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Annex C  (normative)
Addendum: Specific propulsion aspects for thermal analysis - DRD

C.1 DRD identification

C.1.1 Requirement identification and source document

This DRD is called from ECSS-E-ST-35, requirement 4.11a.

C.1.2 Purpose and objective

For the purpose and objectives of the thermal analysis DRD, see [Thermal analysis DRD].

This addendum specifies the additional information to be included in the thermal analysis DRD to analyze and describe the thermal aspects of a propulsion system, subsystem or component.

C.2 Expected response

C.2.1 Scope and content

<1> General thermal aspects

a. In a thermal analysis of a propulsion system, subsystem, or component, the information specified in the DRDs in ECSS-E-ST-31 shall be given:

<2> General description of typical propulsion thermal aspects 

b. The thermal analysis shall describe the thermal problems and aspects particularly related to propulsion and introduce its terminology.

NOTE  Typical thermal aspects in propulsion are:

· Physical phenomena

—
Radiation cooling

—
Regenerative cooling

—
Heat-soak back

—
Change in thermal characteristics (emissivity) due to deposition of sputtering material

· Hardware dedicated aspects

—
Thermal conditioning before operation

—
Thermal shock

—
Propellant evaporation

—
Propellant stratification

—
Thermal stresses in solid propellants

—
Thermal induced ageing / damage in solid propellants

—
Thermal conditions at the start

—
Heating of the nozzle and the nozzle throat

—
Bake-out / thermal cleaning

—
Thermal analysis for propellant feed systems,

—
Thermal stresses in radiation cooled nozzles

—
De-stratification 

—
Thermo mechanical cycling.

c. These information shall include reference to the applicable design definition files, inclusive their revision status 

<3> Summary and understanding of thermal aspects of propulsion systems

d. The thermal analysis shall describe the thermal aspect that is analysed and treated.

e. The thermal analysis shall list and summarize the parameters that are used to describe the thermal behaviour and its related effects.

f. The thermal analysis shall include a discussion on the understanding of the requirements, addressing how these requirements are being met.

g. The thermal analysis shall include a discussion on the used assumptions, simplifications and possible experimental characterizations for materials that are subject to chemical change 
NOTE  For example, pyrolysis of phenol resin. 

<4> Description of the propulsion thermal analysis

<4.1> Assumptions, simplifications and models

h. Since analysis covers both model computations and elaboration of measurements, the thermal analysis shall cover:

1. The description of the used assumptions.
2. The description of simplifications.
3. A brief summary of rationale and software used for the thermal analysis and the related uncertainties.

<4.2> Propulsion thermal aspects

i. The thermal analysis shall include a description and a discussion of the following thermal aspects that are typical for propulsion subsystems and systems:

1. Thermal conditioning before operation;

(a) The initial and final conditions of the thermal state of a propulsion system;

(b) How the thermal conditioning is realized.

NOTE  
Thermal conditioning includes pre-heating of cathodes, neutralizers, feed systems, catalyst beds, propellants (e.g. xenon and cesium) and chill-down of cryogenic systems.

2. Thermal shock;

(a) How the thermal shock effects have been assessed.
(b) The demonstration that the propulsion component, subsystem or system can withstand the thermal shocks that are being encountered.

NOTE  Thermal shocks occur during chill-down (from ambient temperatures to cryogenic temperatures, < 20 K) and start-up of propulsion systems (from ambient or cryogenic temperatures to temperatures often exceeding 3 000 K).

3. Propellant evaporation

(a) The means by which it is ensured that the amount of propellant evaporation meets the specifications.
(b) The passive or active measures that have been or to be implemented to satisfy the requirements.

NOTE  
Propellant evaporation is especially important for cryogenic propellants (boil-off) and for FEEP (evaporation and subsequent condensation of liquid metal).

4. Propellant stratification

(a) The measures by which it is ensured that the propellant stratification conforms to the requirements.

NOTE  Propellant stratification especially occurs with cryogenic propellants where the temperature of the upper levels can be substantially higher than the temperature of the lower levels.

