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ABSTRACT

In the context of emission-free electricity generation, the authors developed a novel
hydrogen-oxygen combustor, which is based on swirl-stabilized combustion tech-
nology and steam dilution. Following previous burner characterization, the current
study investigates the heat transfer conditions in the combustion chamber wall. To
this end, a carefully controlled co-flow of air is used to cool the combustion cham-
ber in an annular duct, which surrounds it. Temperature measurements enable the
evaluation of the heat flux from the combustor flow to the walls, local wall temper-
atures, and the Nusselt numbers on the hot and the cold side. The extremely high
wall temperatures, caused by the Ha/O2 flame, can be reduced by steam dilution
down to approximately 900 K. Even better cooling could be reached by using the
dilution steam as the coolant before it flows to the plenum. The Nusselt numbers
at the inner combustion chamber wall are in the order of 10 — 50 and increase with

the thermal power and the steam dilution ratio.
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1. Introduction

It is common understanding that greenhouse gas emissions must be reduced signifi-
cantly to stop a severe climate crisis [1] and that this can only happen with a con-
siderable expansion of renewable energy generation. The vast majority of renewables
is not dispatchable and can potentially endanger grid reliability, when their share is
increased. Besides primary and secondary control reserves, long term storage will be
needed to shift any generation than cannot be consumed or transmitted at the time
point of generation [2,3]. Power-to-gas is a promising solution for long-term energy
storage. Here, excess energy from wind and solar, is used to generate pressurized Hg
from water with an electrolyser. The Ho can be stored, transported, and converted
back to energy when needed. One opportunity to retrieve the energy is the
direct combustion of the Hs. Several projects on the combustion of hydrogen-rich
fuels were initiated in the last years in industry [4-9]. However, these technologies still
produce NOyx and CO» emissions. The project, part of which the current work is, aims
to develop and investigate a zero-emission Hs combustion technology that burns Hs

and O, under stoichiometric conditions. Such a combustor can be installed in steam



power plants as an on-demand reheat stage [10], or it could be a part of a zero-emission
power plant [11,12].

A few attempts have been made to investigate the internal combustion of Ho and Os
experimentally. A German consortium repurposed a rocket combustor into a 70 MW
Hy/02 steam generator to be used as a steam cycle booster [13-17]. In this particular
case, the combustor walls had to withstand a heat load of 15 to 20 MW /m?2. They
were convectively cooled with water, which was injected and evaporated downstream
of the combustion chamber to control the combustor outlet temperature. Insufficient
combustion efficiency and wall cooling effects [17] led to the termination of this project.
Similar projects have also been carried out in Russia [18-20] and Japan [21-23] with
similar technical challenges.

In contrast to these projects, the current study applies the concept of steam-diluted
(or wet) combustion to control the combustion temperature. Thus, the thermal stress of
the combustion chamber can be reduced significantly compared to rocket combustors.
This reduction results in less structural complexity and less fatigue, which is crucial
for power plant utilization. The lab-scale burner in the current work builds upon an
experimentally well-characterized design of a swirl-stabilized Hy/air burner [24-27],
which was equipped with additional O2 injectors. Preliminary results were reported
by Schimek et al. [28] and Tanneberger et al. [29-31], who characterized the flow
and flame behavior along with the combustion efficiency. In the current paper,
these investigations are extended by an analysis of the heat transfer in the
combustion chamber.

In general, there are three ways of heat transfer, namely thermal con-
duction, thermal convection, and radiation. The major part of the heat
released in the combustion chamber is convected in the axial direction by
the exhaust ow. However, the heat transfer in the radial direction to the
chamber walls is of high interest to estimate the heat loss and the material
load. Hence, the analysis in this thesis focuses on the total heat transfer
from the combustion gases to the combustion chamber wall caused by both
conduction and radiation.

Di erent techniques to measure the heat transfer to the wall were re-



ported in the literature. Using an IR camera, Patil et al. [32] studied the
heat transfer of a cold combustor ow by heating the wall and recording its
temperature. The results showed that the Nusselt number was very high
at the end of the secondary recirculation zones and then declined quickly
downstream. A similar result was found by Hedlund und Ligrani [33] for
the ow in a swirl chamber.

