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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 H2/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 H2

from water with an electrolyser. The H2 can be stored, transported, and converted

back to energy when needed. One opportunity to retrieve the energy is the

direct combustion of the H2. Several projects on the combustion of hydrogen-rich

fuels were initiated in the last years in industry [4–9]. However, these technologies still

produce NOx and CO2 emissions. The project, part of which the current work is, aims

to develop and investigate a zero-emission H2 combustion technology that burns H2

and O2 under stoichiometric conditions. Such a combustor can be installed in steam
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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 H2 and O2

experimentally. A German consortium repurposed a rocket combustor into a 70 MW

H2/O2 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/m2. 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 H2/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 flow. 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.

Different techniques to measure the heat transfer to the wall were re-
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ported in the literature. Using an IR camera, Patil et al. [32] studied the

heat transfer of a cold combustor flow 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 flow 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 Bělohradský 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 flux sensors is another option to determine heat transfer.

For instance, Zhen et al. [39] measured the heat flux on a flame impinge-

ment plate at different nozzle-to-plate distances. Wu et al. [40] utilized

water-cooled heat flux meters at the combustion chamber wall. Coaxial

thermocouple heat flux 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 H2 and O2, which has a significant influence on the heat transfer.

Bělohradský et al. [38] studied the impact of O2 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 H2O and CO2

concentrations. Bäckström 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 %v to a premixed
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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 O2 and H2 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 H2 addition due to lower CO2

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 O2 and the

flue gas almost pure H2O. Cremers et al. [45] analytically and numerically discussed

the heat transfer of such H2/O2 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 first time the heat transfer to the wall is

studied in an internal, steam-diluted H2/O2 combustor. The analysis has

two distinct goals: the measurement of the total heat transfer to evaluate

the effectiveness 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
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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, H2

and O2 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.

Outer swirler

Inner swirler

Blocking rings

Steam

Hydrogen jet

Oxygen jets
Swirled steam

Figure 1. Drawing of the investigated generic burner.

Table 1. Burner configurations.

Configuration Inner swirler Outer swirler
blocking % blocking %

I 11 25
II 61 25
III 61 50
IV 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 Ω. Ω is defined as the ratio of the reactant mass flows to the steam
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mass flow used as a diluent (Eq. (1)).

Ω =
ṁH2

+ ṁO2

ṁsteam
(1)

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
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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

80 mm 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 (σ = 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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Air inlet

Pt-100

200 mm

8 mm

25 mm80 mm

PT-100

20 mm

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 Lcc 220 mm
Length cooling section Lduct 200 mm
Diameter combustion chamber D 80 mm
Wall thickness sw 4.5 mm
Inner diamter cooling duct dduct,i 89 mm
Outer diameter cooling duct dduct,o 140 mm
Hydraulic diameter cooling duct dduct,h 51 mm
Cooling mass flow ṁair 25 kg/h

3. Heat transfer analysis

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 (λw) of the combustion chamber wall and

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

Wärmeatlas [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.
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Wall

Hcc,in Hcc,out

Pth

Qcc

Qduct

Qres

Hair,in Hair,out

Combustion chamber

Cooling duct

FlangeBurner

Figure 4. Schematic of the total heat transfer model.

At the inlet of the combustion chamber, three fluids enter, each with its specific

enthalpy hH2O(Tplenum), hH2
, and hO2

. The three inflows can be combined to the

inlet enthalpy flux Ḣcc,in, shown in Fig. 4. The steam enthalpy is evaluated

at the burner plenum temperature, and the reactant enthalpies at room

temperature.

For the calculation of the outlet stream, perfect combustion is assumed. Hence, the

exhaust gas is treated as pure steam, and the enthalpy of the exhaust flow ṁex =

ṁH2O + ṁH2
+ ṁO2

is determined at the exhaust temperature Tex.

The enthalpy fluxes in the combustion chamber read as follows.

