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Abstract

Numerical investigations were made of heat
transfer to supercritical water flowing in a boiler
vertical tube. A comprehensive set of data was
obtained for pressures from 22.09 MPa to 25
MPa, mass velocity 250-400 kg/m?’s, the results
are bulk temperatures from 345°C to 445°C, heat
fluxes from 150 to 800 kW/m?, tube diameter was
48 mm. The steady thermal model for cross
section of water wall tube was established. Heat
flux and temperature of working fluid are
determined by using Fortran computer program
at each section of the tube length. The heat
transfer coefficients show behavior depending
upon the heat flux. the power of plant, boiler
efficiency, and plant efficiency was determined at
different mass velocities, we found that the boiler
and plant efficiencies increasing with the
increasing of power of plant. The comparison
between this investigation results and the results
of other sources, we found good agreement
between literatures references and numerical
results of this study.
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Introduction

Supercritical fluid is a fluid at pressures and
temperatures that are higher than the
thermodynamic critical values (critical point).
Characteristics of heat transfer and pressure drop
of supercritical pressure fluids are important for
the performance of Supercritical pressure high
efficiency thermal power plants. It is well known
that, when liquid is heated at a constant
supercritical pressure, there is no phase change at
a constant temperature, and there is a continuous
variation from a liquid-like fluid to a vapor-like
fluid. Therefore, supercritical pressure fluids in a
thermodynamic equilibrium state can be regarded
as single phase fluids in any conditions. The
objective of this investigation is to study and
analyze the performance of this type of power
plants, and show the fluid flow characteristics at
supercritical pressures by using Fortran computer
program , finally estimate the thermal efficiency
for this type of power plants and boiler efficiency.
These result can be used to develop the thermal
power plants and increasing the electrical power
in Irag.
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Literature survey

From the literature survey, it has been found
that several models have been reported with
emphasis on different aspects of the boiler
characteristics. Studying the response and control
performance of once through supercritical (SC)
units began on 1958 when work was started on a
simulation of the Eddystone I unit of Philadelphia
Electric Company and the work was extended for
simulation of Bull run SC generation unit
([Adams 1965], [Littman 1966]). Yutaka Suzuki
et al. modeled a once through SC boiler in order
to improve the control system of an existing plant.
The model was based on nonlinear partial
differential equations, and the simulation results
indicated that the model is valid [Shinohara
1995]. Wataro Shinohara et al. (1996) presented a
simplified state space model for SC once through
boiler-turbine and designed a nonlinear controller
[Suzuki 1979]. Pressure node model description
was introduced by Toshio Inoue et al. for power

system frequency simulation studies [Lee

2007]. Intelligent techniques contributions have
yielded an excellent performance for modeling.
Neural network has the ability to model the SC
power plant with sufficiently accurate results if
they are trained with suitable data provided by
operating unit [Omar 2010].

Through the 1930s and 1940s power plant
operating conditions were limited to the
subcritical regime because of limitations of
metallurgy and  water chemistry  control
technology. In Europe, boiler technology
followed the once through philosophy. This at
least in part was driven by material availability
constraints and took advantage of the fact that the
once through boiler generally used smaller
diameter and thinner walled tubes then did the
natural circulation boiler. In addition, the once
through boiler eliminated the need for thick steel
plate for the steam drum. In the United States
where material was more readily available, the
technology continued to rely on the natural
circulation boiler design. In both Europe and the
United States, the steam cycles used had similar
steam conditions resulting in similar power
generation efficiencies. For example, as early as
1941 B&W had supplied boilers to American
Electric Power for operation at 16 MPa.[ J.W.
Smith 1998]
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Before fuel can be fired in a once through
boiler, a minimum fluid mass flow rate must be
established within the evaporator tubes that form
the furnace enclosure to protect the tubes from
overheating. This minimum flow can be provided
by the feed water pump or by a recirculation
pump that returns the heated water back to the
boiler in a closed loop for maximum heat
recovery. During this start-up phase the boiler is
controlled similar to a drum type unit by having
in-line steam/water separators downstream of the
evaporator as shown in figure (1 ) Separated
water is drained to a water collecting vessel from
which the water is pumped back to back to the
economizer. To ensure that subcooled water
enters the pump, a small amount of cold feed
water is piped to the pump inlet line. The design
includes several, depending on unit size,
tangential type separators, with a single water
collecting vessel.