A second method was used by Back et al. [34,35] to study the heat trans-
fer of hot combustion exhaust to a water-cooled nozzle wall. They calculated
the heat transfer coefficients from the coolant mass flow rate, the temperature increase,
and the surface area. This steady-state calorimetric method was described in detail
by Witte and Harper [36] and in the review of Bartz [37]. The same technique was
utilized by Bélohradsky et al. [38] to measure the heat transfer in a natural gas furnace
combustion chamber. They reported a local maximum of the heat flux in the middle
of the combustion chamber.

The use of heat ux sensors is another option to determine heat transfer.
For instance, Zhen et al. [39] measured the heat ux on a ame impinge-
ment plate at di erent nozzle-to-plate distances. Wu et al. [40] utilized
water-cooled heat ux meters at the combustion chamber wall. Coaxial
thermocouple heat ux gauges were employed by Jones et al. [41]. For the
measurements in the current thesis, an approach similar to the calorimetric
technique [35,37,38] is used, but with air as the cooling medium.

Instead of natural gas and air, the combustor in the current work runs
on H, and O,, which has a signi cant in uence on the heat transfer.
Belohradsky et al. [38] studied the impact of O, enrichment. They found
a significant increase of the heat flux — up to 46 % — when oxygen enrichment was
applied and contributed this to enhanced radiation due to the higher HoO and CO9
concentrations. Backstrom et al. [42] and Andersson et al. [43] came to the same con-
clusions by measuring the radiation heat transfer of oxygen-enriched flames optically.
Baukal and Gebhart [44] additionally found that the radiant heat flux reaches its
maximum value for stoichiometric flames with pure oxygen.

Zhen et al. [39] studied the effect of hydrogen enrichment up to 50 %, to a premixed



LPG flame. While hydrogen had a massive impact on the emissions and shifted the
point of maximum local heat flux closer to the nozzle, it had only a minor effect on
the total heat transfer rate, which was increased by 3 %.

The effect of simultaneous Oy and Hs enrichment to a laminar methane diffusion
flame was studied by Wu et al. [40]. They found that the radiative heat flux increased
with the oxygen level, but decreased with increasing Hy addition due to lower COq
and soot concentrations. The total heat flux, on the other hand, increased for both
enrichments.

These effects also apply to the current study, in which the oxidizer is pure O9 and the
flue gas almost pure HyO. Cremers et al. [45] analytically and numerically discussed
the heat transfer of such Hy/O9 flames. Measurements of the heat transfer in rocket
combustors were reported by Droppers et al. [46] and Jones et al. [41]. Both studies
aimed to provide databases for CFD validation.

In the current work, for the rst time the heat transfer to the wall is
studied in an internal, steam-diluted Hy/0O, combustor. The analysis has
two distinct goals: the measurement of the total heat transfer to evaluate
the e ectiveness of the combustion chamber cooling, and the determina-
tion of spatially resolved wall temperatures and Nusselt numbers inside
the combustion chamber, which are relevant for the further combustor de-

velopment and power scaling.

2. Experimental setup

2.1. Burner

The combustor design builds upon that of swirl-stabilized gas turbine combustors. The
main flow component is steam, which acts as a diluent for the chemical reaction and
defines the flow field in the chamber. An azimuthal component is imposed on the steam
flow to achieve aerodynamic flame stabilization. The burner has two independently
controllable swirl generators (inner and outer swirler in Fig. 1). The swirl generators
consist of tangential slots between the plenum and two coaxial annular ducts that

channel the steam into the combustion chamber. The swirl intensity can be adjusted



separately by varying the blockage of the tangential slots (higher swirl for higher
blockage ratio). The swirler blocking values for the configurations investigated in this
work are given in Table 1.

Hydrogen is injected as a non-swirling jet on the central axis, surrounded by the
inner steam stream coming from the inner swirl generator. Oxygen is injected through
30 coaxial holes between the inner and outer steam ducts. By this arrangement, Hg
and Oz cannot form a combustible mixture near the combustor walls. Instead, they
mix inside the combustion chamber, avoiding flashbacks. The swirled steam flow in
the outer duct generates a jet that protects the reactants from the cold combustor

wall to minimize its influence on the combustion efficiency.

