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ABSTRACT

Both experimental and computational investigations were
carried out in this paper to study the influences of turbine
inlet steam concentration on turbine flow and heat transfer
under high-temperature and pressurized conditions. A high-
temperature experimental facility has been built to study the
steam concentration effects on turbine aerothermal characteris-
tics for future advanced turbines in IGCC power systems. Pre-
liminary data were obtained from experiment and used to vali-
date the computational models presented in this paper. Results
Jfrom computational modeling were compared qualitatively with
previous studies and also quantitatively with our experimental
measurements in this study, both of which proves the validation
of the presented computational approach.

Based on the validated computational models, a series of
numerical investigations were conducted. Relationship between
the change in gas inlet steam concentration and the correspond-
ing change in dimensionless spanwise-averaged heat flux distri-
bution was found to be well correlated with the form of power
function. The influence of turbine inlet pressure and tempera-
ture on the aerothermal characteristics of turbine heat transfer
is also considered and discussed. Finally, an overall correlation
based on the numerical investigations were presented, and the
capability of this correlation was validated with full CFD com-
putation. The correlation can predict the trend of the dimension-
less spanwise-averaged heat flux quite well with an acceptable
accuracy.

NOMENCLATURE

A() (')high_(')low

A surface area

atm atmospheric pressure
BR blowing ratio

D hole diameter

DR density ratio

F configuration factor (or view factor)

Ma Mach number

N number of surrounding surfaces

p static pressure

PF pressure influence factor

0] net radiation heat transfer

Re Reynolds number

T static temperature

t temperature of thermocouple’s measurement junction
TI turbulence intensity

VR velocity ratio

X distance downstream of the hole exit

X mole fraction

yt wall y plus

Greek

a streamwise angle

€ interior surface emissivity of cavity

e(T) emissivity of superalloy

n overall cooling effectiveness, (Tg — Tw ) /(T — Tc)
q" heat flux
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Overbar
— spanwise average
= plate surface area average

Subscripts

base  baseline
C coolant
G gas

H>O  steam related variable

high  high inlet steam concentration
i,j component index

low low inlet steam concentration
m,n surface index

o outgoing
w wall
INTRODUCTION

Advanced turbines operating in coal-based integrated gasi-
fication combined cycle (IGCC) power systems promise higher
efficiency and lower emissions [1]. Depending on the fuel type,
there are syngas, hydrogen, and oxy-fuel turbines. On the one
hand, to improve the thermal efficiency of advanced turbines, the
turbine inlet temperature and pressure ratio will be increased to
a higher level compared to the conventional natural gas turbine.
On the other hand, the working fluid of advanced turbines con-
tains a considerable amount of steam whose thermal properties
are fairly different from nitrogen-enriched gas stream in a natu-
ral gas turbine [2,3]. Therefore, there are two major differences
between advanced turbines and conventional natural gas turbine:
1) turbine inlet temperature and pressure level and 2) turbine in-
let steam concentration. These two sets of parameters together
make the aerothermal characteristics of advanced turbines quite
different from the conventional gas turbine.

As we know, internal and external cooling technologies are
widely used in today’s gas turbines to keep the temperature of
hot-gas-path components below the material melting tempera-
ture limits. The bottom line for turbine cooling system design
is the accurate prediction of temperature distribution inside hot-
gas-path components based on surface heat loads calculation [4].
Therefore, nearly all of the previous heat-transfer researches on
internal and external cooling issues are aimed at providing either
qualitative understanding or quantitative correlations that con-
tribute to the accurate prediction of surface heat loads. What’s
more, these researches for conventional gas turbines are almost
conducted at scaled-temperature conditions and the obtained ex-
perimental data are typically scaled back to engine flow condi-
tions by designers in their design codes [5]. However, the well
developed cooling design database did not take account of the ef-
fects of high turbine inlet steam concentration and the increased
turbine inlet temperature and pressure levels, and therefore can
not be applied directly to advanced turbines in coal-based IGCC
systems. For this reason, it is desirable that investigations of

turbine inlet steam concentration effects on turbine flow and
heat transfer under high-temperature and pressurized conditions
should be conducted.

