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Abstract-Within the last ten years, DLR has proposed, developed and tested an alternative to conventional control 
methods for spinning reserve, such as life steam throttling and/or low pressure preheater shut-down, the spontaneous 
generation of additional steam formed by chemical reaction from stoichiometric mixtures of hydrogen and oxygen. 
In the so-called H,/O, steam generator, the temperature of the reactant, in the idea1 case pure steam, is reduced by 
injection of preheated feed water to correspond exactly with the temperature level of the steam condition at the point 
of injection into the power plant process. Initially, at DLR the main emphasis was laid on the development of the 
device, i.e. the closed loop control of all mass flow rates, steam quality and temperature, ignition and optimired start- 
up behavior of pressure and temperature. During 1994, DLR and Dasa carried out an experimental program at 
Lampoldshausen to improve the combustion efficiency of the device by applying Dasa’s state-of-the-art rocket engine 
technology for design and fabrication of the propellant injection system. 

The experimental results achieved through combining the experimental version of the steam generator and the 
closed loop control system from DLR and the modified propellant injection system from Dasa clearly show that 
the technical nroblems in establishing a sninnine reserve svstem based on a H,/O, steam eenerator can be overcome. 
C 1998 International Association fo; Hidrogen Energy ’ 
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NOMENCLATURE INTRODUCTION 

Cross section 
Weight fraction 
Flow coefficient 
Mass flow rate 
Pressure 
Pressure in the combustion chamber 
Universal gas constant 
Mass flow ratio oxidizer/fuel 
Mass flow ratio water/gas 
Reaction rate (characteristic time to reach 
chemical equilibrium) 
Quenching rate 

Interconnected electrical grids have an almost negligible 
storage capacity of their own. Therefore, suitable mea- 
sures have to be taken to match continuously the gen- 
eration of electrical energy to the consumption within the 
network. For modern networks such as UCPTE (Union 
for Coordination of Production and Transportation of 
Electrical Energy), suitable requirements have been speci- 
fied for the operators of power plants. Typically, each 
power plant unit must possess a spinning reserve of at 
least 5% of its design capacity, which should be activated 
within a few seconds. 

Steam temperature 
Temperature 
Time constant for response functions 
Voltage 
Differential pressure along control valves 
Isentropic exponent 
Stream function 
Subscript for desired values (closed loop regu- 
lation) 
Subscript for stoechiometric mixtures 
Subscript for stagnation quantities at an 
inlet 

Compared with conventional methods of spinning 
reserve such as live steam throttling or preheater shut- 
down, the direct steam generation has two advantages. 
First, the economic advantage is that capital and opera- 
ting costs of such a device could be lower. Second, the 
ecological advantage is that the overall output of exhaust 
gases is reduced. Both advantages result from the fact 
that a spinning reserve based on the steam generator 
allows the power plant to be operated closer to its opti- 
mum design value and no power plant capacity is blocked 
to provide spinning reserve. DLR has proposed, 
developed and tested such alternative control methods 
[l-5]. 
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STEAM GENERATOR DESIGN 

The basic design of the DLR HZ/O2 steam generator is 
shown in Fig. 1. The propellant injection part with 
coaxial injection elements at the entrance is followed by 
the regeneratively-cooled combustion chamber, the water 
injection part where the hot gases are cooled to the 
desired temperature, and finally the vaporization zone 
which is long enough to ensure mixing and vaporization 
of the injected water. The most severe constraints for the 
design of the steam generator are its desired start-up time 
which is of the order of about one second and the limiting 
boundary conditions for coolant mass flow rate and tem- 
perature. Both require all geometrical lengths in the sys- 
tem to be as short as possible. 

The manufacturing precision of the injector head and 
especially of the injection elements is one of the key 
technologies with regard to the efficiency of the complete 
device. Propellant mixing and combustion, and hence the 
efficiency of the complete device, are mainly dominated 
by the propellant supply system in the injection part. Any 
geometrical inhomogenity in an injection element will 
cause a local deviation from the stoichiometric mixture 
and leads to insufficient thorough mixing of the pro- 
pellants in the combustion chamber. Residence times of 
the propellants in the combustion chamber in the order 
of milliseconds make it obvious that mal-fabricated injec- 
tion elements are a major source for efficiency deficits. 