The separator design is an optimized
configuration developed to minimize pressure
loss and also, vessel size. During initial firing, the
inventory of water within the evaporator expands.
Excess water is drained from the water collecting
vessel to a flash tank to maintain an acceptable
water level within the water collecting vessel.
Depending on project specific requirements, the
excess water may be drained directly to the
condenser. [S.J. Goidich 2004]

Rankine cycle

The area under the process curve on a T-s
diagram of Rankine cycle as shown in Figure (2)
represents the heat transfer for internally
reversible processes, we see that the area under
process curve 2-3 represents the heat transferred
to the water in the boiler and the area under the
process curve 4-1 represents the heat rejected in
the condenser. The difference between these two
(the area enclosed by the cycle curve) is the net
work produced during the cycle. All four
components associated with the Rankine cycle
(the pump, boiler, turbine, and condenser) are
steady-flow devices, and thus all four processes
that make up the Rankine cycle can be analyzed
as steady-flow processes. The kinetic and
potential energy changes of the steam are usually
small relative to the work and heat transfer terms
and are therefore usually neglected. The boiler
and the condenser do not involve any work, and
the pump and the turbine are assumed to be
isentropic. [Yunus 2006]
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Figure (2): Simple Rankine cycle[Yunus
2006]

The T-s diagram of a supercritical Rankine
cycle is shown in Figure(3). [Yunus 2006]

T

Figure(3): The T-s diagram of a supercritical
Rankine cycle[Yunus 2006]
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Mathematical model

The mathematical model consist of a circular
tube This section describes the supercritical boiler
model and performance parameters used in
characterizing heat transfer and pressure drop.
The various heat exchangers in the boiler are
modeled by mass and energy balances. The sub-
cooled water in the economizer is transferred
directly to a supercritical steam through the water

wall without passing with the evaporation status.
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Supercritical Water Flow
Figure (4): Mathematical model

The mass balance equation of the heat
exchanger (control volume) is [Omar 2010]:

am _ e o Q)
"

For constant effective volume, Equation (1)
will be[Omar 2010]:

do .
V—'D= mi—mo ... (2
dt
The density is a differentiable function of two
variables which can be the temperature and

pressure inside the control volume, thus we have
[Omar 2010]

op, dp OJp, AT :
ml—mo .....(3
VI(— )Tdt 8T)(d) (3)
The energy balance equation is [Omar]:
dU_Q+m|h| moho e (B
dt
Also
U dp dp dp AT oh dp b AT d
= VD o+ Dy ) o (s DV
dt oood o d G dt ar dt
.. (5)
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Then, the energy balance equation becomes:

0 dp 9 a7 oh dp oh dT d
D) (D)o (=) o (-t ) (] -V () =
o dt o dt o dtoeT o dt

.. (6)

Solving (5) and (6) to get the pressure and
temperature state derivatives.
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The Reynolds number for flow in a circular
tube is define as[Incropera 2006]:

pUmD UmD

Re = = .. (14)
u v

Mass flow rate may be expressed as the

integral form [Incropera 2006] :

m :Jp.ﬂ(r,x)dA

2
r,d
m-_10® e (16)
8..dx

.. (15)

Friction factor , which is a dimensionless
parameter define as [Kays 1993]:
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¢ —(dp/d9D e (17)

p-(U m)2 /2

This quantity is not to be confused with the
friction coefficient, some times called the Fanning
friction factor, which is defined as [Incropera
2006]:

7S
Cf = ———5— o (18)
P (UM< /2
s = —p(du/ dr) e (19)
f
cf = — .. (20)
4

For fully developed laminar flow [ incropera
2006]:
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f=— e (21
Re

For the large Reynolds number range a

correlation has been developed by Petukhov
[Petukhov 1970] and is of the form:

6

e (22)
Pressure drop can be calculated as [incropera
2006]:
2
p(Um)
2D
Heat transfer calculated as [incroprea 2006]:

Dp=f X ... (23)

Q =m.Cp.(To -Ti) e (24)
At a vicinity of the pseudocritical temperature,
which is defined as the temperature with a peak of
the specific heat at constant pressure .[ Tohru
2003 ]

Nusselt number calculated from the Dittus-boelter
equation [Winterton 1998] :

Nu = 0.023Re*® p" o (25)
n=0.4 for heating, n=0.3 for cooling.
Nu = H.Dh/K e (26)

Dh= hydraulic diameter=4Ac/pw
Ac= the flow cross sectional area
Pw= the witted perimeter

Prandtl number calculated as [ John H. Lenard 3"
edition 2006 ht ]:

#.Cp
pr=——=

1%
— ...(27)
k o
Thermal efficiency of power plant calculated as
[Yunus 2006]:
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wnet

7 = v (28)

gin

Boiler efficiency given as [Gill, A, power plant
performance, London,1984]

o — 2RO . (29)

m f.Qhv

Results and Discussion

The results of calculations shown in figures
below, figure ( 5) shows the water steam density
with bulk temperature, the density decreased with
the increasing in temperature at constant pressure
due to increasing in specific volume with
increasing in temperature at constant pressure

