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I the present study o numerical investigation of the heat transfer in an annular combustion chamber of
a tvpical industrial gas turbine was done using a Galerkin-based finite-element solution of the problem.
Results were obtained for three basic cases: constant flux incident on the entire combustion segment,
constant fhuy in three quadrants of the chamber and a different magnitude consiant flux in the other
quadrant, and different magnituce fluxes on the upstream and downstream portions of the chamber.
The chamber Biot numbers, dimensionless heat flux, and dimensionless structural wall and thermal
4 barrier couting thicknesses were found to have a crucial effect on the chamber temperature distribution.
1t wus shown that changing the magnitude of the heat flux in a single quadrant prominently alters the
temperatures throughout the wall in this area, leading to exceedingly steep temperature gradients. It was
alvor found that any step decrease in downstream incident flux leads to a sharp drop in temperatures at
the interface of the thermal barrier coating and the combustion gases.

Industrial gas turbines arc utilized worldwide to generate clectricity from a power-generating
for cleetrical power generation.  Although a turbine.
plethora of designs are currently being manufac- Combustion chambers are of three basic types:
turcd, most of the designs possess certain common can, annular, and can-annular [1]. The can type
operational features. Ambient air passes through employs individual combustion cans spaced annu-
one OF more compressor stages, mixes and com- larly around the engine axis, the annular type is a
busts with fuel gas in a combustion chamber, and single chamber consisting of two concentric cylin-
powers one or more turbine stages at the chamber ders coaxial about the engine axis, and the can-an- {
outlet, These turbines supply the energy required nular has characteristics of the can and annular ‘
for the compressor stages, and the remainder of types. The annular chamber makes the best use of
the cnergy of the combustion gases is used space and has the lowest pressure loss, but the
large-diameter, thin-walled cylinders often de-
velop structural problems. Large temperature gra-
dients produce high thermal stresses in the cham-
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ber walls, and since industrial turbines operate at
near capacity for extended periods, thermal fa-
tigue is probable. Therefore, reducing uneven gra-
dients and producing an even temperature distri-
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bution are vital to extending the operating life of
the chamber.

The present work yields a clear understanding
of the conduction heat transfer characteristics of a
typical annular combustion chamber. The study
will clarify the effects of material properties,
chamber thicknesses, combustion heat production,
and air and fuel flow rates on the temperatures of
the chamber. Combustion of fuel gas is the source
of both radiant heat flux and convection heating
for the chamber walls, and cooling air passes
along the outside of the walls and into the cham-
ber to reduce the wall temperatures. Typically,
fuel enters through multiple, annularly spaced
burners and combusts with compressed air to pro-
vide an even temperature distribution. However,
unequal fuel rates, burner deterioration, and cool-
ing air entering the chamber through multiple
ports may result in an uneven temperature distri-
bution. Usually, the total mass flow rate of air
from the compressor segment is known, and rea-
sonable estimates are available for the amount of
this air that participates in the combustion pro-
cess. However, downstream of this initial segment,
cooling air enters the chamber at flow rates that
are not well known. For these reasons, the en-
trance segment of the chamber and the down-
stream segment are distinctly different. Therefore,
in this work the case of an additional entry point
at the midpoint of the chamber as well as the
effects of nonuniform radiant heat flux from the
combustion process are investigated.

Most annular combustion chamber temperature
distributions are obtained by direct measurement,
and significant attention has been given to mea-
surement devices and methods [2]. Although
methods for estimating wall temperatures exist,
the effects of axial and circumferential conduction
are often ignored [3]. In the present study a de-
tailed, three-dimensional conduction model of the
walls of an annular combustion chamber and the
effects of the pertinent parameter variations on
the temperature distribution are analyzed.