The main problem of the combustion part is the cool- 
ing of chamber walls. Typical mean heat loads are 
between 15 and 20MW/m2. It should be noted that the 
coolant mass flow rate cannot be chosen independently 

but is determined by the desired steam mass flow rate 
and temperature. Additionally, in a power plant pressure 
and temperature of the cooling water are determined by 
the plant itself. Since the mean temperature inside the 
chamber is above 3500 K heat transfer by radiation can- 
not be neglected. It is also worth mentioning that the 
recombination of dissociated species is an additional heat 
source in the wall boundary layer. Taking all this into 
account, cooling methods are necessary which normally 
are only used in rocket propulsion devices. 

The purpose of the water injection system is to cool 
the hot gases of the combustion chamber to a temperature 
convenient for the IP turbine. This cooling process has 
to be as smooth as possible to avoid quenching of the hot 
gases which will cause non-tolerable high concentrations 
of unburned propellants in the exhaust steam. Further- 
more, the complete cross section of the steam generator 
has to be filled with a specific amount of water to reach 
a homogeneous temperature distribution thus avoiding 
hot and cold spots in the steam, a source of possible 
turbine blade damage. The boundary conditions of the 
water injection system (mean velocity, lOOm/s: mean 
temperature, 3500 K; pressure, 4 MPa) require a carefully 
designed injection system, especially in respect of the 
nozzle diameters and their spatial distribution. 

The final vaporization part of the steam generator has 
two tasks: first, to enhance the turbulence to promote 
mixing of the two-phase flow, and second, to increase the 
residence time to ensure complete vaporization of big 
droplets. The outlet of this part is designed to hold sen- 
sors for temperature and steam quality to allow for an 
on-line control of the steam properties. 

Fig. 1. Sketch of the Hz/O, steam generator. 
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COMBUSTION EFFICIENCY 

Two groups of efficiency deficit sources can be ident- 
ified. The first group summarizes all types of mechanisms 
which cause inhomogenities of the gas mixture at the 
combustion chamber entrance, while the second group 
covers al1 sources for incomplete chemical reaction of the 
propellants in the combustion chamber. 

Mixing inhomogenities 

The mixing of the propellants may be enhanced by 
turbulence promoters such as swirl elements in the oxygen 
line or a recess of the oxygen post inside each injector 
element. Nevertheless, mixing inhomogenities are caused 
by deviations from the stoichiometric values of the flow 
rates through individual injection elements. Each coaxial 
injection element has its individual mass flow ratio 
{&I, = b%,J,l{~~J, d d an a eviation {AR,,): from the 
stoichiometric value ({R,t;,,l = 7.936) which is given by 
equation (1). 

Assuming these deviations {AR,,}, from the stoe- 
chiometric value to be small leads to: 

These {AR,;, cause concentration inhomogenities in 
the combustion chamber even if the sum of them is zero, 
corresponding to an overall stoichiometric propellant 
mass flow rate. The flow through each injection element 
can be modelled by the mass flow rate ri2, and the stream 
function Y’, to: 

with {Cd>; the flow coefficient, {A}, the flow cross section, 
{pt}, and {T,}, the total pressure and total temperature at 
the upstream end of each injection element. Deviations 
from the stoichiometric mass flow in each individual 
injection element and for the species Hz and O2 can be 
written as: 

(5) 

A discussion of the right-hand terms in equation (5) 
identifies possible sources for incomplete mixing. Ano- 
ther effect which has an impact on the mixing process is 
thermal blocking. The heat transfer from the combustion 
chamber to the injection head leads to a unequal rise in 
the temperatures of the H, and O1 flow channels. 

QUENCHING 

Neglecting species with minor quantities, the reaction 
of hydrogen and oxygen may be written as: 

4H10~2H+20H+2H2+02. (6) 
Three different types of quenching mechanisms can be 

identified as responsible for incomplete reaction in the 
steam generator. First, quenching at the relatively cold 
walls of the combustion chamber. Assuming that only 
the hot gases of the developing wall boundary layer are 
cooled yields of mass of about 5% of the total mass in 
the combustion chamber are subject to this quenching 
process. Further, considering that significant quenching 
occurs for tEQltoE, > 1, this would result in mass fractions 
of unburnt propellants in the steam of about 0.006% for 
hydrogen and 0.04% for oxygen, respectively. The second 
quenching mechanism is dilution caused by the injection 
and vaporization of water. The mass flow rate of the 
injected water is considered to be about 3.5 times the 
mass flow rate of the propellants. Third, quenching by 
the fast reduction of temperature due to the injection 
of that large amount of relatively cold water. In our 
investigation it is impossible to distinguish between the 
influence of the last two effects, because in the system the 
injected water is not an inert species. 

