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Preface

P.1  PURPOSE

This document defines the top-level  requirements to be used in the design, development, testing, and evaluation of thermal control systems for spacecraft, instruments, and flight experiments. 

P.2  APPLICABILITY

This document, prepared and maintained by NASA Goddard Space Flight Center's Thermal Engineering Branch, provides standards and requirements for the thermal design, analysis, test and hardware implementation for spaceflight and balloon-borne hardware, including spacecraft, scientific instruments and experiments.  These standards and requirements apply to the Thermal Engineering Branch (Code 545) support of NASA Projects. 

P.3  AUTHORITY 

N/A

P.4  REFERENCES

Reference Documents 

1. "Thermal Radiation Heat Transfer", R.Siegel and J.R. Howell, NASA, SP-164, 1968 

2. "Spacecraft Thermal Control", NASA, SP-8105, 1973 

3. " Shuttle Payload Thermal Control", W. Harwell, R. Haslett, and W. Timlen, Grumman Aerospace 
Corp. for NASA/Goddard, 1979 

4. "Heat Pipe Design handbook", P. Brennen and E. Kroliczek, B&K Engineering for 
NASA/Goddard, 1979 

5. http://lord-kelvin/ 

6. General Environmental Specification (GEVS) 

   7. Satellite Thermal Control Handbook, second edition, David G. Gilmore, editor, Mel Bello,        

          executive editor, Spacecraft Thermal Department, The Aerospace Corporation El Segundo, CA,           

          2002
P.5  CANCELLATION 

545-PG-8700.2.1, “Guidelines for Thermal Design, Analysis, & Development” – Original Release

P.6  SAFETY 
N/A

P.7  TRAINING 
New employees to Code 545 are trained and mentored by senior personnel as part of their daily activities.

P.8  RECORDS

N/A

P.9  METRICS 
N/A

P.10  DEFINITIONS

CDR 

Critical Design Review 

CPL 

Capillary Pumped Loop 

FEMAP 
Finite element Modeling and Post Processing 

GEVS 

General Environmental Verification Specification 

GMM 

Geometric Math Model 

GPD 

Governing Project Documents?

I-DEAS 
Integrated Design Engineering Analysis Software
IR 

Infrared

LHP 

Loop Heat Pipe 

MLI 

Multi-layer Insulation 

PER 

Pre-environmental Review 

PDL 

Product Design Lead 

PDR 

Preliminary Design Review 

PDT 

Product Design Team 

QMAP 
Heat Mapping Subroutine in SINDA 

SINDA/FLUINT Systems Improved Numerical Differentiating Analyzer and Fluid Integrator 

STOP 

Structural Thermal OPtical 

STOP-G 
Structural Thermal Optical Gravity

TABTEM 
Tabulated Temperatures 

TB 

Thermal Balance

TCON 

Thermal Converter 

TDT 

Thermal Desk Top

ThermPlot 
Thermal Plotting Package

TMG 

Thermal Model Generator

TMM 

Thermal Math Model 

TSS 

Thermal Synthesizer System
TV 

Thermal Vacuum

UV 

Ultraviolet

Procedures

1. Initiation of Work Effort

The Thermal Branch receives requests for support from the Program Manager, Principal Investigator, or person who is otherwise designated as the Product Design Lead, as defined in the upper-level GPD documents. Based upon this initial request, detailed discussions are held to scope out the type and level of support appropriate. Initial discussions are typically verbal, until a scope of effort is agreed upon at which time the agreement is put into writing. It is recognized that this is a "living" document that must be modified over time as the thermal requirements mature to the project's realities, and interfaces with other subsystems and other project constraints (cost, weight, power, schedule, etc.) are better defined. Based upon the scope of effort as developed above, the Thermal Branch Head assigns an engineer(s) to the project. This assignment is based upon his/her availability, the person's technical maturity and particular expertise (as applied to the type of effort required), the value of the work experience to the individual's career path, and related factors. 