Ḣcc,in = ṁH2OhH2O(Tplenum) + ṁH2
hH2

+ ṁO2
hO2

(2)

Ḣcc,out = ṁexhH2O(Tex) (3)

∆Ḣcc = Ḣcc,out − Ḣcc,in (4)

The enthalpy in the combustion chamber increases due to the heat input of

the flame. On the other hand, it decreases due to the heat loss of the system

by heat conduction in the metal parts. The heat loss is generally unknown and

therefore, calculated from the total heat balance, i.e., the known ∆Ḣcc and the thermal
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power of the flame:

Q̇cc = ∆Ḣcc − Pth. (5)

The combustion chamber is actively cooled by an air co-flow. The enthalpy gain of

this flow is measured by its inlet and outlet temperature as:

∆Ḣduct = ṁair (hair,out − hair,in) . (6)

The cooling duct is thermally insulated against its surroundings. Thus, heat losses

by conduction are assumed to be low, and only the heat input from the combustion

chamber wall is considered:

Q̇duct = ∆Ḣduct. (7)

The conductive heat losses of the plenum, the duct, and the flanges should be low due

to the thermal insulation. Nevertheless, they are not negligible because they disturb

the heat balance of the system, i.e., Q̇cc 6= −Q̇duct. Hence, the estimated residual heat

flux is

Q̇res = Q̇cc + Q̇duct. (8)

The exhaust temperature used in Eq. (3) is measured by an unshielded

thermocouple. For very high exhaust temperatures, it starts to glow.

Hence, the measured temperatures are corrected for the radiation heat

loss of the thermocouple using a model proposed by Pŕıkopský [48]. The

correction is shown in Fig. 5 for an example flame at different steam dilu-

tion ratios.
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Figure 5. Correction of the Thermocouple measurements in the exhaust.

3.2. Heat Transfer through the Wall

A network model using the cell method calculates the heat transfer through the wall.

To this end, the cooling duct, the wall, and the combustion chamber are divided into

seven cells of Lcell = 20 mm, as sketched in Fig. 6.

Hair,in Hair,outTair,1 Tair,2 Tair,8

Q1 Q2 Q7

Q1 Q2 Q7

Tiw,1 Tiw,2 Tiw,7

Tow,1 Tow,2 Tow,7

∆h1 ∆h2 ∆h7

Nu1 Nu2 Nu7

Combustion 
chamber

Wall

Cooling duct

...

...

...

Figure 6. Schematic of the heat transfer network model.

The temperature in the cooling duct is measured at the boundaries of

each cell, as shown by the black lines in Fig. 6. Hence, the temperature

difference of each cell can be calculated. It further yields the change of

enthalpy ∆hj in the cells and, thus, the heat flux Q̇j to the cooling duct in

each cell.

∆hj = cpair,j+1Tair,j+1 − cpair,jTair,j (9)
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Q̇j = ∆hjṁair (10)

The heat flux into the cooling duct Q̇j equals the amount of heat per cell

conducted from the combustion chamber through the wall. The next step

is to determine the wall temperature of the cells via the heat transfer

coefficient αj. Therefore, the modeling of the air wall interaction follows Chapter

Gb of the VDI-Wärmeatlas [47].

αair,j =
1

πdduct,iLcell

Q̇j
∆lnTair,j

(11)

∆lnTair,j =
(Tow,j − Tair,j)− (Tow,j − Tair,j+1)

ln (Tow,j − Tair,j)− ln (Tow,j − Tair,j+1)
(12)

The definition of αj contains the logarithmic temperature difference

∆lnTair,i, which depends on the outer temperature of the combustion cham-

ber. Hence, if αj is known, the wall temperature can be calculated by Eq.

(11). To determine αj, a Nusselt number correlation for the annular duct

flow is used:

Nuair,j =
αair,j
λair,j

dduct,h, (13)

with λair,j being the thermal conductivity and dduct,h the hydraulic diameter of the

duct (see Tab. 2). The Nusselt number does not only depend on the thermal properties

but also on the flow.