5. Thermal stresses in solid propellants

(a) The analyses of the temperature, temperature gradients, and changes in temperature and temperature gradients after curing of a solid propellant grain.
(b) The thermal analyses of propellant grains that have been in orbit a long time before being ignited.

NOTE  For example, several months up to several years.
(c) How the resulting thermal stresses have been calculated;

(d) The evidence that the thermal history of the propellant grain does not introduce stresses that transgress the specified stresses
NOTE  1
For example shrinkage.

NOTE  2
Curing of propellant grains usually takes place at temperatures well above the operational temperature of the propellant.

NOTE  3
De-orbiting motors can be in orbit for several years. During this period the solid motors can undergo many temperature changes (thermal cycles).

6. Thermal induced aging and damage in solid propellants

(a) The evidence that the thermal induced aging of solid propellants conforms to the system and subsystem specifications.
(b) The evidence that for solid rocket motors that undergo many temperatures changes (thermal cycling), the coupled thermal-mechanical computations demonstrate that damage to the propellant grain conforms to the system and subsystem specifications.
NOTE  1
For example, for thermally non-controlled de-orbiting motors that are a long time in space before being operated.

NOTE  2
Aging of solid propellants is accelerated at high temperatures and by temperature cycling. This can especially be important for solid motors that are a long time in before being operated (e.g. de-orbiting motors).

7. Radiation cooling

(a) The temperature management of propulsion components, subsystems or systems that are cooled by radiation;

NOTE  Typical examples are mono- and bi-propellant thrusters and electric propulsion systems.

(b) The evidence that the propulsion component, subsystem or system temperature conforms to the component, subsystem or system requirements.
(c) The evidence that the radiation cooled propulsion components, subsystems or systems conform to the requirements when installed in a spacecraft or launcher where its view factors can have changed substantially, either due to its installation or by the installation of radiation shields.

8. Regenerative cooling

(a) The evidence that the regenerative cooling keeps the material temperatures within the boundaries specified by the requirements.
(b) The evidence that the regenerative cooling keeps the temperature of the regenerative cooling fluid within the boundaries specified by the requirements.

NOTE  Some rocket engine cycles (e.g. expander cycle, bleed cycle) strongly rely on a proper energy transfer to the cooling fluid.

(c) The evidence that thermal expansion and contraction conform to the structural requirements.

9. Heat soak-back

(a) The evidence that after shutdown of a propulsion subsystem or system the temperature of cold structures of the propulsion subsystem or system and the temperature of structural elements close to the propulsion subsystem or system conform to the subsystem or system requirements.

NOTE  After shutdown of a rocket engine, there is no active cooling any more, and also cooling of parts and components that are normally cooled by the propellant flow is interrupted. Therefore parts that during the operation of the propulsion system remains cool, heat up mainly due to conduction and radiation.

10. Thermal conditions at the start

(a) The thermal analyses that have been made to establish the thermal conditions before the starting of a rocket motor.
(b) Measurements to be according to the thermal analysis in order to establish the thermal state of the engine.

NOTE  1
If regenerative or film-cooled rocket motors are (re)started while hot, it can be impossible to establish a proper regenerative coolant flow (flow blockage) or to establish an appropriate coolant film. In that case, measures are taken to ensure that the proper coolant flow is established or measures are that prevent the motor from being restarted.

NOTE  2
In particular for cryogenic upper stage engines, starting the engine at too low temperatures can lead to combustion instability or insufficient power delivery from the regenerative cooling circuit for expander cycle engines.

11. Heating of the nozzle and the nozzle throat

(a) The thermal analyses for the nozzle and its components e.g. throat-inserts, flexible seal, thermal / ablative materials, temperature gradients and related stresses in regeneratively cooled nozzles.
(b) The selection of high temperature materials that are compatible with the environment (composition of the exhaust gases).
(c) The associated thermal expansion / contraction, the induced thermal stresses and the effect on clearances.

(d) The evidence that the nozzle and nozzle throat meet the subsystem and system thermal requirements.

NOTE  The highest heat transfer in rocket motors is encountered in the throat region. During start-up the nozzle encounters thermal shocks and strong transient thermal effects.
Nozzles of cryogenic systems undergo a thermal shock and cooling down to cryogenic temperatures.
Typical stagnation temperatures of the combustion products exceed 3 000 K.