A limited number of researches currently exist in open lit-
erature in this subject area. Chyu et al. [2, 3] and Mazzotta et
al. [6, 7] described a quantitative comparison of thermal load on
the external surface of NASA energy efficient engine (E3) high
pressure turbine airfoils between different types of advanced tur-
bines based on computational simulation. They found that the
heat transfer coefficients along the airfoil surface were relatively
comparable for syngas and hydrogen turbines. However, for the
oxy-fuel turbine, the heat transfer coefficient is found to be sub-
stantially higher by about 50 — 60%. They also concluded that
this is largely caused by the high turbine inlet steam concentra-
tion. It is worth mentioning here that they used a simplified ra-
diative heat transfer model in their simulation and proposed that
the radiation with an approximately 50% of steam-CO, mixture
amounts to a 3 — 5% increase by imposing external heat load on
a turbine surface. However, they neglected the feature of film
cooling in their study and thus the contribution of radiation was
somewhat under-predicted. With basic ideas similar to Chyu et
al. [2,3], Na et al. [8] performed a series of computational simu-
lations to examine the heat transfer and temperature distributions
in and about a film-cooled flat plate with the hot-gas flow con-
ditions specified in accordance with the syngas, hydrogen and
oxy-fuel turbine operating parameters. The conclusion on tur-
bine inlet steam concentration effects on the aerothermal charac-
teristics of the film-cooled flat plate in this study was similar to
Chyu et al. [2,3]. However, this study neglected radiation mod-
eling in their computational simulation and thus the steam con-
centration effects were partly under-predicted. Alvin et al. [9]
reported an aerothermal test facility being developed by Univer-
sity of Pittsburgh to explore aerothermal cooling of airfoils for
use in advanced, land-based, turbine applications. The test rig is
a heat transfer testing facility capable of providing realistic tur-
bine flow conditions with elevated temperature and pressure. So
far, however, there have been no experimental data reported from
this test facility in open literature.

MATHEMATICAL MODEL

In this paper, the authors make an attempt to quantify the
effects of gas inlet steam concentration on the aerothermal char-
acteristics of a film-cooled flat plate by means of both experi-
mental and computational approach. As mentioned earlier, the
aerothermal difference between advanced turbines and conven-
tional natural gas turbine at similar geometric and flow condi-
tions can be defined by two sets of parameters: 1) turbine inlet
temperature and pressure level and 2) turbine inlet steam concen-
tration. Therefore, the main idea of this paper can be described
mathematically as the following expression,
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For clarity, the definition of symbol A will be briefly intro-
duced here. As defined in the nomenclature, the symbol A rep-
resent the change in one quantity from the species with a lower
steam concentration to the species with a higher steam concen-
tration at the same inlet pressure and temperature levels. The pur-
pose of this paper is to figure out the above relationship between
Ag" and Axp,0,c at a fixed geometric and flow condition with
a reasonable accuracy. The research in this paper is based on an
important assumption that the spanwise-averaged heat flux distri-
bution for turbines with relatively low inlet steam concentration
can be predicted by conventional cooling design database, i.e.
gy, is known beforehand. Therefore, for turbines with higher
inlet steam concentrations, if the relation in Eqn. (1) can be fig-
ured out, then one can simply add Ag” obtained in Eqn. (1) to
g}, S0 as to correct the conventionally-predicted heat flux distri-
bution. In a word, this paper attempts to correct the conventional
cooling design database for advanced turbines with higher inlet
steam concentration by figuring out the relation in Eqn. (1).

EXPERIMENTAL FACILITY

The experimental method of the present investigation
is based on stationary experiments in an open-circuit high-
temperature flow system. The photograph and schematic dia-
gram of the installation are shown in Fig. 1. The facility is a high-
temperature film-cooling experimental system [10]. The entire
experimental system can be divided functionally into six subsys-
tems: fuel supply, combustion, steam injection, coolant heating,
experiment and data acquisition. In the gas supply subsystem,
the liquefied petroleum gas (LPG) is sent through pipelines to
the combustion subsystem. Then the combustor ignites LPG with
air from a built-in air pump. Meanwhile, a specified amount of
water is pumped from a water tank in the steam injection subsys-
tem to the combustion chamber and mixed with the combustion
products to generate a pre-set gas composition or steam concen-
tration. Then the hot gas flows through the flow stabilizer into
the test section. In the coolant heating subsystem, air is pumped
into an electric heater, heated to a specified temperature and then
enters the test section. The most important part of the experi-
ment subsystem is the test section, which will be described in
detail later in this section. During the experiment, the data acqui-
sition subsystem monitors all the key experimental parameters,
displays primary results on the terminal and records the experi-
ment data with a pre-set frequency.

