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Abstract: This paper outlines the thermome-
chanical design of a reheat combustor experi-
ment for scientific research on combustion dy-
namics in gas turbines. Such reheat combustor
concepts can be found in low emission heavy
duty gas turbines for power generation and are
applied for e.g. load range and fuel flexibility
extension. In order to appropriately study the
flame dynamics in the model combustor, the
experiment must meet the required character-
istics of its full scale counterpart in terms of
flow and flame properties. In addition to this,
accessability for diagnostic equipment to the
flame region must be enabled. Specifically, this
requires a hardware design that withstands high
thermal loads - i.e. local temperatures reach
up to 2200 K -, offers sufficient modularity for
experimental research and supplies access for
measurement methods. During this design pro-
cess, CFD and FEM methods are utilized for a
quasi-static thermomechanical design. With the
use of COMSOL Multiphysics, different ther-
mal load scenarios are simulated and resulting
thermal stresses as well as structural deforma-
tion evaluated. For comprehension of underly-
ing physics, all equations describing the uncou-
pled, quasi-static thermomechanical system are
manually implemented into COMSOL’s Weak
Form PDE Tool.

Keywords: Thermomechanical Design, Com-
bustor Design, Multiphysics Toolbox, Heat
Transfer, Structural Mechanics

1. Introduction

Increasing awareness of direct and long term
consequences from greenhouse gas emissions
accelerate a change to a sustainable global
power infrastructure. The portfolio of available
competitive/supported technologies increas-
ingly utilize renewable energy sources such as
wind and solar power. However, the associated
advantages also entail increasing challenges
in balancing temporal demand and availabil-
ity fluctuations in electricity as well as devia-
tions in terms of locations where electrical en-

ergy can be regeneratively gained and utilized.
Combined Cycle Gas Turbine plants have been
assigned a crucial role to effectively counterbal-
ance grid load fluctuations and supply solutions
for energy storage. A key development is the
lean premixed turbulent combustion in gas tur-
bines that particularly allows for increased fuel
and load flexibility at low emissions. Numerous
research projects are initiated to enhance this
combustion types’ efficiency and extend its ap-
plicability in modern heavy duty gas turbines.
This work outlines the thermomechanical de-
sign that is carried out for a lab scale experiment
to investigate combustion dynamics of a second
stage combustor in a sequential, lean premixed
combustor arrangement. Such sequential ar-
rangements allow for staging strategies that fur-
ther improve gas turbine operation flexibility
especially in part load and turn down ratio capa-
bility. Challenges in realizing a test rig design
that models these combustion processes appro-
priately are - amongst many others - the high
thermal loads in the secondary reheat stage to
which the combustor and the combustion cham-
ber are exposed, as well as to meet the hardware
requirements for conducting high fidelity ex-
perimental research. This thermomechanical
design process is carried out with finite element
(FE) methods using COMSOL Multiphysics.
The detailed system design is refined by means
of uncoupled heat conduction and mechanical
analyses, for which the set of required equations
is implemented into the COMSOL Weak Form
PDE Tool.

2. Paper Outline

The following Section 3 introduces the reheat
combustor experiment in terms of its functional
requirements. This also comprises the descrip-
tion of the main characteristics of a two-staged
heavy duty gas turbine, which second/reheat
stage flame dynamics are targeted in the exper-
iment. Hereafter, the different tasks through-
out the thermomechanical design procedure are
outlined in Section 4 and the specific steps per-
formed with the use of COMSOL Mulitphysics
highlighted in Section 5. The work concludes
with some final results of the combustion cham-
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ber design in Section 6 to present the performed
analyses.