12. Change in thermal characteristics (emissivity) due to deposition of sputtering material

(a) The effects of the change in irradiative properties of electric propulsion systems due to deposition of sputtering material during long term testing in vacuum chambers.
(b) The measures to be taken to ensure that notwithstanding a changing thermal behaviour of the electric propulsion system during long term testing, the tests remain representative for the performance of an electric propulsion system in flight.

NOTE  During long term testing of an electric propulsion system in a vacuum chamber, coating material from the walls of the vacuum chamber can be deposited on the electric propulsion system. This can cause a change in the thermal characteristics of the electric propulsion system during long term testing.

13. Bake-out / thermal cleaning

(a) The thermal analysis and temperature evolution of electric propulsion thrusters for bake-out or thermally cleaning these thrusters.

NOTE  The cleansing of contaminants (e.g. FEEP) of electric propulsion thrusters, to ensure a proper operation, is done by heating the thrusters to high temperatures. These temperatures usually exceed the operational temperature of the electric propulsion thrusters and can be design drivers.
Other electric propulsion thrusters can be heated to melt or evaporate particulate material from the grids.

14. Thermal analysis for propellant feed systems

(a) The thermal analysis and temperature control to maintain the propellant feed system within its specified temperature range.

NOTE  1
The propellants are delivered to the thrusters / motors / engines within a specified temperature range.

NOTE  2
For some propellants there is the danger of freezing (N2H4) or liquefaction (xenon).

NOTE  3
For some propellants there can be a danger of flow blockage or of explosion due to adiabatic compression of propellant vapours during priming.

15. Thermal stresses in radiation cooled nozzles

(a) The structure of a radiation cooled nozzle or nozzle section can withstand the combination of stresses due to internal pressure, external loads and thermal stresses 

NOTE  1
Radiation cooled nozzles are often found on satellite engines and attitude control thrusters.

NOTE  2
Some large rocket engines have a nozzle extension that is radiation cooled.

16. De-stratification

(a) The evidence that the amount of usable cryogenic propellant conforms to the requirements when sloshing or rolling of the stage is taken into account.

NOTE  If cryogenic propellant with high temperatures (that is normally at the top of the tank) due to sloshing enters the propellant feed lines, the entrance conditions for the propellant pump can not longer be satisfied.

17. Thermo-mechanical cycling 

(a) The evidence that engine life requirements are met for the number of thermal cycles the engine undergoes;

(b) The demonstration that crack propagation conforms to the engine requirements.

NOTE  1
Thermo mechanical cycling is especially important for reusable liquid engines.

NOTE  2
Thermo mechanical cycling can be important for engines during development testing.

NOTE  3
Crack propagation and crack growth due to thermo-mechanical cycling can especially be important for engines built with a tubular structure for regenerative cooling.

<5> Calculations

j. The thermal analysis shall describe the calculations that are being made to assess the thermal effects on a propulsion subsystem or system. 

<6> Discussion of results and comparison with requirements

k. The thermal analysis shall include a discussion of the results in view of:

1. The accuracy of input data.
2. The validation status of the computational methods and models used.
3. Deviations in test conditions and test items used to obtain experimental data.
4. The simplifications and assumptions used in the models and calculations.

l. The thermal analysis shall include an assessment of the effects of the subjects mentioned in C.2.1<6>a on the parameters used to describe the thermal behaviour, and the results.

m. The thermal analysis shall include a comparison of the parameters used to describe and results with the requirements, taking into account the inaccuracies of the parameters.

n. In case previous thermal analyses are available, the thermal analysis shall include a comparison of the result of the present thermal analysis with the previous ones and a report with the differences.

<7> Recommendations

o. The thermal analysis, based on C.2.1<5> shall include a list with the following recommendations:

1. Suggestions for future work and additional investigations or improvements
NOTE  For example, lessons learned, state-of-the-art.
2. Feedback to improve the thermal analysis.

<8> Summary and conclusions

p. The thermal analysis shall include a summary of the results and an assessment of the limitations of the performed work. 

C.2.2 Special remarks

None.
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