The test section, as shown in Fig. 2, is a scaled-up film-
cooling configuration. The test section is separated into two

Experiment

Combustion

Fuel supply

FIGURE 1. System of experimental facility

channels by a nickel-based superalloy flat plate, hot gas channel
at the top and coolant channel at the bottom. The working fluid of
the hot gas channel is a mixture of steam, carbon dioxide, oxygen
and nitrogen, which is generated from LPG combustion and addi-
tional steam injection, while the working fluid of coolant channel
is electrically-heated air. The inlet steam concentration of the hot
gas can be adjusted through the additional steam generator. The
inlet temperature of hot gas and coolant channels are maintained
at around 800°C and 400°C respectively. The static pressure for
the whole test section is maintained at around one atmospheric
pressure. The inlet velocities of the hot gas and coolant are both
in x-direction, and the designed velocity magnitudes are 20m /s
and 10m/s respectively. Between the two channels, there is a
film-cooled flat plate with one row of film-cooling holes inclined
at 35 deg in streamwise direction. The flat plate is also internally
cooled by the coolant beneath.

The primary geometric parameters of the test section are
summarized below in Table 1.

The measurement techniques utilized in this paper are
briefly introduced in the following part of this section. The inlet
velocity and static temperature of the two channels are measured
with calibrated water-cooled pitot tubes and high-temperature-
resistant thermocouples with measurement error less than 3°C.
Surface temperature measurement of the plate is realized by a
series of embedded type-K thermocouples with an accuracy of
£0.004 - |7|. The hot gas inlet composition will be measured with
gas chromatography and the obtained gas composition will be
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Hot gas channel

n
8
S
Coolant channel
( Unit: mm)
FIGURE 2. Schematic diagram of test section
TABLE 1. Geometric parameters of test section
Parameter Hot Gas Coolant  Flat Plate
X (mm) 423 423 423
Y (mm) 200 200 200
Z(mm) 200 102 18
D(mm) - - 8
o(deg) - - 35
P(mm) - - 24

validated by an online gas analyzer.

COMPUTATIONAL METHOD

The computational method of the present investigation is
based on the solving of 3D Reynolds-averaged Navier-Stokes
equations with conjugate heat transfer, multi-species and radi-
ation modeling. The main purpose of the computational investi-
gation is to present a viable solution to the modeling of the com-
plex physical problem described in the previous section and then
apply this method to study a series of new problems in a wider
range of parameters.

Computational Domain and Mesh

To better simulate the real physical problem, the entire test
section, including both fluid and solid part, is modeled as the
computational domain as shown in Fig. 3. The origin of the co-
ordinate system locates at the hole exit, and the main dimensions

of the computational domain have been listed in Table 1.

FIGURE 3. Computational domain

The computational domain is discretized into 4,100,000 hex-
ahedral cells with the first layer of mesh points away from all vis-
cous walls fulfill the requirement of y* ~ 1 for the low-Reynolds
number k — € turbulence model to resolve the laminar sublayer.
The spatial discretization is based on a second-order accurate up-
wind scheme. The local view of the fluid and solid mesh is shown
together in Fig. 4.
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FIGURE 4. Fluid and solid mesh

Multi-species Modeling

Multi-species modeling is taken into consideration to simu-
late the mixing and transport of hot-gas and coolant species. The
thermal properties for each component, such as specific heat ca-
pacity at constant pressure ¢ ;, thermal conductivity k; and dy-
namic viscosity u; are computed using kinetic theory, and the
corresponding thermal properties for the mixture are computed
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by means of ideal-gas mixing law. Mass diffusion coefficient D;;
between each component is also computed using kinetic theory.

Radiation Modeling

Radiative heat transfer is a very important phenomenon ex-
isting in the pre-described problem due to the relatively high
steam and carbon dioxide concentrations as well as the high-
temperature conditions. In addition to the appropriate use of ra-
diation model, specific treatment with physical significance must
also be taken into account to simulate the complex physical na-
ture of radiation with a reasonable accuracy. The following part
of this section gives a brief introduction of the radiation modeling
issues involved in the simulation.

The discrete ordinates (DO) radiation model is applied to
simulate the radiative heat transfer process. All solid walls are
treated as opaque, gray and diffuse surface. The absorption coef-
ficient a for the hot gas and coolant is modeled by the weighted-
sum-of-gray-gases model (WSGGM) where the local value of a
is computed as a function of the local mass fractions of steam
and carbon dioxide. In addition, the key to the successful use of
DO radiation model is the appropriate treatment of several types
of radiative boundary conditions involved in this problem, which
are wall boundary conditions and inlet & exit boundary condi-
tions. The radiative wall boundary conditions can be divided
into two groups in this study: non-metallic wall and metallic
wall. The internal emissivity for non-metallic wall can be ap-
proximately specified to the value of 0.9 [11]. Due to lack of
accurate measurement of emissivity data for the nickel-based su-
per alloy, the emissivity data of oxidized nickel-chromium alloy
at different temperatures is used as an approximation, which is
listed in Table 2 [12].