As an example, a temperature reduction of steam from 
2500 K to 800 K by quenching with steam at 375 K leads, 
according to equation (6) to about 90% of the high 
temperature equilibrium hydrogen mass remaining in the 
low temperature mixture [6]. For an illustration, the equi- 
librium mass fractions of the system at 4.0MPa are 
shown as a function of temperature in Fig. 2. Note that 
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Fig. 2. Equilibrium mass fraction distribution of steam at 4 MPa. 
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the maximum tolerated mass fraction of hydrogen in the 
effluent is 0.01% and that of oxygen is 0.3%. An overall 
quenching rate in the steam generator, based on the mean 
hot gas velocity, the temperature difference and the length 
of the water injection and vaporization system, is of the 
order of 10’ K/s. 

The rate constants of the system H,/O,/H,O are below 
the millisecond level only for temperatures above 2500 K. 
Hence, the water injection system has to be optimized to 
reduce this source of un-recombined propellants. 

The estimations in this paper are based only on order 
of magnitude assumptions of quenching processes in the 
steam generator. For detailed information, the inter- 
action between cold water droplets and the hot gas mix- 
ture has to be investigated and the process of 
condensation of steam on the cold droplet surface taken 
into account. Using a Lagrangian code to follow each 
droplet and its boundary layer over the droplet life time, 
it should be possible to study this interaction effect and 
its impact on the incompleteness of the reaction in detail. 
To do this, the process has to be considered to be domi- 
nated by different time and length scales such as the total 
life time of droplets, turbulent time scale of the flow, 
mean residence time of the flow in the steam generator, 
droplet diameter, boundary layer thickness and the 
characteristic length scales of the steam generator. 

Control of stoichiometric propellant supply 

An operating point of the steam generator is well 
defined through three variables: combustion chamber 
pressure p. steam temperature T, and oxygen/hydrogen 
mass flow ratio R,,. These three variables are regulated in 
a closed loop digital control process where any deviation 
from the set point is compensated by modification of the 
mass flow rates for oxygen, hydrogen and water using 
electrical driven control valves. The output from the con- 
trol unit to the valves are linearly related to the rate of 
the motors’ revolution, i.e. the speed of the valve pistons. 

Because of the non-linearities in the system and the 
coupling between the controlled properties, standard 
algorithms for PID control failed to give acceptable 
results. Thus, a control algorithm has been developed 
which describes the relation between the required motion 
of the control valve inserts and the differences between 
desired and actual values of the controlled variables, 
assuming a damped system of first order forp,, T, and R,,. 
The first derivation in time for the controlled variables are 
given by equation (7). The T, are time constants for the 
controlled variables. 

(7) 

The calculation of the required motion of the control 
valves (linear to voltage U) results from the relation 
between pressure loss and mass flow rate in the supply 

system considering all coupled conditions. The overall 
result can be found in equation (8). 

Apcv riz 2 Apt, 
for liquid media 

u=c* 

for gaseous media 

(8) 
with some constant C depending on the geometrical 
properties of the control valves, the tank pressures and 
temperatures pt and T,, the stream function ‘I!‘, and the 
pressure difference over the control valves Apcv. 

From consideration of the energy and mass balance, 
the derivations of the mass flow rates for hydrogen, oxy- 
gen and water can be written as a relation of the deri- 
vation of the controlled variables (see equation (7)), and 
some parameters A, B, and Z that represent the actual 
status of the system. A detailed description of the closed 
loop control process can be found in [4, 51. 

Since the most important problem during the oper- 
ation periods of the H,/O, steam generator is the exact 
control of the stoichiometric propellant supply (to avoid 
residual gases caused by a deviation from the set point) 
the measurement of either mass flow rates or mass flow 
ratio has to be done with maximum accuracy. 