There are Nusselt number correlations for turbulent and laminar flows in an an-

nulus [49–51]. The Reynolds number of the flow in the duct is in the order of

Reair = 1500 − 2000, which is below the critical one for duct flows. However, the

Reynolds number of the inflow is much higher (≈ 20000). Moreover, the cooling air

flows through a slotted metal sheet at the beginning of the duct, which generates turbu-

lence. Turbulence increases heat absorption significantly. A laminar model, therefore,

leads to unreasonable high wall temperatures and is not applicable. Instead, a turbu-
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lent flow is assumed in the cooling duct and the slots are taken as the reference for

calculating the modified Reynolds number. Thus, the bulk flow velocity at the slots is

taken as the characteristic velocity and dduct,s = 35 mm as the characteristic length.

This assumption yields Reynolds numbers in the range of Rem = 3500− 5000.

The formulation of the Nusselt number in the case of Reynolds numbers between

2300 and 10000 is a mix of the correlations for laminar and turbulent flow. The Nusselt

number for the annular duct then reads

Nub,j = (1− γj)Nul,j + γjNut,j (14)

with the blending function γj = (Rem,j−Rel)/(Ret−Rel). Both Nusselt numbers, the

turbulent and the laminar, are adapted from the round tube by applying correction

factors, which depend on the diameter ratio a = dduct,i/dduct,o. Gnielinski [52] reported

the turbulent one with Ret = 10000 as follows.

Nutube,j =
ξj
8 Ret Prair,j

k1 + 12.7
√

ξj
8

(
Pr

2

3

air,j − 1
) (1 +

(
dduct,h
Lcell

) 2

3

)
(15)

k1 = 1.07 +
900

Ret
− 0.63

1 + 10Prair,j
(16)

ξj = (1.8 log (Retk2)− 1.5)−2 (17)

ξj is the friction coefficient, which differs between the round tube and the annulus.

Gnielinski [53] proposed the usage of the correction factor

k2 =

(
1 + a2

)
ln a+

(
1− a2

)
(1− a2) ln a

. (18)
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Finally, the turbulent Nusselt number for the annulus reads

Nut,j = 0.75 a−0.17Nutube,j . (19)

The laminar Nusselt number is evaluated at Rel = 2300 in three steps, which

account for different axial phases of the flow in the duct. Since the cooling section is

relatively short, all three need to be considered.

Nul1,j = 3.66 + 1.2 a−0.8 (20)

Nul2,j = 1.615
(
1 + 0.14 a−0.5

)(
Rel Prair,j

dduct,h
Lcell

) 1

3

(21)

Nul3,j =

(
2

1 + 22Pr

) 1

6
(
Rel Prair,j

dduct,h
Lcell

) 1

2

(22)

The mean laminar Nusselt number sums up to

Nul,j =
(
Nu3

l1,j +Nu3
l2,j +Nu3

l3,j

) 1

3 . (23)

The medium properties in the above equations are at the mean air temperature

T air,j = (Tj + Tj+1) /2. A correction of the temperature influence for the Nusselt

number of the intermediate range Nub,j (Eq. (14)) applies as

Nuair,j =

(
T air,j
Tow,j

)n
Nub,j (24)

with n = 0.45 [47]. This correction requires the unknown wall temperature Tow,j . Thus,

the Eq. (11)-(13) and (24) are solved iteratively and yield the outer wall temperature

of the combustion chamber. With the final Nusselt number of the flow, all necessary

quantities in the cooling duct are known.
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Now, the second step evaluates the heat conduction through the wall. The known

quantities from the calculations before are the amount of heat per cell Q̇j , and the

outer wall temperature Tow,j . The temperature difference ∆Tw,j = Tiw,j − Tow,j is

calculated from the heat flux as

∆Tw,j =
Q̇j

2πLcell λw,j
ln

(
dduct,i
D

)
(25)

with D being the inner and dduct,i the outer diameter of the combustion chamber wall.

The thermal conductivity λw,j of the steel is taken at the outer wall temperature.

At last, Eq. (26) calculates the Nusselt number inside the combustion chamber from

the steam’s heat transfer coefficient αH2O,j (Eq. (27)).