TABLE 2. Emissivity of nickel-chromium alloy
Emissivity 373(K)  873(K)  1573(K)
e(T) 0.87 0.87 0.89

For radiative inlet and exit boundary conditions, the emis-
sivity and black body temperature at each inlet and exit has to be
specified appropriately. The two parameters are required to com-
pute the net incident radiant energy at the inlet and exit boundary.
In this paper, the authors propose an approximate approach to
compute the two parameters based on experimental conditions.
To keep this article well-organized, the mathematical details of
this approach are described in Appendix A.

Case Setup

Based on the computational method described above, the au-
thors have carried out two group of test cases. First, a validation
case to examine the accuracy of the computational model. Sec-
ond, a series of cases to study the hot-gas inlet steam concentra-
tion effects under high-temperature and pressurized conditions.
The working conditions for the validation case are mainly taken
from measurement but also partly from theoretical calculation,
while the working conditions for the second group of cases are
specified by the authors for research purpose. The general rule of
parameter selection for the second group of cases is to vary hot-
gas inlet composition, temperature and pressure independently
each for a series of values, while at the same time keep the di-
mensionless parameters, such as BR, DR, Tls, Mag and Reg, of
all these cases at a comparable level. The parameters of the two
groups of cases are summarized in Appendix B.

RESULTS AND DISCUSSION

In this section, results from both experiment and numeri-
cal simulations will be presented and discussed. Validation case
along with the experimental data will be presented and compared
first. Then, numerical investigation on hot-gas inlet steam con-
centration effects will be presented and analyzed in detail, based
on a good agreement of the numerical and experimental results.

Validation Case

To validate the computational models, the authors have car-
ried out a high-temperature film-cooling experiment based on the
experimental facility described in the previous section. The main
parameters of the experiment are listed in Table 3 and 4. Param-
eters in Table 3 are measurement results.

TABLE 3. Experimental parameters for validation case

Parameter Hot Gas Coolant
Tinier (°C) 809 416

Vinter (m/s) 15 12
Pexit(Pa) 101408 101427

It is worth mentioning that the data in Table 4 is computed
from the enthalpy equilibrium of the equation of combustion due
to the difficulty in measuring the components of species accu-
rately. Experimental work on accurate measurement of species
fraction is in progress.

In the following part of this section, qualitative results of the
validation case will be briefly described before the quantitative
comparison with experiment is given.
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TABLE 4. Species mole fraction
Mole Fraction (%) CO, H>O 0> N>
Validation Case 423 1200 1235 7142

The near hole flow features shown in Fig. 5 are direct re-
sults from numerical simulation, the mixing zone and wake zone
contours in Fig. 5 are colored by steam mole fraction and static
pressure respectively. As one can see, the simulation well cap-
tures the macro flow features of the real problem, including the
mixing zone, wake zone and also the well-known counterrotating
pair of vortices.

Mainstream

FIGURE 5. Calculated near hole flow features

For completeness, the pressure and temperature contours on
the surface of the plate are shown in Fig. 6, which match the
simulation results from former researchers.

To fully validate the computational model, not only the qual-
itative correctness but also the quantitative accuracy are impor-
tant. The overall cooling effectiveness 7] versus dimensionless
downstream distance X /D from experiment as well as computa-
tion are compared in Fig. 7. The experimental data are obtained
from thermocouples embedded in the centerline of the plate and
for comparison with experiment, the computational data are also
extracted from the centerline of plate surface. As one can see, the
computational results well predict the trend of centerline 71 dis-
tribution, and also the prediction is quantitatively well with the
overall relative error within 1.7%. In further study, more ther-
mocouples will be embedded in the surface of the plate both in
spanwise and streamwise direction.

Temperature (K)

932 936 940 944 948 962

Pressure (Pa)

101382 101398 101404 101410

FIGURE 6. Calculated pressure and temperature contours on
plate surface
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X/D

FIGURE 7. Comparison between experiment and computation

The validation case described above shows that the compu-
tational models presented in this paper are capable of predicting
the investigated problem reasonably well from both qualitative
and quantitative perspectives.