Two different principles of R,, on-line detection have 
been implemented for the tests with the experimental 
steam generator. First, R,,calculation by measurement of 
the mass flow rates in the supply system using calibrated 
orifices and, second, on-line determination of the (related 
to stoichiometric mixture) surplus component either of 
oxygen or hydrogen in the steam with a modified zirconia 
sensor. 

Since the minimum overall accuracy of mass flow 
measurement with standard orifices and pressure/ 
temperature sensors is about f  0.7% the mean geometric 
accuracy for the mass flow ratio would be 
AR,JR,,< + 1.0%. By comparison, the detection of R,, 
with a calcia-stabilized zirconia sensor system has shown 
a significantly better accuracy (AR,,/R,,< k 0.2%). 
Though the operating range of this sensor is limited 
with 7.7<R,,<8.28 through the maximum amount of 
detectable hydrogen or oxygen in steam, this device 
covers the desired operating range of the steam generator 
(7.95 < Rof< 8.07) very well. For details about the capa- 
bilities of a calcia-stabilized zirconia sensor [2, 31. 

Figure 3 presents the results of a probe calibration for 
oxygen (left) and hydrogen (right). The time constant 
of such a measurement system is basically fixed by the 
geometric conditions of the supply for the ZrOz probe, 
in this case < 100 ms. 

Since the probe is able to detect either oxygen or hydro- 
gen in steam (not both propellants at the same time), a 
well insulated supply line with defined length is used to 
ensure the complete reaction of unburned hydrogen and 
oxygen at stoichiometric mixture in the steam which 
result from mixing inhomogenities in the steam gener- 
ator. 
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Zr02 
probe 

Fig. 3. Calibration results for measurement of H2 and O2 con- 
centration with a modified calcium oxide-stabilized zironia 

sensor. 

Residual gas detection 

Since the on-line measurements of the residual gas 
concentration with the modified zirconia sensor would 
only provide valid results for the surplus component and 
hide stoichiometric residuals, a device for sampling of 
a representative amount of the produced steam (< 50 g 
gathered over 5 s test time) had been used. A retrospective 
calculation by using the results of a gas chromatographic 
analysis of the sample leads to the residual gas con- 
centration in the tests. Fig. 4 shows the set-up for gath- 
ering the steam sample. The steam sample container has 
to be evacuated before the test to avoid pollution. For 
reliable results a sample mass of 2&3Og, gathered over 
5s test time under steady state conditions, has been 
sufficient. Both effectivity and mass flow ratio as mean 
values over the sampling time are additional results from 
the gas chromatographic analysis of the steam sample. 

Propellant purity 

The purity of the propellants and the feed water have 
an important effect on the purity of the steam. By using 

UlmV = 346964 h(c,’ 100%) + 936.349 
900 --I 

BOO&! ,II,, I I lIII 1 

0.001 0.010 0.100 

H2 mass concentration (%) 02 mass concentration (%) 

mass balance for the steam generator the concentration 
of pollutants c, as weight fraction can be written as shown 
in equation (9). 

PO* ,Ror p ./ P R 

t&r+ 1)(&,+ 1) + (R,,+ I);;,,, 1) + e = cl 

(9) 

with the oxygen:hydrogen mass flow ratio (R,, = 
tio1/tiizH2) and the water:gas mass how ratio (R,, = 
~j?n,o/[tin,+ti~,$ and the weight fraction of the pol- 
lutants in the original media P,;,. The purity of standard 
technical oxygen, as delivered from factory, is better than 
99.5%, which means that up to 0.5% (based on the oxy- 
gen amount) of non-condensable gases (mainly Ar and 
N,) will remain in the steam. With R,, = 3.6 and 
ROf = 7.94 for example, the weight fraction of non-con- 
densable gases in the steam amounts to 0.1%. 

IMPROVED PROPELLANT INJECTION SYSTEM 

The injector is the key component of a H,/Oz steam 
generator in terms of the quality of the produced steam. 
Any residual concentrations of hydrogen and/or oxygen 
result mainly from an uncompleted mixing and com- 
bustion of the two gases. 