Nuj =
αH2O,j

λH2O,j
D (26)

αH2O,j =
1

πDLcell

Q̇j
∆lnTH2O,j

(27)

In these equations, the temperature distribution in the combustion chamber is re-

quired to determine the thermal conductivity λH2O,j and the logarithmic average tem-

perature ∆lnTH2O,j . However, the temperature distribution in the combustion chamber

is not measured because the adiabatic flame temperatures of up to 2500 K are too high

for any thermocouple. Moreover, the actual temperature distribution in the first part

of the combustion chamber is far from homogeneous. As it generally depends on

the wall distance [54], it does not serve as a useful reference. Instead, a

reference temperature can be set manually. Even though, choosing differ-

ent reference temperatures yields different Nusselt numbers, the Nusselt

numbers of different experiments can still be compared, as long as the

same reference is taken. In the best case, the reference temperature should

be easy to determine. To illustrate this issue, two approaches to set this

reference are compared in the results section.
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The first approach to set the reference is to assume the adiabatic flame temperature

in the entire combustion chamber, which is similar to Lefebvre and Herbert [55], who

used a flame bulk temperature. In this case, the logarithmic temperature difference

∆lnTH2O,j is not defined and replaced by Tiw,j − Tad.

Secondly, a linear temperature distribution is assumed using the boundary condi-

tions, which are the mixing temperature Tmix at the inlet and the exhaust temperature

Tex 60 mm downstream of the combustion chamber. In between, the adiabatic flame

temperature is set at the flame position, which was determined previously [30]. The

gas temperature inside the combustion chamber interpolates linearly between these

values. The model is shown in Fig. 7, together with the interpolated temperatures

TH2O,j at the boundaries of the evaluation cells.
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Figure 7. Two assumptions for the temperature in the combustion chamber: constant adiabatic flame tem-
perature (circles) and a linear model (squares).

4. Results

The results are divided into two parts as well: the total heat balance of the combustion

chamber system and the evaluation of the heat transfer through its wall.

4.1. Total Heat Balance Results

The total heat balance of the combustion system is shown for Configuration II in Fig.

8. The flame’s heat input is fixed to Pth = 30 kW. The enthalpy of the flow in the

combustion chamber is increased by ∆Ḣcc, according to Eq. (4). Figure 8 (left) shows
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this enthalpy gain as the lower field (yellow). The difference between the enthalpy

gain and the energy provided by the flame, corresponds to the total heat loss of the

system Q̇cc. It is shown as the red field in the left plot of Fig. 8 and as the

total area in the right plot. If the system boundaries would be adiabatic, the heat

flux to the cooling air should be equal to the heat loss of the combustion chamber,

i.e., Q̇duct ≈ −Q̇cc. In the actual system however, further heat losses exist via heat

conduction of the metal parts (plenum, flanges, exhaust tube). Hence, the air in the

cooling duct absorbs only a part of combustion chamber’s heat loss. Figure 8 (right)

shows Q̇duct as the bottom field (blue). The residual heat loss Q̇res is shown by the

upper field (green) in Fig. 8 (right).

Figure 8. Heat balance of Configuration II at 30 kW. Left: thermal power of the flame and the enthalpy gain

of the steam flow. Right: the heat loss of the combustion chamber and the heat input to the cooling air. The
green field shows the residual heat loss.

The heat flux to the cooling air Q̇duct is fairly constant as a function of the steam

dilution ratio, i.e., independent of the flow patterns in the combustion chamber. On

the other hand, the residual heat loss Q̇res is not constant but sharply

increases in the jet flame mode. For low dilution ratios, the total heat

loss and, in particular, the residual heat loss are very low. This is shown

in Fig 8 (right), in which the portion of Q̇res to Q̇duct is much smaller at the jet

flame compared to the swirl flame. In the swirl-stabilized mode, the total heat loss is

constant for increasing Ω. However, further enhancing the steam dilution lowers the

temperature and raises the mass flow, which means that more heat is convected

downstream with the main flow and less transferred to the metal parts.

Fig 8 (right) shows that this reduction affects only the residual heat loss,
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not the heat flux to the cooling air.