ANALYSIS

Physical Model and Assumptions

The complexity of the chamber obscures the
basic aspects of the pertinent parameters, so the
typical chamber geometry was simplified. All of
the pertinent aspects of the combustion chamber
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Figure 1 (a) Schematic of a simplificd cross section of an
annular combustion chamber, (b) Schematic of a simplilicd
half-section of an annular combustion chamber,

are preserved in the simplified typical annular
combustion chamber model shown in Figure [, As
shown in this figure, air from the compressor
stages is divided into three streams. One stream
(typically about 40% of the total mass flow rate)
enters the chamber to provide oxygen for combus-
tion. The remaining two strcams pass on the out-
side of the chamber (outside the chamber walls
but inside the retaining walls) to cool the chamber
walls and enter the chamber downstream to cool
the combustion gases. Combustion gases then exit
the chamber to power the turbine stages.

The chamber walls, denoted by the thicker lines
in Figure 1, usually consist of three materials. In
this work the actual material data for a Rolls-
Royce industrial gas turbine is used in our simula-
tions. The materials used in this combustion
chamber are typical of the matcerials used in other
types of annular combustion chambers. In this
case, the nozzle arca is made of N75 (80% nickel,
20% chrome), and the combustion arca is made of
two different materials: C263 (21% chrome, 219%
cobalt), and METCO 204B-NS yttria stabilized
zirconium thermal barrier coating (TBC), which
lines the inside of the combustion arca, Thermal
conductivity values for these materials were ob-
tained from METCO [4] and from [5).

The combustion of fuel gas is treated as a
source of constant radiation heat Hux. There is
also convective heat transfer to the chamber walls
from the combusted gas at 1925°C (3500°F) which
flows through the chamber. As mentioned carlier,
to investigate the effects of an uneven heat flux
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distribution resulting from an uneven combustion
process, the chamber is divided into four quad-
rants so that as many as four different constant
heat fluxes may be imposed simultancously. The
upstream temperature of the chamber walls is
assumed to be constant at 390°C (735°F) (as given
by Rolls-Royce [6]), and cooling air initially at
390°C (735°F) provides convection cooling outside
the chamber walls.

Numerical Methodology

A finite-clement method is used to solve the
encrgy cquation to obtain the temperature distri-
bution. A simplified analytical solution, among
other tests, is used to verify numerical results, and
a parametric study affords relations between di-
mensionless parameter groups and the resulting
temperature profiles. This provides an in-depth
investigation of various physical heat transfer
characteristics of the combustion chamber. The
geometry is modeled as a three-dimensional,
steady-state conduction problem with no internal
heat generation. The governing equation for this
problem is given by

d i+ (PT"‘) J o* aT*
‘ n ,
ax*® ( ax* ay* ay*

q aT*
+ (k* ) = () (1)

az* az*

where the asterisk denotes dimensional quantities.
The nondimensional form of the governing equa-
tion is more convenient for analysis, so the dimen-
sional variables are scaled with respect to nominal
values. The cffect of each term is then casily
studicd by varying one parameter at a time while
kceping the other parameters constant. Equation
(1) is cast into nondimensional form using the
following nondimensional parameter groupings:

B Y Y

Tfk_’(:)k kf k:k(l}'h—[‘(f)
. hL, x* y* z*
Bt fTn Tn T

where the dimensionless temperature T is cast in
terms of the wall temperature at the nozzle inlet,
T, and the flame temperature of the fuel gas, TF.
Dimensionless temperatures will then vary from
zero to one. Thermal conductivity is divided by
the (characteristic) conductivity of the TBC, k¥

heat transfer engineering

(= k,), to obtain the dimensionless conductivity
k. Similarly, the nominal wall thickness is taken as
the characteristic length, L, (= a,), to create the
dimensionless Cartesian coordinates x, y, and z.
The Biot number, Bi, is the nondimensional form
of the heat transfer coefficient (4), and the dimen-
sionless heat flux, ¢, is given in terms of the
dimensional heat flux, ¢*. Equation (1) then takes
the form [7]