Expanded Cases

Based on the validated computational models, a series of ex-
panded test cases were carried out to investigate the influences of
inlet steam concentration, as well as inlet pressure and tempera-
ture levels, on the aerothermal characteristics of the film-cooled
and internally cooled flat plate. The variable parameters selected
in this study are hot-gas inlet steam mole fraction, static pressure
and static temperature respectively. These parameters are varied
in an independent manner, corresponding to totally 45 (5 x 3 x 3)
test cases. The ranges of these parameters are listed in Table 5.
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TABLE 5. Range of varied parameters

Parameter Range
XH,0,inler» % 8.50/11.08 /17.30/50.00 / 82.00
Dstatic,inlet> Atm 1.0/15/20

800/ 1000/ 1200

o
Tstatic,inlet, C

As described in the introduction, the authors attempt to fig-
ure out the relation in Eqn. (1), i.e. the relation between change
in hot-gas inlet steam concentration Axy,0,c and change in the
spanwise-averaged heat flux distribution Ag”, under varied inlet
pressure and temperature levels. Before presenting the results in
detail, it is necessary to give a concise explanation of the method
used for data processing. The baseline species selected for inlet
steam concentration are the species with the lowest steam mole
fraction at the same inlet pressure and temperature level, and the
spanwise-averaged heat flux distribution of all other species will
be subtracted by the baseline species to get A7 and Axp, 0. To
make the spanwise-averaged heat flux Ag” dimensionless, area-
averaged heat flux 5/’ from Casel in Appendix B is selected as
an overall heat flux baseline and all the spanwise-averaged heat
flux Ag” will be divided by the baseline heat flux g, to get a
dimensionless spanwise-averaged heat flux. The baseline for in-
let pressure and temperature are selected as the lowest pressure
and temperature values in the corresponding parameter range in
Table 5. Therefore, the dimensionless form of Eqn. (1) can be
obtained,

Aq" PG Tc X
= —8<AXH20.,Ga o, = 2)
9base Phbase Thase D

All the expanded cases are aiming at figuring out the relation in
Eqn. (2).

The following part of this section will give a detailed analy-
sis of the computational data from the expanded cases, including
inlet steam concentration effects, inlet pressure influence, inlet
temperature influence and also an overall correlation of the data
from all the expanded cases.

Steam Concentration Effects Results from the ex-
panded cases show that the variation of inlet steam concentration
has little influence on the pressure distribution of plate surface
and therefore the flow field. However, heat flux distributions dif-
fer a lot between different inlet steam concentration. By process-
ing the data from Case 1-5 in Appendix B to the form presented
in Eqn. (2) and getting the logarithm of both sides, the relation
between change in steam mole fraction and change in dimension-
less area-averaged heat flux can be seen clearly in Fig. 8. The

corresponding inlet pressure and temperature for the data shown
in Fig. 8 are 1.0atrm and 800°C respectively. By correlation, one
can get the relation in the following form,

Aq”
— 2
= — =1 (Axn,0,6) 3)
9base
35
3r Computed Data Points
—— Fitting Curve

)

Dpase

" / =n

q

~In(-A

O'50 0.5 1 1.5 2 25 3 3.5 4

—ln(Atz(,)

FIGURE 8. Correlation of dimensionless area-averaged heat flux
change versus steam concentration change (pg = 1.0atm, Tg =
800°C)

Changing the inlet pressure and temperature level will only
change the coefficients ¢ and c;, but not the form of the relation
in Eqn. (3), which is shown in Fig. 9.

Therefore, one conclusion can be achieved that the relation
between change in gas inlet steam mole fraction Axy,p ¢ and
change in dimensionless spanwise-averaged heat flux distribu-
tion Ag"/ EZHW can be well correlated in the form of a power func-
tion, and the correlation coefficients are different under different
inlet pressure pg and inlet temperature 7.

Inlet Pressure Influence The influence of hot-gas in-
let pressure on the relation between Axy, o g and dimensionless
area-averaged heat flux Aﬁ” / ?,,’m under different T / Tpyse 1atios
(1.0/1.2/1.4) are shown sequentially in Fig. 10-12. As one can
see, when the considered species have relatively small difference
from the baseline species in steam concentration, i.e. Axg,0,G is
small, the change in the inlet pressure has little influence on the
above relation. However, as the difference in steam concentra-
tion Axy,0 G increased, the influence becomes increasingly evi-
dent. To quantify this effect, one can define a pressure influence
factor PF as the average growing rate of each curve,
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2.5

-In(-A7") /L.

FIGURE 9. Correlation of dimensionless area-averaged heat
flux change versus steam concentration change (under different

(pa: Ts))

(Aﬁ”/ﬁz ] ) pG/pbase:2~0
: =1.0
ase pG/pbaxe (4)

(pG/pbase) ’ %8

PF =100 x

The pressure influence factors PF for Fig. 10-12 were computed
and listed in Table 6.