3. Reheat Combustor Experiment

A sequentially arranged reheat combustion stage
in power generating gas turbines portrays a rig-
orous framework for enhanced fuel and opera-
tion flexibility at reduced emissions. A promi-
nent example for a well established sequential
gas turbine is the GT24/GT26 architecture intro-
duced by Alstom [1, 2, 3, 4]. In comparison to
single-stage gas turbines, the first high-pressure
turbine is followed by a second auto-ignition
stabilized combustion stage to reheat the ex-
haust gases before entering the low pressure tur-
bine. A flexible adjustment of the thermal load
released by the first and second combustor al-
lows to enhance part load efficiency as well as
enables short start up times and high turn down
ratios. For instance, during gas turbine startup
and low load operation, the reheat combustor
can be completely switched off - i.e. only the
first combustion stage is operated. On the other
hand, additional power provided by the second
combustion stage improves high load operation
point efficiencies as thermal power is elevated
without exceeding critical turbine inlet tempera-
tures. This load flexibility is becoming increas-
ingly important to respond quickly to large elec-
tricity grid fluctuations due to a rising deploy-
ment of volatile renewable energy sources such
as wind and solar power. Another crucial fac-
tor for modern gas turbines are limitations in
greenhouse gas emissions. Sequential combus-
tion systems comply with these regulations over
a wide operation window due to reduced nitrous
oxides (NOx) and carbon monoxide (CO) emis-
sions mainly resulting from:

• Low maximum flame temperatures due to
efficient staging and lean premixed com-
bustion.

• Low combustor residence times due to
high flow velocities in the reheat combus-

tor as well as high turbulence levels.

• Reduced O2 and elevated H2O content in
the reheat combustor.

In the reference gas turbine engine [1], com-
pressed air with a 30:1 pressure ratio enters the
first combustion stage. The first stage com-
bustion is stabilized by means of aerodynamic
effects - i.e. introducing a swirling flow and
thereby strong recirculation zones in the com-
bustion chamber. The hot exhaust gases expand
in the high pressure turbine and enter the second
stage reheat combustor with approximately 15
bar. Reheat combustor inlet temperatures range
above 1300 K - i.e. within the auto-ignition
regime of the fuel - and the inlet gas flow has
an O2-content of approximately 10-15 Vol.-%.
In the reheat combustor, the incoming hot gas
flow is enriched with fuel. Flame stabilization in
the combustion chamber is achieved by eventual
auto-ignition of the fuel-oxidizer flow as well as
through flow recirculation after an area expan-
sion. In order to improve the mixture quality of
the flow, turbulence levels are elevated by means
of static mixers in the burner section.

In order to study the auto-ignition flame dynam-
ics in such a reheat combustor at representa-
tive operation characteristics, an experimental
setup with atmospheric conditions is designed
that mimics the essential real engine conditions.
A schematic of the entire test facility with in-
coming flow parameters is provided in Figure 1.
Herein, the temperature elevation by the com-
pression is modelled with an electrical air pre-
heater. The pre-heated flow enters a hot gas gen-
erator, which consists of a first combustion stage
and a downstream temperature adjustment unit.
Six radially distributed burners provide a hot gas
mass flow ṁEV up to 0.48 kg/s. The burners
are operated in lean premixed mode, to sustain
a sufficient oxygen content in the exhaust flow.
The temperature decrease by the high pressure
turbine is modeled by the temperature staging -

Figure 1: Schematic of the reheat combustor test facility consisting of a electrical air preheater, an hot
exhaust gas generation unit and the second stage reheat combustor all labelled with incoming flow pa-
rameters.
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i.e. by injecting a specified ratio (1 − xTS )ṁAIR
of cold air into the post-flame region. Thereby
up to 0.65 kg/s of hot exhaust gases can be pro-
vided to enter the reheat combustor inlet. Re-
heat combustor inlet temperatures TVIT can be
flexibly adjusted in a range of 1300 to 1500 K.
The reheat combustor consists of the burner, the
combustion chamber and a nozzle type cham-
ber outlet (cf. figure 2). In the burner section,
the incoming hot gas flow passes through tur-
bulence generators that induce large scale vor-
tices. These help to improve the fuel-oxidizer
mixture quality and play a crucial role on flame
stabilization. The mixture is then guided into
a flat, rectangular combustion chamber with an
area ratio AChamber/ABurner of approximately 2.1.
This area expansion produces corner recircula-
tion zones that lead to a flame stabilization in the
established shear layers. In the remaining core
flow, the flame is stabilized by eventual auto-
ignition. The flat combustion chamber design
then allows to study the combustion dynamics of
different stabilization regions - i.e. flame stabi-
lization by flow recirculation in the corners and
by auto-ignition in the core flow. A specific de-
sign target of this experimental setup is a ther-
mal power density

Pth =
Qth

A · p̄
, (1)

with heat release Qth per combustion chamber
cross section area A and pressure p̄. This power
density is required to be in the order of magni-
tude of real engine conditions and is designed to
reach up to 20 MW/m2bar. Flame temperatures
in the combustion region reach 2,200 K towards
stoichiometric conditions.