J aT d aT d JT ‘
T T ST
Jx dx ay dy 0z 0z

subject to imposed radiative and convective
boundary conditions given by
L aT
4 an
To solve Eq. (2) subject to the boundary condi-
tions given by Eq. (3), the Galerkin formulation of
the finite-clement method (FEM) is used [8]. The
domain of interest is divided into small, simply
shaped pieces, or clements, which for the present
case are trilinear bricks. Within each element the
temperature is found using the interpolation func-
tions and the temperatures at the nodal points of
that clement. The temperature within each ele-
ment is approximated by

T=¢"[T] (4)

where [T] is the column vector of unknown nodal
temperatures and ¢ is the row vector represent-
ing the interpolation function. These approxima-
tions are substituted into the governing encrgy
cquation to yield a finite set of equations

[, T) =R (5)

where R is the error, or residual, that results from
the approximation of Eq. (4). The objective of the
Galerkin form of the method of weighted residu-
als is to force the residuals to be orthogonal to the
interpolation function, ¢, and thus reduce the
errors to zero. The inner product of orthogonal
functions is zero, so the condition may be de-
scribed as

f(f-<b)dV=f(R'¢)dV=0 (6)
14 14

where the inner product is defined as the integral
over the volume of the element.

For the eight-node brick elements, trilinear in-
terpolation is used to represent the temperature

(2)

aT
and (BT =k — 3)
an
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distribution within each element, and the interpo-
lation function ¢ is defined in terms of the natu-
ral coordinates. The derivatives with respect to
the physical coordinates are expressed in terms of
derivatives with respect to the natural coordinates,
and the integral evaluation over the elemental
volume is done numerically. The coarsest mesh
representation of the chamber consists of approxi-
mately 21,100 elements (17,600 nodes); however, a
number of cases were run with more than 21,100
clements,

To facilitate interpretation of results, two scts
of mesh distributions are used: an inner cylinder
sct and an outer cylinder set, as in Figure 2. Arcas
of large temperature gradients are refined to en-
sure that no significant details are lost. To deter-
mine the minimum number of clements required
for a precise solution, the temperature of the wall
along the inside of the chamber (TBC-combus-
tion gas interface) is plotted in Figure 3 for three

inner cylinder set

outer cylinder set

Figure 2 Combustion chamber finite-element mesh display-
ing inner cylinder set and outer cylinder set.
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Figure 3  Outer cylinder nondimensional temperature distri-
bution for three FEM mesh representations: mesh 1 = 5,960
elements, ungraded; mesh 2 = 8,880 clements, graded; mesh
3 = 11,360 elements, highly graded.

mesh representations of the outer cylinder. In this
figure, mesh 1 is the least refined, and mesh 3,
highly graded to increase the number of elements
in areas of large temperature difference, is the
most refined. As one can see, mesh 2 and mesh 3
temperatures agree, so no further grading or in-
crease in number of elements is required. The
same type of result is obtained for the inner
cylinder,

As mentioned earlier as part of the verification
of the numerical results, a simplified analytical
solution is compared with the numerical solution.
A right circular cylinder with diameter, wall thick-
ness, and length of the combustion chamber un-
der study is subjected to the following boundary
conditions: constant heat flux g} on the inner
surface, constant temperature T} on the outer
surface, and insulated ends. For this case, the
analytical solution can simply be obtained as

i

ot
=2 m(r—*)w;,* ™

However, it should be noted that the one-dimen-
sional analytical solution was compared to the
tull three-dimensional numerical solution of the
problem,

For the numerical simulation a coarse 3,744-
element mesh and finer 6,912-element mesh were
employed to simulate the same right-circular
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the two cases were taken as g = 0.00734
W ,/m? K (150 Btu/s ft?), T} = 1,095°C (2,000°F),
and k* = 538 X 1077 W/m K (0.003355
Btu /s ft? °F) (the conductivity of N75 at 1,095°C).
The results of the two cases are tabulated in Table
1. As can be seen, the percent differences be-
tween the analytical solution and the numerical
results are almost negligible.