TABLE 6. Pressure influence factor
Axg,0,6 (%) 2.58 8.80 41.50 73.50

T6/Thase = 1.0 1.69 463 1348 19.27
To/Toase =12 198 477 1694  23.57
To)Toase =14 175 625 2259  31.97

Conclusion can be made based on the data in Table 6 that
the growing rate of Aﬁ// /?b/m with pG/ppase becomes faster
as the difference in steam concentration Axy,o,c is increased
with the maximum ratio of growing rate up to a factor of 18.27
(31.97/1.75). Therefore, at high gas inlet steam concentration
conditions, the influence of inlet pressure on the aerothermal
characteristics of turbine heat transfer is considerable.

Inlet Temperature Influence The influence of hot-
gas inlet temperature on the relation between Axy,o0,c and di-

0.7 T
T, /T, =10

ase

-
-
-
-
-
-
-

s pe
IS g
3 —o— Ax,,=41.50%
02l -G Av,,=7350% |
o \)
N ~7
0.1 1
© o ©
01 1.2 1.4 1.6 1.8 2
P/ Prase

FIGURE 10. Hot-gas inlet pressure influence (7;/7},5. = 1.0)

0.9
0.8F T /Ty =12

-
--="
-
-
-m="
-

AT [

P/ Prase

FIGURE 11. Hot-gas inlet pressure influence (7 /745 = 1.2)

mensionless area-averaged heat flux Aﬁ” /EZW under different
DG/ Phase Tatios are shown sequentially in Fig. 13-15. Similar to
the influence of inlet pressure, the growing rate of Aﬁ” / EZW with
Tt/ Tpuse becomes faster as the difference in steam concentration
Axg,0, is increased. However, the curves are not as linear as
the former ones, which may due to the fourth power law of tem-
perature on radiation heat transfer. Conclusion can also be made
that the influence of turbine inlet temperature on the aerothermal
characteristics of turbine heat transfer is also considerable at high
gas inlet steam concentration conditions.

Overall Correlation Finally, the authors correlate the
data of all the expanded cases into the following equation,
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T, /T,

base

qbase

Ag” / =n

1 1.2 1.4 1.6 1.8 2
P6! Prase

FIGURE 12. Hot-gas inlet pressure influence (7 /75 = 1.4)
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AE}/ / =n

0-2)/9/o
o )
0.1 ~
[ e
A ‘ ‘
1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4
TG/Tbase

FIGURE 13. Hot-gas inlet temperature influence (pg/ppase = 1.0)

A7 Is X G T X
:”L - <pG, 76’ > (tzO-,G)CZ(Vbase7 Tpase’ D) (5)
Dbase Phbase Tbase D

where the correlation coefficients ¢; and ¢; are second-order non-
linear polynomials on dimensionless pressure pg/ppase, dimen-
sionless temperature Tg/Thus and also dimensionless stream-
wise distance X /D.

To validate the capability of the correlation in Eqn. (5),
the authors designed Case 46 in Appendix B. In Fig.16, the
spanwise-averaged heat flux distribution results from the corre-
lation in Eqn. (5) are compared with full computational fluid dy-
namics (CFD) computation. The trend predicted by the correla-
tion agrees quite well with full CFD computation, and the maxi-
mum relative error in dimensionless spanwise-averaged heat flux

-

" P/ Poue =15 A

AT [

1 1.05 11 1.15 1.2 1.25 13 1.35 14
T, /T,

base

FIGURE 14. Hot-gas inlet temperature influence (pg/ppase = 1.5)

P/ Prase =20

AT [ Gy

O
[ A4
0 L L

1105 11 145 12 125 13 135 1.4
T4/T,

ase

FIGURE 15. Hot-gas inlet temperature influence (pg/ ppase = 2.0)

distribution is about 6.3%.

CONCLUSIONS AND RECOMMENDATIONS

This paper conducted an investigation on the influences of
turbine inlet steam concentration on turbine flow and heat trans-
fer under high-temperature and pressurized conditions. A high-
temperature experimental facility has been built to study the
steam concentration effects on turbine aerothermal characteris-
tics for future advanced turbines in IGCC power systems. Pre-
liminary data were obtained from experiment and used to val-
idate the computational models presented in this paper. The
computational models involve conjugate heat transfer modeling,
multi-species modeling and also radiation heat transfer model-
ing. Results from computational modeling were compared qual-
itatively with previous studies and also quantitatively with our
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FIGURE 16. Correlation versus full CFD computation

experimental measurements, both of which proves the validation
of the presented computational approach.