4. Thermomechanical Design

The most sensible parts in the experimental
hardware design are the model reheat com-
bustor and the combustion chamber. Design
constraints are given by the desired flame sta-
bilization mechanisms and by the possibility
to trigger and amplify underlying combustion
dynamics. Following the design process, all
physical aspects of the pure flow domain are
evaluated first. Simple 1D network models and
computational fluid dynamic (CFD) simulations
are conducted to provide effective flame stabi-
lization by an optimized fuel-oxidizer mixing
quality and a flow profile with strong corner
recirculation zones distinctly separated from a
homogeneous core flow. A typical fluid velocity
and fuel-oxidizer mixture composition profile
in the x-y cross section of the resulting quasi
two dimensional reheat combustion experiment

is shown in Figure 2.
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Figure 2: RANS CFD simulations of the flow
velocity and mixture field at the burner and com-
bustor x-y cross section.

Based on the optimized fluid domain, the struc-
tural geometry - i.e. the burner and combustion
chamber structures - are iteratively designed in
the preceding step. As outlined in Section 3,
the main design challenge for the burner and
combustion chamber is the resistance to non-
uniform temperatures in the range of 1,300 K
to 2,200 K and high local thermal loads. Fur-
thermore, measurement ports, optical access to
the flame region and the necessary modularity of
the design requires a coupling of materials with
different thermal and mechanical characteristics
(by means of thermal expansion coefficient α,
Young’s modulus E, Poission ration ν and ther-
mal conductivity k). Hence, a burner and com-
bustion chamber design is developed that effi-
ciently places water and air cooling of the struc-
ture to sustain the system operability and allows
for an air-tight material coupling under operat-
ing conditions. On the other hand, cooling must
be kept at a minimum level in order to reduce
thermal losses that would disrupt the tempera-
ture sensitive auto-ignition combustion process.
In order to achieve a robust hardware design
that meets the above mentioned targets, a three
dimensional, linear elastic thermomechanical
analysis is carried out using COMSOL Multi-
physics. Due to the high thermal load intro-
duced into the hardware from the hot gas flow
and the combustion, heat induction effects from
mechanical deformation are rendered insignifi-
cant. Hence, considering an uncoupled quasi-
static system allows to solve the temperature
and stress distributions consecutively. In a first
step, the temperature distribution T (x) within
the structure are determined by solving the heat
conduction equation [5]:

∇ (k∇T (x)) = 0, in Ω (2)

T = T̄ , on ΓT (3)

(k∇T (x)) ·n = q̄ + h
(
T (x) − Tre f

)
, on Γq, (4)

with heat flux q̄, heat transfer coefficient h and
reference temperature of the surrounding fluid
Tre f .n̄ denotes the outward pointing normal of
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the body surface. The calculation domain is de-
noted with Ω, ΓT and Γq are Dirichlet and Neu-
mann boundaries respectively. Temperature or
heat flux distributions at the boundaries are pro-
vided for by respective conjugate heat transfer
simulations of the entire system including the
solid structure with surrounding hot and ambi-
ent fluid domains, which are retrieved from the
analyses shown in Figure 2.
In the second step, the continuous displacement
field u (x) is determined by solving:

ε =
1
2

[
∇u + (∇u)T

]
(5)

σ = D (ε − ε0) (6)

∇σ = 0, on Ω (7)

u = ū, on Γu (8)

σ · n = t̄, on Γt. (9)

Herein, ε, σ denote strain and stress tensors, re-
spectively and u the displacement vector. The
elasticity tensor of moduli is given by D(E, ν)
[6]. Boundaries are Γu and Γt for either pre-
scribed displacement u or traction vector t.