To determine potential anomalies and possible
improvements to the design of the combustion
chamber, the pertinent input parameters werce var-
icd to assess their importance in influencing the
heat transfer characteristics of the chamber. A list
of these parameters and their corresponding
ranges is given in Table 2 for the inner and outer
cylinders. Here the thermal conductivities &, &5,
and k, are for the N75 nozzle area, the C263
combustion area, and the METCO 204B-NS yttria
stabilized zirconium thermal barrier coating
(TBQO), respectively. The parameters a;, and a,
represent the nondimensional TBC and chamber
wall thicknesses, respectively. These parameters
and the boundary conditions for the problem are
summarized in Figure 4.

RESULTS AND DISCUSSION

The results for each mesh (inner cylinder and
outer cylinder) are given under three categories:
equal quadrant heat fluxes, unequal quadrant heat
fluxes, and unequal upstream and downstrcam
heat fluxes. In the first category a uniform con-
stant heat flux is assumed over the entire chamber
wall in the combustion area. For this case, the
quadrant heat fluxes are all set equal to cach
other. In the second category, these fluxes are not
equal to cach other. The third category, unequal
upstream and downstream heat fluxes, represents
the case of cooling air entering the combustion
segment at its midpoint to cool the combustion
gases. The bulk temperature of the downstream

gases is then lower, and thus the net radiation
transfer to the downstream chamber walls is also
lower. Results are given in the form of dimension-
less temperatures plotted as functions of location.

The radiant heat flux is assumed incident on
the combustion segment normal to the surface at
the interface of the TBC and combustion gases.
Figure 5 clarifies the purpose of using a thermal
barricr coating. The TBC lowers the temperature
of the wall, resulting in improved durability. How-
ever, the TBC itself is also susceptible, though to
a lesser degree, to high temperatures. Of great
importance, then, is also the temperature of the
TBC-combustion gas interface of the combustion
segment.

Figure 5 represents the results for the nominal
casc. Temperatures are given along the inner sur-
face (TBC-combustion gas interface), outer sur-
face (structural wall-air interface), and at several
intermittent radial locations. No heat flux is im-
posed upon the relatively low-conductivity nozzle
arca, so the overall temperature is relatively very
low. Conversely, the combustion segment temper-
atures are relatively high. As expected, the inner
surface (TBC—combustion gas interface) exhibits
the highest temperature since it is exposed to the
direct radiation and convection heating from the
combustion process. The low-conductivity TBC re-
sults in large temperature gradients in the radial
direction, as evidenced by the combustion-seg-
ment temperature drop from the TBC-combus-
tion gas interface to the TBC-structural wall in-
terface. The TBC is only three-tenths as thick as
the structural wall, but the conductivity of the
C263 structural wall (k,), is 90 times greater than
that of the TBC (k,). Therefore, the temperature
drop across the structural wall is relatively small.

To determine the effect of cach term in Table
2, one parameter is varied while the others are
kept constant at the nominal values. It was found
that a change in k, does not affect the tempera-
turcs of the combustion segment, and a large
change in k, is required to change the nozzle arca

Table |  Comparison of analytical and numerical (FEM) temperature distributions for a right circular cylinder with diameter,
wall thickness, and length of the combustion chamber under study

T*, numerical

Percent Diff, T*, numerical, Percent Diff,

Radius T*, analytical (3,744 elements) (3,744 (6,912 elements) (6,912
() °F) (°F) elements) (°F) elements)
1.3833 22488 2248.0 0.036 2248.5 0.013
1.3840 2219.5 2218.8 0.032 22193 0.009
1.3867 2095.0 2094.7 0.014 2094.9 0.005
1.3889 2000.0 2000.0 0.000 2000.0 0.000
heat transfer engineering vol. 16 no. 4 1995 21



Table 2 Range of dimensionless parameters studied for the outer cylinder and inner cylinder

