]

p —pressure, [Pa) ¢ —resistance coefficient

Pr — Prandtl number ( = uc,/4), [-] p —density, [kgmJ]

Re— Reynolds number ( = pwdlu), [-]
w —velocity, [ms]

x —steam quality, [-] b —bulk

cr —critical point

Subscripts

Greek symbols i —number of element
a — heat transfer coefficient, [Wm 2K ™ ! —liquid

A —differencein any quantity s —steam

A —thermal conductivity, [Wm™K™] w —water wall
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