The density of steam increasing with
increasing in pressure due to decreasing in
specific volume. One of the most important
characteristics of supercritical fluids near the
critical point is that their physical properties
exhibit extremely rapid variations with the change
of temperature, specially near the pseudocritical
point (Cp =552 KlJ/kgk, T= 375 C), the
temperature at which the specific heat reaches a
peak for a given pressurel. This can be clearly
seen from Figure (6 ). Figure (7) shows the
thermal conductivity variation with bulk
temperature at different pressures. Results clearly
show the predicted overall effect of an decrease in
the effective thermal conductivity with an
increase in bulk temperature. Furthermore, the
thermal conductivity was found to be more
important at higher temperatures. Figure (8)
shows the dynamic viscosity variation with bulk
temperature at different pressures. As the heating
increases further, the viscous effect will
eventually disappear (become negligible but
never zero) throughout the tube Figure (9 ) shows
the specific enthalpy variation with bulk
temperature at different pressures, the specific
enthalpy increasing with increasing in bulk
temperature. Figure (10 ) shows the Prandtl
number variation with bulk temperature at
different pressures, Prandtl number changes with
specific heat. Figure (11) shows the variation of
the heat transfer coefficient H with the specific
enthalpy of steam for the tube of d=48 mm at the
mass flow rate of 50 kg/min with static pressures
of 22.09 and 25 Mpa. .It is seen that at each
pressure the heat transfer coefficient increased
rapidly with the bulk temperature of the fluid,
reached a peak value, and decreased gradually
afterwards. Such a variation of the heat transfer
coefficient suggests that the bulk mean
temperature of the fluid has a substantial effect on
the heat transfer performance near the critical
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point. also indicates that the peak value of the
heat transfer coefficient increased as the static
pressure was increased from 22.09 Mpa to 25
Mpa. . This is because the peak value of the
specific heat cp decreases with the increase of
pressure, from Fig.(11) that the heat transfer
coefficient peak for each pressure occurred at a
point near the corresponding pseudocritical
temperature . Figure (12) shows the boiler
efficiency variation with power of plant, its
increased with increasing in power of plant.
Figure (13) shows the plant efficiency variation
power of plant. Plant efficiency increasing with
increasing in the power.
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Figure (5): Density variation with bulk
temperature.
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Figure (6): Specific heat variation with bulk
temperature.
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Figure (7): Thermal conductivity variation
with bulk temperature
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Figure (8): Dynamic viscosity variation with

bulk temperature.
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Figure (9) :Specific enthalpy variation with

bulk temperature.
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Figure (10): Prandtl number variation with
bulk temperature.
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Figure (11) : Heat transfer coefficient
variation with the bulk temperature.
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Figure (12) : Boiler efficiency variation with
power of plant.
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Figure (13) : Plant efficiency variation power
of plant.

Conclusions

1- The heat transfer coefficients show behavior
depending upon the heat flux.

2- The power of plant, boiler efficiency, and plant
efficiency was determined at different mass
velocities, we found that the boiler and plant
efficiencies increasing with the increasing of
power of plant.

3- The comparison between this investigation
results and the results of other sources , we found
good agreement between literatures references
and numerical results of this study.

Nomenclature

A: Area(m2)

Ac: The flow cross sectional area (m2)
Cp: Specific heat at constant pressure(J/kg.k)
Cf: Fanning friction factor

Cx: Ttemperature to mass ratio (C/kg)
D: Diameter of tube (m)

Dh: Hydraulic diameter (m)

Dp: Pressure drop  (N/m2)

Dx: Temperature to pressure ratio [C/(N/m2)]
f: Friction factor

G:  Mass velocity (kg/s.m2)

H:  Heat transfer coefficient (W/m2.k)
h: Specific enthalpy (J/kg)

ho:  Outlet Specific enthalpy (J/kg)

hi:  Inlet Specific enthalpy (J/kg)

K:  Thermal conductivity (W/m.k)

m:  Mass flow rate (kg/s)

mf:  Fuel mass flow rate (kg/s)

mi:  Inlet mass flow rate (kg/s)

mo:  Outlet mass flow rate (kg/s)

Nu:  Nusselt number

P: Pressure (N/m2)
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Pr: Prandtl number

Q: Heat transfer rate (W)
Qhv: Fuel heating value (J/kg)
Qi:  Input heat transfer (W)
Re:  Reynolds number

T: Temperature (K)

Ti: Inlet temperature (K)

To:  Outlet temperature (K)
u: Internal energy (J/kg)
Um: Velocity (m/s)

V: Volume (m3)

Whet: Net work

Th Dynamic viscosity (kg/m-s)

p: Density (kg/m3)

v: Kinematic viscosity (m2/s)
75: Shear stress (N/m2)
T Volume flow rate (m3/s)
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