As stated in the methods section, the exhaust temperature is corrected to avoid

radiation errors. This correction directly influences the heat loss of the combustion

chamber and, thus, the residual heat loss. Figure 9 shows that the correction from

Tex to Tex,corr affects mostly the high-temperature range at low steam dilution ratios.

Due to the correction, the exhaust temperature gets closer to Tex,ad, which is the

ideal exhaust temperature if there would be no residual heat loss. The connection

between these temperatures and the corresponding heat transfer is indicated in Fig. 9

by the face fillings, which have the same color as in Fig. 8 (right). It shows that

the residual heat loss (green) declines, where the correction increases the exhaust

temperature. Without the temperature correction, the residual heat loss would not

demonstrate such a strong decline for low steam dilution. The low residual heat loss

in this range could indicate that the temperature correction might be too intense for

high temperatures. Nevertheless, a correction is necessary due to the significant heat

radiation of the thermocouple material in the high-temperature range.

Another reason for the high exhaust temperature at low Ω is that the

flame is very confined in the jet mode, leading to a very hot exhaust jet

in the center of the combustion chamber. This hot stream hits the ther-

mocouple in the exhaust tube and might cause a small overestimation of

the exhaust temperature due to non-uniformity. At moderate steam dilu-

tion ratios, the flame transitions to a swirl-stabilized flame and the central

recirculation zone establishes in the combustion chamber. Thus, the tem-

perature profile in the exhaust is more uniform.

The case, shown in Fig. 8 and 9, corresponds to a constant thermal power of 30 kW.

Varying the flame power leads to the three graphs in Fig. 10. The thermal power of the

flame only marginally enhances the heat loss of the combustor. At 25 and 30 kW, it

first increases with Ω and later slightly declines. At 20 kW the heat loss is on a similar

level but nearly constant over Ω. According to the right plot of Fig. 10, the heat flux

to the cooling air Q̇duct does not depend of the steam dilution ratio but increases with

the thermal power. However, this effect is smaller than one would expect by increasing

the thermal power by 25 and 50 %, respectively. The constant cooling flow rate seems
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Figure 9. Exhaust temperature with and without correction, as well as the adiabatic flame temperature and

the ideal exhaust temperature if there would be no residual heat loss.

to be the largest heat transfer resistance in the system and thus limits the absolute

heat transfer from the flame to the wall.
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Figure 10. Transferred heat of Configuration II for three levels of thermal power. Left: heat loss of the

combustor system Q̇cc. Right: heat absorption by the cooling air Q̇duct.

Figure 11 shows the influence of swirl intensity through the various burner configu-

rations. All configurations show a similar trend as described before for Configuration

II, but the increased swirl intensity shifts the maximum of the total heat loss Q̇cc

towards lower steam dilution ratios. In the case of Configuration IV, the maximum is

already at the lowest measured Ω. Here, the flame also does not reach the jet mode

because of the high swirl intensity of the steam flow.

The swirl intensity only marginally influences the Q̇duct. The heat transferred to the

cooling air is slightly higher for Configuration IV probably due to an increased flame

angle and a shorter distance between the flame and the wall.
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Figure 11. Transferred heat of different configurations for 30 kW (Configuration III: 28 kW). Left: heat loss

of the combustor system Q̇cc. Right: heat absorption by the cooling air Q̇duct.

In conclusion, the heat flux to the cooling air Q̇duct is nearly independent

from the steam dilution ratio, the thermal power and the burner configura-

tion. It indicates that the heat flux is already limited by the heat capacity

of the cooling air. Hence, water or steam should be used as coolant, if the

power density of the combustor is further increased.

4.2. Heat Transfer through the Wall

Since the determination of the wall temperatures and Nusselt numbers via

the cell method is complex, it is first illustrated for one example flame

(Conf. II, 30 kW, Ω = 4.7) along with intermediate values of the network

model. Afterwards, the influence of the steam dilution, the thermal power,

and the burner configuration on the wall temperatures and the Nusselt

numbers is analyzed.

The cell method divides the axial coordinate of the combustion chamber into

small cells, as shown in Fig. 6. Each cell corresponds to a bar in Fig. 12 (left).