5. Use of COMSOL Multiphysics

Due to academic reasons, we omitted using the
predefined COMSOL modules and instead im-
plemented the weak forms of Equation 2 for the
thermal and Equations 5-7 for the mechanical
analysis into COMSOL’s Weak Form PDE in-
terface. The resulting heat conduction equation
is only dependent on one solution variable (tem-
perature T ) and one material parameter (con-
ductivity k = f (T )), which eases the imple-
mentation. The formulation of the irreducible
thermomechanical equations result in a more
complex set of equations. Implementation into
the COMSOL interface is simplified by a priori
definition of thermomechanical variables - i.e.
thermal and mechanical strain as well as stress
relations amongst others - that reduce the com-
plexity of the resulting formulations. Solutions
of the system are obtained, using a predefined
stationary setup COMSOL solver.

The domain is meshed with tetrahedral elements
to which the implemented weak form of the
thermomechanical Equations 2 and 5-7 are pre-
scribed in the solid domain. Afterwards, dif-
ferent material parameters need to be defined
for each material sub-domain. However, to the
authors knowledge, the basic Structural Me-
chanics Module of COMSOL does not provide
a predefined solution for the definition of locally
varying material parameters. For this reason, a

user defined interpolation function (IF) is in-
troduced into the FE analysis model, which is
schematically shown in Figure 3.

x y z

spatial
coordinates material properties

k[    ]W
m K.
___ E[  ]Pa [ ]_ K-1[  ]

material 1
material 2

PaRp0.2[  ]

Figure 3: Example for the user defined interpo-
lation function used to prescribe different mate-
rials for the thermomechanical FE analysis.

Within the IF, the first three columns define the
spatial coordinates of each mesh node of the cal-
culation domain. Values for the expressions in
the following columns define specific material
properties at each node. For the specific setup,
high temperature resistant steel and quartz glass
with isentropic behaviour are prescribed for ma-
terial 1 and 2.
With this procedure, nodal variable material pa-
rameters are ascribed throughout the whole cal-
culation domain. In order to obtain continuous
material properties within the calculation do-
main, the nodally defined property values are
linearly interpolated.

6. Results and Discussion

The results from the thermomechanical analysis
of the combustion chamber for the maximum
targeted thermal load point are presented - i.e.
resembles the most critical operating condition.
Results are evaluated for critical temperatures
in the steel and quartz glass structure, as well
as peak stresses and thermally induced defor-
mations. Special focus is exerted to reveal the
structural integrity of the material composition
of a brittle quartz glass with low thermal expan-
sion coupled to a ductile high temperature steel,
which has a significantly higher thermal expan-
sion coefficient.
The half model geometry of the final design
iteration is given in Figure 4, where the inner
hot gas flow is from left to right. Figures 4 (a)
and (b) show the combustion chamber frame
(gray area) with the mounted quartz glass win-
dows for flame diagnostics (blue areas). In the
real application, the glass plates are clamped
with a circumferential frame, which is mod-
eled by a fixation of glass and steel domain at
a single anchor point only. This allows for a
relative displacement of the different parts. Fig-
ure 4 (c) indicates the internal water cooling
system, to minimize thermal load to the applied
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Figure 4: Geometry, discretization and cooling concept of the reheat combustion chamber objected to
the thermomechanical analysis.

measurement equipment as well as thermal ex-
pansion of the frame structure. Discretization
of the domain is carried out using free tetrahe-
dral elements with local refinement if necessary.
Temperature distributions at all surfaces - i.e.
outer and inner combustion chamber surface as
well as cooling channel surfaces - are provided
by previously performed conjugate heat transfer
analyses using Ansys Fluent and are prescribed
as thermal Dirichlet boundary conditions. As a
mechanical boundary condition, either the up-
stream front surface at the burner outlet or the
downstream chamber flange is fixed in space
(see Figure 4(b)).

y

xz

T[K]

1300300 800

(a)

(b)

y
x

z

Figure 5: Global temperature distribution at the
combustion chamber surfaces.

Following the above introduced uncoupled ther-
momechanical analysis procedure (cf. Sec-
tion 4), the temperature distribution within the
combustion chamber structure is evaluated first
(Figure 5). The internal water cooling of the
combustion chamber frame effectively holds the
steel temperatures at levels below 800 K. High
thermal loads can be consequently detected at
surfaces directly exposed to the flame region.