Based on the validated computational models, a series of nu-
merical investigations were conducted. By analyzing the com-
putational data, relation between the change in gas inlet steam
concentration and the corresponding change in dimensionless
spanwise-averaged heat flux distribution was well correlated
with the form of power function. The influence of turbine in-
let pressure and temperature on the aerothermal characteristics
of turbine heat transfer is also considered and discussed, results
show that pressure and temperature effects are considerable only
at high steam concentration conditions (with pressure influence
factor PF up to 18.27). Finally, an overall correlation based on
all of the numerical investigations were presented, and the capa-
bility of this correlation were validated with full CFD computa-
tion. The correlation can predict the trend of the dimensionless
spanwise-averaged heat flux quite well, and the maximum rela-
tive error is about 6.3% for the predicted case.

As mentioned in earlier sections, this study on the gas inlet
steam concentration effects was conducted under fixed geomet-
ric and flow conditions. Therefore, all the conclusions were valid
under the specific geometric and flow condition. For further stud-
ies on gas inlet steam concentration effects, geometric and flow
parameters can be varied to a different level, e.g. higher blowing
ratios, to get a more general conclusion. Another recommenda-
tion for future study is that experimental data instead of numer-
ical simulation results should be employed in the correlation of
Eqn. (1) or (2).
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Appendix A: Mathematical Model for Radiative Inlet and Exit Boundary Conditions

This section describes the mathematical model used in this paper to compute emissivity at radiative inlet and exit boundary condi-
tions. Demonstration of this approach will be given based on the hot-gas inlet boundary, since the computation process is quite similar
for other radiative inlet or exit boundary conditions. For simplicity, the gas temperature in flow stabilizer is assumed to be equal to the
gas inlet temperature for the test section, therefore the black body temperature is also equal to the hot gas inlet temperature. Another
important assumption is made that the radiant energy entering the hot-gas inlet boundary is totally from the flow stabilizer section as
shown in Fig. 17. The total radiant energy can be calculated using the gray gas in gray enclosure model, in which the average emissivity
of gases can be obtained using the procedure provided by [13].

Gray Gas in Gray Enclosure Model

The authors assume that the flow stabilizer is a closed cavity whose interior walls can be treated as gray body, i.e. the emissivity of
each interior wall is constant. According to the gray gas in gray enclosure model for closed cavity, the following set of equations can be
obtained,

Qi,m Ny Qo,n — _
A = Z A men Tn—m+ eb,gmen Op—m (6)
m n=1 n

One more approximation can be made from experimental conditions, which is 7] = T, = T3 ~ T;. Based on the above approxima-
tions, solution of the set of equations in Eqn. (6) can be obtained, provided the average emissivity of gases is calculated beforehand.

Average Emissivity of Gases

As described in the previous subsection, to compute the radiant energy contribution from the flow stabilizer to the hot-gas inlet
boundary, the average emissivity of gases to the this boundary is needed. Therefore, methods for computing the average emissivity of
gases to its surrounding walls are described in the following part of this section.

The only two components of the gases in flow stabilizer that contribute to radiation heat transfer are steam and carbon dioxide,
therefore, the average emissivity of gases to its surrounding walls can be obtained according to the procedure provided by [13],

€C0,+H,0 = €0, + €H,0 — A€ (PH,0L, pco,L) @)
€ .
Ei (pivav TG) = &yi (piLa lbar, TG) (8()) (piL7P7 TG) , 1= C027 H20 (8)
i
where,
M N J i
T PalL
& (pal,p = 1bar,Tg) = ex Cii <) (lo 10 > ©)]
(paL,p G) P |Jz;,)]z;) ji T g (PaL)()

(10)

_eplopTe) _y (a=0)(=Pe), ([ (pal)y
&)(paL,lbal‘,TG) a+b—1+PE 10
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¢ 10.4 (prr0 + pco,) L\ *7°
AE = | —————— —0.0089C ™" l AL (ol YA 11
10.7+101¢ ¢ 2810 (pal), (n

The coefficients and nomenclature of the above formulas are neglected here, which can also be found in reference [13].

900m m

900mm
(e,,T,) | 2} 3 1
Flow Stabilizer A eem e e e e e emm—ennannaand
(€,T)
Test Section (&,T3)
Flow stabilizer and test section Sketch of flow stabilizer section

FIGURE 17. Illustration of radiative inlet and exit boundary condition modeling

Appendix B: Case Matrix

TABLE 7. Species mole fraction
Mole Fraction (%) CO; H,O 0, N> Ar

Validation 423 12.00 1235 7142 0.00
Speciesl 927 850 8.63 72.80 0.80
Species2 566 11.08 8.60 74.66 0.00
Species3 140 1730 820 7220 0.90
Species4 520 50.00 296 41.84 0.00
Species5 16.00 82.00 0.10 1.10 0.80
Species6 46 3000 8.04 5736 0.00
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TABLE 8: Case Matrix