The height of these bars equals the enthalpy difference (Eq. (9)) of each cell in

the cooling duct. The cells are axially bounded by the positions of the temperature

sensors, which are marked by the crosses (x) in the plot. The temperature increases

linearly along the length of the cooling duct. Hence, the enthalpy gain is equally

distributed over the cells. Only the first cell shows a significantly higher enthalpy

gain, because it is located at the flame position, i.e., the point of highest heat release.
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The enthalpy gain and the cooling mass flow yield the amount of heat transferred

from each combustion chamber cell to the corresponding cooling duct cell. This heat

flux is shown as bars in Fig. 12 (right), together with the Nusselt number of each cell,

acquired from the correlation in Eq. (15)-(24). The Nusselt number is nearly constant

and in the order of 80−100. Gnielinski [52] compared the correlation used in this work

with experimental data for the heat transfer of air in annular ducts [51,56]. Nasiri et

al. [57] and Garimella et al. [58] measured Nusselt numbers in coaxial annular ducts

in the order of 60− 70 at Reynolds numbers around 10000.
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Figure 12. Temperature in the cooling duct (left) and Nusselt number in the evaluation cells (right) with

the amount of absorbed heat in each cell. Configuration II at 30 kW and Ω = 4.7. The bars refer to the left

y-axis, the solid lines to the right one.

Knowing the Nusselt number and the amount of heat transferred, it is possible to

calculate the outer wall temperature of the combustion chamber (Eq. 11-13). Further,

the heat conduction through the wall yields the temperature difference between the

inner and outer wall (Eq. 25). Figure 13 (left) shows that the temperature difference

is constant and very low due to the small wall thickness. Hence, the inner and outer

wall temperature can be considered the same and lie in the range of 700−900 K. Only

the first cell shows an extremely high wall temperature of 1100 K due to its increased

heat flux. The position of this cell aligns well with the flame position, as the OH*

intensity contour lines in the background of Fig. 13 indicate. Hence, the highest wall

temperatures are reached at the point of highest heat release.

As already mentioned, the Nusselt number estimation requires a hot gas reference

temperature. Figure 13 (right) shows two approaches for this reference: the constant

adiabatic flame temperature and a linear model, as described in the methods section.
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Both approaches show qualitatively similar results. Thereby, the linear model yields

higher Nusselt numbers, especially at the flame position and in the downstream part

of the combustion chamber. Choosing the adiabatic flame temperature as reference re-

sults in a nearly constant Nusselt number, except for the first cell. As both approaches

deliver qualitatively similar axial distributions, only the constant temperature

(Tad) approach is used in the following figures. Tad is a well-suited reference because

it can be simply calculated from the flame’s operating conditions.

0 0.5 1 1.5 2 2.5

x/D

700

800

900

1000

1100

1200

W
al

l 
te

m
p
er

at
u
re

 i
n
 K

0

2

4

6

8

10

W
al

l 
te

m
p
er

at
u
re

 d
if

fe
re

n
ce

 i
n
 KT

iw

T
ow

T
w

0 0.5 1 1.5 2 2.5

x/D

0

20

40

60

80

N
u
ss

el
t 

n
u
m

b
er

 o
f 

th
e 

st
ea

m

1000

1100

1200

1300

1400

1500

1600

R
ef

er
en

ce
 t

em
p
er

at
u
re

 i
n
 K

Nu
lin

Nu
ad

Figure 13. Wall temperatures (right) and Nusselt number of the steam in the combustion chamber (left) for

two reference temperatures: a linear distribution (x) and the constant Tad (o). Configuration II at 30 kW and
Ω = 4.7. The solid lines refer to the left y-axis, the dashed to the right one. In the background, contours of the

OH* intensity indicate the flame shape at a similar steam dilution ratio [30].

The wall temperatures and the Nusselt numbers reveal an interesting

axial distribution. The maximum is located close to the flame position, which

was also reported by Bělohradský et al. [38]. Downstream of the flame however, the

wall temperature declines first, before reaching a local maximum at x/D = 1.5. The

occurrence of the local minimum around x/D = 1 might be explained by the strong

acceleration of the flow due to the recirculation zone and the thermal expansion. The

following local maximum is located at the rear stagnation point of the recirculation

zone, where the flow decelerates again.