The high requirements for design and manufacturing 
of the injector result from the necessity to keep the con- 
centrations of hydrogen and oxygen in the produced 
steam below 0.01% and 0.3%, respectively. These values 
correspond to a combustion efficiency of 99.8%. State- 
of-the-art cryogenic rocket engines are typically working 
with a combustion efficiency of 99.5%. 

The electronic control of the feed valves is only able to 
guarantee an overall stoichiometric ratio of oxygen and 
hydrogen. In order to meet the high requirements it is 
therefore necessary to design the injector head and the 
injector elements in such a way that the desired mixture 

U/mV =-16.2074 In(co* 100%) + 61.101 400 

Fig. 4. Experimental set-up for steam sampling and on-line measurement of the mixture ratio 
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ratio is obtained at each of the approximately 50 injection 
elements. 

The required know-how and manufacturing tech- 
nology is available at Daimler-Benz Aerospace as a result 
of its activities in rocket engine development, testing and 
production. 

Injector head design andjlow checks 

Based on the design of the Ariane HM7 engine, an 
injector head for stoichiometric combustion of gaseous 
hydrogen and oxygen has been designed and manu- 
factured that is suitable for the experimental version of a 
HZ/O2 steam generator developed by the DLR. 

This injector head has a diameter of 100mm and an 
integrated ignitor and 58 coaxial injection elements. The 
overall nominal mass flow is 400 g of hydrogen and 3 170 g 
of oxygen. Each element is equipped with one throttle 
for oxygen and four throttles for hydrogen. The oxygen 
throttles are replaceable in order to compensate manu- 
facturing tolerances. The selected materials are chrom- 
nickel alloys and copper. 

The completely integrated injector head, which is 
shown in Fig. 5 has been tested in flow checks with 
nitrogen in order to proof the mixture ratio at each of 
the 58 elements and if necessary to replace some of the 
oxygen throttles. These flow checks have already indi- 
cated that the injector head has to be further optimized 
in order to meet the high combustion efficiency require- 
ments. 

Injector head testing 

The idea of the test campaign at the DLR test facilities 
in Lampoldshausen was to identify the influence of the 
injector head and the potential to improve it by state-of- 
the-art rocket engine technology. Therefore, the original 
experimental version of the DLR had been reactivated 
and the originally obtained results had been confirmed 
in an additional set of tests. The hydrogen and oxygen 
concentrations obtained in the produced water vapor are 

Fig. 5. Dasa injector head with 58 injection elements with a Fig. 6. Gas concentrations obtained with the original DLR 
diameter of 100 mm. experimental version and the Dasa injector head. 

much higher than the target values as illustrated in Fig. 
6. 

For a better comparison only the injector of the exper- 
imental version has been replaced by the Dasa injector 
head. All other components including the closed loop 
control were unchanged. 

The tests of the so modified experimental version have 
been conducted successfully. Samples of the water vapor 
produced have been analyzed by a gas chromatograph 
and the resulting values are shown in Fig. 6. These values 
are much better than those obtained with the unmodified 
experimental version, but are still higher than the target 
concentrations of 0.3% by weight of oxygen and 0.01% 
by weight of hydrogen. 

CONCLUSION AND OUTLOOK 

In a joint effort, DLR and Dasa have achieved major 
improvements of the combustion efficiency of the steam 
generator and shown that there are margins for the 
further improvements which are necessary to meet the 
requirements for power plant applications. First, an opti- 
mized injector head design is feasible but requires a prod- 
uct development phase where several design parameters 
have to be optimized experimentally. Second, the closed 
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loop control system offers a significant potential to reduce order of at least 20 units. For any further activities con- 
the residual gas concentrations, since the results so far cerning steam generators, DLR is offering its P6.1 test 
have been achieved without any fine tuning of the control facility which has been in use during the development 
parameters. Hence, especially the start-up phase has a phase and is equipped with all necessary instrumentation 
great notential for ontimization. for data acauisition and control as well as its know-how 

closed loop control systems for this kind of devices. v  The technical specifications of a H,/O, steam generator in 
for power station applications do not allow any margins 
for the residual gas concentrations. Therefore, the poten- 
tial for improvements described have to be fully 
implemented in a prototype version to keep the con- 
centrations of hydrogen and oxygen below the target I. 
values. 
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