Case  Species  pg(arm) Tg(°C) Reg Tig(%) Mac DR BR VR
1 Species] 1.0 800 1.57 x 10 3.6 0.16 144 023 0.16
2 Species2 1.0 800 1.53 x 10° 3.6 0.16 141 024 0.17
3 Species3 1.0 800 1.46 x 10° 3.6 0.15 141 024 0.17
4 Species4 1.0 800  1.34x10° 3.7 0.15 147 025 0.17
5 Species5 1.0 800  1.28 x 10° 3.7 0.14 150 024 0.16
6 Speciesl 1.5 800 2.35x10° 34 0.16 144 023 0.16
7 Species2 1.5 800  2.29x 10° 34 0.16 141 024 0.17
8 Species3 1.5 800  2.19x 10 34 0.15 147 025 0.17
9 Species4 1.5 800 2.01 x 10° 35 0.15 144 026 0.18
10 Species5 1.5 800 1.93 x 10° 3.5 0.14 153 0.26 0.17
11 Speciesl 2.0 800  3.14x10° 3.3 0.16 144 023 0.16
12 Species2 2.0 800  3.05x 10 3.3 0.16 141 024 0.17
13 Species3 2.0 800 2.92 x 10° 33 0.15 147 025 0.17
14 Species4 2.0 800  2.68x 10° 34 0.15 150 027 0.18
15 Species5 2.0 800  2.57 x 10° 34 0.14 150 027 0.18
16 Speciesl 1.0 1000 1.30 x 10° 3.7 0.16 144 023 0.16
17 Species2 1.0 1000 1.26 x 10° 3.7 0.16 144 0.23 0.16
18  Species3 1.0 1000 1.20x 10° 3.7 0.15 141 024 0.17
19  Species4 1.0 1000 1.09 x 10° 3.8 0.15 141 024 0.17
20 Species5 1.0 1000 1.03 x 10° 3.8 0.14 144 023 0.16
21 Speciesl 1.5 1000 1.95x 10° 35 0.16 144 0.23 0.16
22 Species2 1.5 1000 1.89x 10° 3.5 0.16 141 024 0.17
23 Species3 1.5 1000 1.81x 103 35 0.15 147 025 0.17
24 Species4 1.5 1000 1.64 x 10° 3.6 0.15 153 026 0.17
25 Species5 1.5 1000 1.54x 10° 3.6 0.14 153 026 0.17
26 Speciesl 2.0 1000 2.59 x 10° 34 0.16 144 023 0.16
27 Species2 2.0 1000  2.52x 103 34 0.16 150 0.24 0.16
28 Species3 2.0 1000  2.41x 103 34 0.15 147 025 0.17
29  Species4 2.0 1000 2.18x 10° 34 0.15 150 027 0.18
30  Species5 2.0 1000 2.05x 10° 3.5 0.14 150 027 0.18

to be continued
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TABLE 8: Case Matrix (continued)

Case  Species  pg(atm) Tg(°C) Reg Tig(%) Mag DR BR VR

31 Speciesl 1.0 1200 1.11x10° 3.7 0.16 138 0.22 0.16
32 Species2 1.0 1200  1.08x 103 3.8 0.16 144 023 0.16
33 Species3 1.0 1200  1.03x10° 3.8 0.16 135 023 0.17
34 Species4 1.0 1200  0.92x 103 3.8 0.15 144 023 0.16
35 Species5 1.0 1200  0.86 x 10° 39 0.15 147 022 0.15
36 Speciesl 1.5 1200 1.67x 103 3.6 0.16 138 0.22 0.16
37 Species2 1.5 1200 1.62x 10° 3.6 0.16 144 023 0.16
38 Species3 1.5 1200 1.54x10° 3.6 0.16 141 024 0.17
39 Species4 1.5 1200 1.38x10° 3.6 0.15 147 025 0.17
40 Species5 1.5 1200 1.29x 10° 3.7 0.15 147 025 0.17
41 Speciesl 2.0 1200 2.22x10° 34 0.16 138 0.22 0.16
42 Species2 2.0 1200 2.16x 10° 34 0.16 144 023 0.16
43 Species3 2.0 1200  2.05x 103 3.5 0.16 141 024 0.17
44 Species4 2.0 1200  1.84x10° 3.5 0.15 153 0.26 0.17
45 Species5 2.0 1200 1.72x10° 3.5 0.15 153 026 0.17
46 Species6 1.0 800 1.43x 10° 3.6 0.15 150 0.24 0.16
47  Validation 1.0 809 0.22 x 10° 4.6 002 143 0.87 0.61
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