The observations before refer to a fixed steam dilution ratio of Ω = 4.7. Figure 14

shows the influence of the steam dilution on the wall temperature (left) and the Nusselt

number (right). The wall temperature decreases with Ω due to the reduced flame

temperature. Contrary, the Nusselt number increases, which is caused by

the increased flow rate in the combustion chamber.
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The axial distribution of the wall temperature and the Nusselt number

is qualitatively similar at each measured thermal power and the Configurations I,

II, and IV. However, the local maximum does not appear at Configuration III for an

unknown reason. Surprisingly, the local maximum’s position seems to be independent

of the steam dilution ratio, as shown in Fig. 14. The previous studies [30,31] showed

that increased steam dilution shifts the flame upstream and in radial direction. It

transitions from a jet to a swirl-stabilized flame with a larger spread angle. One could

assume that the point of maximum wall temperature moves upstream accordingly.

However, the variation of the flame position is only about 0.2 D, which is not resolvable

with the current setup since the cells have a width of 0.25 D. Additionally, the total

mass flow increases with steam dilution and compensates on the flame position shift

due to enhanced convection.

As the axial distribution is almost identical for each steam dilution and thermal

power level, the distribution over x/D is reduced to a single number by using the

mean of the wall temperature and the mean Nusselt number. These quantities are

shown in Figure 15 and 16 over the steam dilution ratio for different thermal power

levels and different burner configurations.
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Figure 14. Wall temperatures (left) and Nusselt number of the steam in the combustion chamber (right) for
different steam dilution ratios Ω. Configuration II at 30 kW with Tad as reference temperature.

As mentioned before, the wall temperature decreases quickly with the

steam dilution due the reduced flame temperature. However, the reduction

saturates at Ω = 5. For higher steam dilution ratios, the wall temperature

stays constant. As expected, the wall temperature increases with rising
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Figure 15. Mean wall temperatures (left) and Nusselt number of the steam in the combustion chamber (right)

over the steam dilution ratio Ω. Configuration II at different power levels with Tad as reference temperature.
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Figure 16. Mean wall temperatures (left) and Nusselt number of the steam in the combustion chamber
(right) over the steam dilution ratio Ω. Various configurations at 30 kW with Tad as reference temperature.

thermal power and reaches up to 1200 K at 30 kW. In contrast to the decline

at 25 and 30 kW, the wall temperature is constant at 20 kW in the entire

observed range.

The Nusselt numbers rise with the thermal power level and even more with the

steam dilution ratio. These effects probably result from the increased flow rates and

turbulence in the swirl-stabilized mode.

The burner configuration, on the other hand, has no explicit influence on the wall

temperatures and Nusselt numbers. The highest Nusselt numbers are reached with

Configuration IV at increased steam dilution. At the same time, Configuration III

shows the lowest Nusselt numbers in this range. Hence, the effect cannot be attributed

to increased swirl intensity. However, all configurations provide similar trends over the

steam dilution ratio for the wall temperature as well as for the Nusselt number.
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Consequently, general statements can be drawn even though the absolute Nusselt

numbers vary between the measurement series. At low steam dilution ratios, the com-

bustion chamber wall has to withstand very high temperatures. Enhanced steam di-

lution reduces these temperatures to a certain degree, but from Ω = 5 on, there is no

further cooling effect to be seen in the data. The Nusselt numbers, on the other hand,

grow steadily with the steam dilution.