Parameter  k, k, ks Bi, Bi,

Bi,

Bi, q > 43 94 a, a,

Nominal 16 90 1 3 3
value

Outer 8
cylinder

minimum

value

Inner 8
cylinder
minimum
value
Quter
cylinder
maximum
value
Inner
cylinder
maximum
value

45 0.5 15 1.5

45 0.6 2.4 2.4

160

180 2 6 6

160 180 2 6 6

0.8

04

0.4

1.6

1.6

0.85 1 1 1 1 0.3 1

0.425 0.5 05 05 05 015 05

0.425 0.5 05 05 0.5 015 05

1.7 1.3 1.3 057 2

1.7 1.3 1.3 1.3 0.51 2

temperature profile noticeably. Even 10 times k,
only slightly smoothes out the sharp gradient at
the beginning of the combustion segment. How-
ever, since thermal fatigue occurs at areas of large
gradients, a higher-conductivity nozzle material
could be beneficial.

Figures 6 and 7 display the results of altering k,
and kj, respectively. Taking half of the wall ther-
mal conductivity, k,, reduces the amount of heat
conducted to the outer surface, where it is con-
vected away, and yields a slight increase in the
temperatures of the combustion segment. Con-
versely, doubling k, yields a slight temperature
decrease. These changes are small due to the fact
that the nominal value of &, is quite high. Using a
higher-thermal-conductivity material has potential

. Biy (hy) ka(ky) outer structural wall
Bll(hl) -
. ks(k3)
To(To) ™ k) e e,
° Big(hy)  Biy(hy) Qi(a)92(93)%5(% 194 (q%)
TN i
. ur
Bil(hl k3 kJ wall
Biy(hy) ka (K2)
s:;:fé:tj‘b‘ combustion seg; >

Notation: dimensionless quantity (dimensional quantity)
mmsmmes Combustion chamber structural wall (thickness=a-)
mmememms ‘Thermal Barrier Coating (TBC) (thickness=a; }
Figure 4 Dimensionless (dimensional) boundary conditions.
22
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to decrease wall temperatures; however, a mate-
rial that can withstand service temperatures must
be selected. Halving and doubling the TBC con-
ductivity, k,, has similar effects, but since the
nominal k; is low, the temperature changes are
more drastic. Decreasing k, raises temperatures,
but increasing k; lowers them. The maximum
temperature decreases from 0.81 for the nominal
case to 0.64 for the case of twice the nominal k.
Also, the large gradient between the nozzle and
combustion segments is reduced. The conflict cre-
ated here is that increasing k, allows more heat
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Figure 5 Outer cylinder nominal temperature distribution
at several radial locations.
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Figure 6 The effect of k, on outer cylinder TBC-combus-
tion gas interface temperatures (inside the chamber).

to be conducted to the C263 structural wall, and
the limiting temperature for adequate durability
may be exceeded. Another consideration is that
METCO 204B-NS (TBC) is applied in a thin layer
[0.4 mm (0.016 in.) in the present case] by a
plasma spray coating process [4] to ensure even
coating. Thus a substitute material must also be
applicable to the wall surface.

Altering the thicknesses of the TBC and cham-
ber wall is analogous to changing the thermal

1.00 >

0.90
0.80 (
0.70
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0.50

0.40 -4

Dimensionless Temperaturz, T
ﬂ

0.30 4

s penaubetaiiinn 'r, nominnl
0.20 - memwmemann T, (),5%K3
»
0.10 - T, 2*k3
0.00 -prrrerer .1-.”,

AR ALSAS LRSS RA A0 aasiy Rakil MRS RARM SR
0 25 50 75 100 125 150 175 200 225 2350 275 300 325
z

Figure 7 The effect of k; on outer cylinder TBC~combus-
tion gas interface temperatures (inside the chamber).
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conductivities. In Figure 8, using 1.9 times the
TBC thickness, a,, is similar to decreasing k.
Less heat is conducted through the TBC, and the
TBC~combustion gas interface temperature in-
creases. Decreasing @, has the opposite effect.
Since the wall conductivity, k,, is high, altering
the thickness @, does not yield significant temper-
ature changes. It should be noted that increasing
the structural wall thickness also increases the
convective cooling surface area, which results in a
decrease in TBC-combustion gas interface tem-
peratures. For the present geometry the decreased
conduction effect is greater than the increased
convection effect, so the TBC-combustion gas
interface temperatures increase.