Hence, most critical parts for mechanical in-
tegrity are the constructive supports for mount-
ing the quartz glass windows. Temperatures at
the quartz glass surfaces and burner outlet are
deliberately kept at high temperatures to mini-
mize thermal losses from the hot gas flow and
reduce temperature gradients to the combustor
walls. The latter is beneficial for the subjected
flame dynamics. Hot spots at the glass sur-
face result from the internal flow and locally in-
creased heat flux.
Most important for an assessment of the struc-
tural integrity are the resulting stresses and crit-
ical thermal expansion ratios for the material
coupling. Local thermal stresses are evalu-
ated by relating the material yield stress Rp0.2
with the local von Mises reference stress σMises,
which leads to a linear elasticity limit

S =
Rp0.2

σMises
. (10)

Global thermomechanical load distributions
are shown in Figure 6 (a) and (b) for different
mechanical boundary conditions - i.e. displace-
ment constraint at the combustion chamber inlet
(a) and outlet (b). These boundary conditions
are chosen to simplify the simulations. How-
ever, in the real scenario, the combustion cham-
ber will be braced with the test rig substructures
on floating bearings. Hence, critical linear elas-
ticity limits at these boundaries are significantly
overpredicted compared to real scenarios. Apart
from that, it can be observed that linear elas-
ticity limits are not exceeded for most of the
water cooled combustion chamber structure -
i.e. green areas indicate local stresses smaller
than the material yield stress. Only the thin
flanges at the quartz glass window structure im-
ply increased thermally induced stresses as the
expansion is suppressed by the adjacent quartz
glass fixation. These result from the large tem-
perature gradients due to surfaces exposed to the
flame region, while other surfaces are close to
the water cooling channel. The same conclusion
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Figure 6: Linear elasticity limit for the combustion chamber frame structure.

applies to the combustion chamber inlet (burner
outlet), which is likewise exposed to high tem-
peratures. For this essential structural element,
a modular - i.e. easily interchangeable - de-
sign is applied to allow for varying combustion
chamber inlet conditions and control material
temperatures. Hence, functionality is enhanced
at the cost of suspected limited lifetime.
Another crucial design requirement is the ap-
plication of temperature and mechanical stress
sensitive measurement equipment. Figure 6 (c)
shows a segment with an instrumentation port
located at the face plate. A respective sectional
profile of temperature and linear elasticity limit
is given in F igure 7. A supplementary wa-
ter cooling design to shield the instrumentation
ports from parts with high thermal loads is iden-
tified but also indicates the requirement for fur-
ther countermeasures to protect applied sensors
from high temperatures and thermally induced
stresses. This is reached with a specific sensor
housing that can be applied to the instrumenta-
tion ports.

S[-]

10 0.5

T[K]

550300 425

(a) (b)

instrumentation
port

cooling channel

quartz glass

burner
outlet

Figure 7: Sectional view of temperature distri-
bution (a) and linear elasticity ratio (b) of a in-
strumentation port of the combustion chamber
frame.

The thermomechanical analysis is concluded
with the evaluation of displacement rates at lo-
cations where different materials are coupled.
Specifically, the quartz glass housed in the metal
frame was analyzed and the design adapted for
equal displacement rates by optimizing the in-
ternal water cooling of the metal frame. Hence,

thermally induced stresses of the quartz glass
walls is kept below critical bending strength,
which is highest at the combustion chamber
sockets.

7. Conclusion

An outline of the thermomechanical design of a
reheat combustor experiment for flame dynam-
ics research is presented in this work. Specif-
ically, the quasi-static heat conduction and re-
sulting thermal stresses in an experimental com-
bustion chamber are simulated and analyzed.
Due to academic reasons, full comprehension
of the underlying governing equations is desir-
able. Hence we omitted using predefined COM-
SOL modules but implemented the weak forms
of the governing PDEs in the COMSOL frame-
work. The system is then solved and analyzed
for a critical thermal load point. From the prac-
tical view, the experiment design of the model
reheat combustor is optimized to withstand high
thermal loads and analyzed for applicability of
sensitive measurement equipment.
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