5. Conclusions

This study presents, for the first time, measurements of the heat transfer in a novel

swirl-stabilized hydrogen - oxygen combustor. The measurements have been conducted

with the help of a steel combustion chamber, which is actively cooled by a co-flow of

air in an annular duct. The first part of the study compares the total enthalpy fluxes

of the combustion chamber flow and the cooling flow. It shows that only a part of the

heat loss is taken up by the cooling. The residual heat is lost by heat conduction in

the metal parts, i.e., the plenum and the flanges. The heat, transferred to the cooling

air, increases slightly with the thermal power and when the burner’s swirl intensity is

enhanced. However, it remains constant over the entire range of steam dilution ratios,

even though the dilution significantly reduces the adiabatic flame temperature. This

behavior indicates that the heat load of the combustor already exceeds the

limits of the air’s cooling capacity. In contrast, the total heat loss of the

combustion chamber is not constant but shows a maximum for a certain

steam dilution ratio. For increasing swirl intensity, this maximum is shifted towards

lower steam dilution ratios.

In the second part of the study, the cooling duct temperature distribution was

measured to analyze the local wall temperatures and the related Nusselt numbers by

a network model. It is found that the extremely high wall temperatures, caused

by the 30 kW H2/O2 flame, can be reduced by steam dilution down to approximately

900 K. However, the cooling effect saturates at Ω = 5. The Nusselt numbers are in the

order of 10− 50 and increase with the thermal power and the steam dilution ratio.

This study is intended to assist in further developing the burner to scale it up
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in power and pressure. Already at the lab-scale, the measurements show that the

cooling air captures only a small portion of the combustion chamber heat loss. In more

powerful systems, water or steam should be used for cooling because of the higher heat

capacity. For instance, the dilution steam could be preheated by the combustor wall

before entering the plenum.
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[26] Tanneberger T, Reichel TG, Krüger O, et al. Numerical Investigation of the Flow Field

and Mixing in a Swirl-Stabilized Burner With a Non-Swirling Axial Jet. In: Proceedings

of ASME Turbo Expo 2015; jun. ASME; 2015.

[27] Stathopoulos P, Kuhn P, Wendler J, et al. Emissions of a Wet Premixed Flame of Natural

Gas and a Mixture With Hydrogen at High Pressure. Journal of Engineering for Gas

Turbines and Power. 2016 nov;139(4):041507.

[28] Schimek S, Stathopoulos P, Tanneberger T, et al. Blue Combustion: Stoichiometric Hy-

drogen - Oxygen Combustion under Humidified Conditions. In: Proceedings of ASME

Turbo Expo 2015: Turbine Technical Conference and Exposition; 2015.

[29] Tanneberger T, Schimek S, Kossatz M, et al. Development of a Swirl-Stabilized H2/O2

Combustion System under Humidified Conditions. In: Digital Proceedings of the 8th

European Combustion Meeting (ECM 2017); 2017. p. 1618–1623.

[30] Tanneberger T, Schimek S, Paschereit CO, et al. Combustion efficiency measurements

and burner characterization in a hydrogen-oxyfuel combustor. International Journal of

Hydrogen Energy. 2019 nov;44(56):29752–29764.

[31] Tanneberger T, Schimek S, Paschereit CO, et al. Efficiency measurement approach for a

hydrogen oxyfuel combustor. Journal of Engineering for Gas Turbines and Power. 2019

Sep;141(10).

[32] Patil S, Abraham S, Tafti D, et al. Experimental and numerical investigation of convective

heat transfer in a gas turbine can combustor. 2009 jan;.

[33] Hedlund CR, Ligrani PM. Local swirl chamber heat transfer and flow structure at different

reynolds numbers. Journal of Turbomachinery. 1999 feb;122(2):375–385.

[34] Back L, Massier P, Gier H. Convective heat transfer in a convergent-divergent nozzle.

International Journal of Heat and Mass Transfer. 1964 may;7(5):549–568.

[35] Back L, Massier P, Cuffel R. Flow phenomena and convective heat transfer in a conical

29



supersonic nozzle. Journal of Spacecraft and Rockets. 1967;4(8):1040–1047.

[36] Witte AB, Harper EY. Experimental investigation of heat transfer rates in rocket thrust

chambers. AIAA Journal. 1963;1(2):443–451.

[37] Bartz D. Turbulent boundary-layer heat transfer from rapidly accelerating flow of rocket

combustion gases and of heated air. In: Advances in heat transfer. Elsevier; 1965. p. 1–108.
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