The Biot numbers govern the amount of cool-
ing that takes place along the outer surface and
heating of the inner surface. Magnitudes of these
numbers increase with flow velocity, so allowing
more cooling air to flow along the outer surface
increases Bi, and Bi,. The effects of these param-
eter changes are shown in Figure 9. Convective
cooling is augmented by larger Bi; and Bi, values,
so the inner surface temperature is correspond-
ingly reduced. Smaller values allow higher temper-
atures, which is undesirable.

The combustion gases on the inside of the
chamber are at a higher temperature than the
walls, so convective heating occurs. Figure 9 shows
that increasing Bi, and Bi, increases the wall
inner surface temperatures. It should be noted

1.00

0.90

0.80 f/vam """""" e T AR

0.70 =

0.60 -

0.50

0,40

s i nmn N

T, nominsl
0.30 4
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0.20 e | 9%}
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1

Figure 8 The effect of TBC (a,) and structural wall (a,)

thicknesses on outer cylinder TBC-combustion gas interface

temperatures (inside the chamber).
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Figure 9 The cffect of Biot numbers on outer cylinder
TBC-combustion gas interface temperatures (inside the
chamber).

that the effects of changing the combustion cham-
ber height can also be deduced from changes in
Bi; and Bi,, and the effects of changing the
cooling air channel thickness can be deduced from
changes in Bi, and Bi,. This is because changes in
these dimensions alters the hydraulic diameter,
which in effect changes the heat transfer coeffi-
cient given by the Dittus-Boelter equation.

Since radiation is the major source of heating,
the imposed heat flux affects wall temperatures
directly. The magnitude of the imposed heat flux
is a consequence of the actual combustion pro-
cess. High fuel rates, in combination with the
required air flow rate, produce more heat than
lower fuel and air flow rates. In addition, the air
and fuel must be in proper proportion. If more air
is supplied than can be utilized (lcan mixture), the
excess air will absorb heat, and the bulk tempera-
ture of the combustion gases will decrease [9]. As
a result, the radiation emitted and the convection
heating will be less. This tends to reduce inner
surface temperatures, but the reduction is par-
tially counterbalanced by the facts that less air is
available for cooling and the Biot numbers for
convection heating (Bi, and Bi,) are increased.
Other factors that alter the amount of radiation
incident on the chamber walls include excess fuel
(rich mixture), incomplete mixing of air and fuel,
and the heat transferred to the surroundings be-
fore combustion is complete. The effects of
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changes in flow rates can be deduced from the
results displaying the alterations in Biot numbers.
The present study uses the theoretical combus-
tion temperature (flame temperature) as the bulk
temperature of the combustion gases, which docs
not account for the losses detailed above. All
scenarios are covered, however, by the paramelric
study. Lower combustion gas temperatures de-
crease convection heating in the chamber, since
heating is directly proportional to temperature
difference. This information is captured by de-
creasing Biy and Bi,, because convection heating
is also directly proportional to the Biot number.

Effects of Unequal Quadrant Heat Fluxes

Results obtained from assuming one uniform
heat flux value over all four annular quadrants of
the chamber provide a base for understanding
other chamber scenarios. One such scenario is
that the heat flux is constant for cach annular
quadrant, but that the magnitude can be different
in each quadrant. This uneven heat flux situation
arises when radiation and/or convection heating
vary annularly. Annular variations may result from
unequal fuel and/or air distribution from the
burners or uneven turbulent mixing of the com-
bustion gases.