Oxygen jets

Swirled steam )
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Figure 1. Drawing of the investigated generic burner.

Table 1. Burner configurations.
Configuration Inner swirler Outer swirler

blocking % blocking %

1 11 25
11 61 25
111 61 50
v 61 75

Tanneberger et al. [30] already studied the flow field, mixing properties and flame
shapes of this combustor. In order to give the reader a better understanding of the
physics in the combustion chamber, Figure 2 presents its flow field for two levels of

steam dilution Q. ) is defined as the ratio of the reactant mass flows to the steam



mass flow used as a diluent (Eq. (1)).
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Figure 2. Relative OH* intensity of Configuration III in the center plane of the combustion chamber, super-
posed by quivers and the stagnation line of the velocity field, measured in a water tunnel [30].

The flow in the figure comes from the left and forms, in the case of high steam
dilution, a swirl-induced central recirculation zone, indicated by the white bold contour
line of zero axial velocity. The color in the plots visualizes the OH* intensity of the
flame. It shows that a diffusion-stabilized jet flame establishes near the combustion
chamber axis at low steam dilution. At high steam dilution, on the other hand, the
flame stabilizes in the shear-layers of the recirculation zone. The study will refer to

this type as the swirl-stabilized flame. For more detailed insights, please see the studies



mentioned above [26,30,31].

2.2. Combustion test rig

The combustion tests are conducted at atmospheric pressure. A steam generator deliv-
ers super-heated steam to a plenum upstream of the burner at temperatures between
375 and 600 K. The combustion chamber is installed downstream of the burner, fol-
lowed by a water-cooled exhaust tube. The combustion chamber has a diameter of
80mm and a length of 220 mm of which 200 mm are actively cooled. Figure 3 shows
the combustion chamber. It consists of a stainless steel (Type 1.4571) tube, which is
surrounded by a second tube of sheet metal. The cooling air flows through this annular
duct from four radial inlets. A valve controls the air mass flow rate with the help of
a PID controller. A thermocouple with an uncertainty of 2:5 C monitors the inlet
temperature. The air enters the annular duct approximately 15 mm downstream of
the combustor head. Two slotted sheet metals at the beginning and the end of the
annulus distribute the air equally and enhance the turbulence intensity in the duct.
Eight measurement points with Pt-100 temperature sensors with an uncertainty
of 0:15 C+0:2% are distributed along the length of the annulus at a distance of
20 mm from each other. The sensor heads are placed in the center of the annulus,
about 8 mm away from the outer combustion chamber wall to ensure being
outside of the thermal boundary layer. At three axial position, additional
sensors are installed around the circumference. The cooling chamber has two
diagonally arranged outlets, which release the cooling air into the room. They feature
a thermocouple (= 2:5 C) each to record the outlet conditions. The outer surface
of the annulus is thermally insulated to reduce heat losses to the environment. Table
2 gives the dimensions of the combustion chamber and the cooling system.

The combustor’s exhaust temperature is measured by an unshielded thermocouple
with an uncertainty of 0:75 % inside the exhaust tube, 280 mm downstream of the

combustion chamber inlet.
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Figure 3. Air-cooled combustion chamber with PT-100 temperature sensors and dimensions. The left end of

the metal tube is mounted directly to the burner head.

Table 2. Dimensions of combustion chamber.
Combustor characteristics

Length combustion chamber Lec
Length cooling section Lguct
Diameter combustion chamber D
Wall thickness Sw
Inner diamter cooling duct dauct:i
Outer diameter cooling duct dduct:o
Hydraulic diameter cooling duct  dgyct:h
Cooling mass flow Mair

3. Heat transfer analysis

220
200
80
4:5
89
140
51
25

The heat transfer analysis deploys two methods: a global heat balance and the cell

method to determine the Nusselt number of the inner combustor flow along the length

of the combustor. The thermal conductivity ( ) of the combustion chamber wall and

the specific heat capacity and enthalpy of air and steam are taken from the VDI-

Wiérmeatlas [47] as a function of temperature.

3.1. Total heat balance

The total heat balance compares the incoming and outgoing enthalpy fluxes. The

combustion chamber and the cooling duct are treated as black boxes, as shown in

Fig. 4.