Figure 10 shows the effect of the quadrant 1
flux on the TBC~combustion gas interface tem-
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Figure 10 Outer cylinder temperature distribution at sev-
eral radial locations for ¢, equal to 0.5+ g, (nominal), where
q, is from 90 to 180° at z = 200.

vol. 16 no. 4 1995

tratures at z
1quadrants 2
i same as tl
BC~combust
jadrant 1 o
aced, The ci
padrant 1 is
resented in
mperature
mperature.

An importe
fion of a ra
fanges. The
9 low that ev
¥ty structur
san area o
gometry, loc
zen in Figur
iix will not
saterial. Thi
gsulting in

fresses in bo

fffects of Une
fluxes
Heat flux
jownstream ¢
ato the chan
ggment. Sin¢
and turbines
eratures, th
gease the b
ases. In gen
beations alor
he importan
erns, this a
miry point
egment. Thi
atroduction
segment are
The introd
emperature
ncident heat
are 11 depi
ncident flux
ganding cha
sharp gradier
In addition,
varies nearly
which is alsc
variations.
At the doy



from the

numbers,
1 combus-
3 the bulk
hich does
bove, Al

arametric

tures de.
ber, since
nperature
Wl by de
n heating
number.

+ yniformn
clrants of
srstanding

ERATo B |

v annukyr
- differem
situation
n heating
suit from
from the
the com-

sadrant |
face tem-

I T T S 4

S TR

YR e m

U L
vald, wdere

peratures at z = 200. The maximum temperatures
in quadrants 2, 3, and 4 at each radial location are
the same as the nominal case (Figure 5), and the
TBC-combustion gas interface temperature in
quadrant 1 over the combustion section is re-
duced. The case where the radiant heat flux in
quadrant 1 is doubled follows closely the results
presented in Figure 10 except that this time the
temperature over quadrant | is the maximum
temperaturce.,

An important feature in Figure 10 is the cre-
ation of a rather sharp gradient where the flux
changes. The thermal conductivity of the TBC is
so low that even the gradients in the high-conduc-
tivity structural wall are steep. Since the chamber
is an arca of high turbulence and complicated
geometry, localized hot spots can easily occur. As
seen in Figure 10, areas of concentrated incident
Aux will not be well conducted to surrounding
material. This produces high thermal gradients,
resulting in the development of high thermal
stresses in both materials.

Effects of Unequal Upstream and Downstream Heat
Fluxes

Heat flux may decrease from upstream to
downstream due to the introduction of cooling air
into the chamber at points along the combustion
segment. Since the operating lives of the chamber
and turbines are adversely affected by high tem-
peratures, the cooling air is introduced to de-
crease the bulk temperature of the combustion
gases. In general, cooling air can enter at several
locations along the structural wall. To understand
the important aspects of the cooling air flow pat-
terns, this arrangement is modeled as a single
entry point at the midpoint of the combustion
scgment. This way the basic characteristics of the
introduction of the cooling along the combustion
scgment are better presented.

The introduction of cooling air reduces the bulk
temperature of the gases in the chamber, so the
incident heat flux is correspondingly reduced. Fig-
urc 11 depicts the effects of reduction in the
incident flux from z = 190 to z = 325. The out-
standing characteristic seen in Figure 11 is the
sharp gradient at the location where flux changes.
In addition, it is notable that the temperature
varies nearly linearly with the imposed heat flux,
which is also true for the case of quadrant flux
variations.

At the downstream end the chamber space de-
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Figure 11 The effect of downstrcam heat flux on outer
cylinder TBC-combustion gas interface temperaturcs (inside
the chamber).

creases to channel the flow into the turbine seg-
ments, and the geometry of the inner cylinder
reflects this. Radiant heat flux is assumed incident
on the combustion segment normal to the surface
at the interface of the TBC and combustion gases.
Figure 12 displays the inner cylinder temperature
distribution for the nominal case. Temperatures
are given along the outer surface (TBC~combus-
tion gas interface), inner surface (structural
wall-air interface), and at several intermittent ra-
dial locations. Figure 12 is essentially similar to
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Figure 12 Inner cylinder nominal temperature distribution
at several radial locations,
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Figure 5, the nominal case for the outer cylinder,
except for a small valley and a small peak in each
curve at z = 254 and z = 288, respectively. At
z = 254 the wall forms angles outward radially,
forming a concave shape with respect to the
chamber. As a result of this geometry, the amount
of material exposed to convective cooling is in-
creased slightly. This results in better heat trans-
fer through the structural material, thus slightly
reducing temperature over this region. At z = 288,
a convex shape is formed and less material is
exposed to convective cooling. This results in less
heat transfer through the structural material, thus
slightly increasing the temperature over this re-
gion. Other than the small valley and a small peak
in each curve at z = 254 and z = 288, all other
characteristics shown in Figures 6 through 11 re-
main valid for the inner cylinder.

CONCLUSIONS

The heat transfer characteristics of a typical
annular combustion chamber of an industrial gas
turbine are studied in the present work. A three-
dimensional conduction model of the chamber
subject to the convective and imposed radiation
heat flux boundary conditions is presented. The
numerical results are obtained using a Galerkin-
based finite-element method. Biot numbers, di-
mensionless heat flux, and dimensionless struc-
tural wall and thermal barrier coating thicknesses
were found to have a crucial effect on the cham-
ber temperature distribution. Results were ob-
tained for three basic cases: constant flux incident
on the entire combustion segment, constant flux
in three quadrants of the chamber and a differcnt
magnitude constant flux in the other quadrant,
and different magnitude fluxes on the upstream
and downstrecam portions of the chamber. These
cases represented the effects of uneven fuel
and /or air distribution from the burners as well
as the introduction of cooling air into the chamber
for lowering the bulk temperature of the combus-
tion gases.

It was found that, due to the low thermal con-
ductivity of the thermal barrier coating, a steep
temperature gradient occurs at the beginning of
the combustion segment. A higher value for this
thermal conductivity decreases this gradient; how-
ever, the temperature of the structural wall may
exceed the limiting temperature for adequate
durability. A higher-thermal-conductivity nozzle
material also reduces this gradient. In addition, it
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was found that changing the magnitude of the
heat flux in a single quadrant prominently alters
the temperatures throughout the wall in this area,
leading to exceedingly steep temperature gradi-
ents. As a result, arcas of concentrated incident
flux will not be conducted well to surrounding
material. High thermal stresses therefore develop
in both the thermal barrier coating and the struc-
tural wall. Finally, it was shown that any step
decrease in incident flux in the flow direction
leads to a sharp drop in temperatures at the
interface of the thermal barrier coating and the
combustion gases.

NOMENCLATURE

a, combustion chamber wall thickness, m (ft)

a, combustion chamber wall thickness, m (ft)

Bi Biot number

c constant

c, specific heat at constant pressure

D, effective diameter in Dittus-Boelter rela-
tion, m (ft)

h heat transfer coefficient, W/m* K
(Btu/s ft °F)

J Jacobian matrix

k, thermal conductivity of nozzle material,
W/mK (Btu/s ft °F)

ky thermal conductivity of combustion cham-
ber wall, W/m K (Btu/s ft °F)

ky thermal conductivity of thermal barrier
coating, W/mK (Btu /s ft °F)

k, thermal conductivity of air, W/mK
(Btu/s ft °F)

k. characteristic thermal conductivity,
W,/mK (Btu/s ft °F)

L, characteristic length, m (ft)

n outward normal to a surface

Pr Prandtl number

q thermal radiation heat flux, W/m?
(Btu/ft? s)

q volumetric heat generation, W/m”
(Btu/ft's)

r, 8,z cylindrical coordinates

R temperature approximation residual

Re Reynolds number

t time, s

T temperature, °C (°F)

T; flame temperature of fuel gas, °C (°F)

1, chamber wall temperature at nozzle inlet,
OC (OF)
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