2. Thermal Design Requirement  

2.1 Thermal Requirements/Constraints 

The thermal design proceeds from the definition of requirements placed on the thermal control subsystem by the spacecraft, instrument, or mission. The PDL is the primary source of these requirements, which are recognized to change and mature as the project evolves. Early in the design stage, the thermal engineer must understand these requirements and how they complicate the thermal design. The thermal engineer will communicate the impact of these requirements to other project members and work with such personnel to identify tradeoffs, which will benefit the overall project. He/she will also study and report on how updating such requirements would be beneficial to the project, if applicable. This is an iterative procedure. During the design process, the requirements and design will be continually reevaluated and agreed upon by the science and engineering teams (known as the Product Design Team). Requirements to be considered include: operating temperature range, survival temperature range, turn-on temperature limits, heater power budget, allowable gradients, thermal stability, weight allowance, electrical conductivity, spacecraft voltage ranges, magnetic & gravity gradient constraints, component thermal power dissipations, orbital parameters, operational constraints, requirements for external surfaces, mission lifetime, cost, schedule issues, and mission redundancy considerations. 

Constraints may be imposed on the choice of thermal coatings due to orbit altitude (charged particles, atomic oxygen, etc.) and contamination from spacecraft/instrument sources. Additional constraints on the choice of materials to be used for heat conduction or isolation may be imposed by the structural subsystem. The thermal designer must use engineering judgment to select the available coatings which best meet the application. The branch’s coatings committee shall determine property values used in design analysis. 

Spacecraft and/or instrument pointing requirements must be well defined, since orientation (with respect to the sun and planet) because the various mission phases place constraints on the location of radiator surfaces. In addition, the locations of items in the field of view of potential radiator surfaces must be included in the thermal calculations since they limit the heat rejection to space and can add radiative backloading to the surface. The thermal designer is responsible for determining the thermal requirements/constraints for all mission phases including ground operations, during integration and test, at the launch site, orbit insertion and on-orbit operations (including all operational and survival/safehold cases).

2.2 The Thermal Design Process 

With the mission constraints/requirements understood, the first step in the design process is to develop a thermal concept to show sufficient radiator size, location, weight and heater power to accommodate the required attitude profiles and power dissipations. The thermal engineer must develop thermal models for the mission phases and use these models to predict component temperatures, determine heater power, and demonstrate margin. The model must be sufficient to demonstrate that the design can meet all thermal requirements in all possible operational modes including pre-launch testing, launch and orbit acquisition, and nominal and safe-hold operation. The model detail evolves along with the design maturity of the overall spacecraft/instrument complement. Cases to be analyzed and margins to be demonstrated are outlined in sections 6.3.4 and 6.3.5. 

The thermal hardware and coatings utilized in the design must be flight proven for mission conditions or be shown to be flight ready by ground, life, and environmental testing that demonstrates survivability for the mission life plus margin. New thermal control technologies should be included in spacecraft and instruments to the extent that they benefit the mission without incurring undue risk. Such benefits may be programmatic, performance based, or an improvement in terms of such traditional measures as mass, power, volume and cost. Risk can include technical maturity, performance, programmatic, and schedule issues. The balance between new technology benefits and risk must be carefully assessed in all these dimensions. This assessment must then be fully communicated to the customer for concurrence. 

2.3 Design Reviews 

All systems shall go through the peer review process within the Thermal Engineering Branch, chaired by a senior Branch staff engineer at the concept review stage and prior to the PDR, CDR and the PER. For systems developed by prime contractors, thermal peer reviews may be performed by the contractors at their site if the Branch and the project manager so agree. At the PDR, CDR, and PER, thermal analysis must be presented to verify that the thermal system meets design requirements. At CDR, the design should be sufficiently mature so that the thermal system hardware can be procured. The design includes specific heater configurations and values, thermostat set points and locations, instrumentation specifications and locations, specifications for specialty hardware such as heat pipes, CPLs, LHPs and louvers, coating selections, and detailed MLI requirements. At PER, the hardware has been integrated and is ready for system testing. Analyses of test configurations for Thermal Balance (TB) and Thermal Vacuum (TV) tests must show that these tests can maintain the safety of the payload under all conditions, meet their goals (see section 6.5), and that time estimates for temperature transitions are reasonable. 

An external energy balance showing heat flow into and out of critical areas such as radiators must be given at each peer review. Any changes in the heat flow paths since the last review shall be clearly shown and understood. Specific requirements and examples of the various review types are shown in the thermal branch’s internal training web site. 

3. Thermal Analysis Standards/Requirements

The primary purpose of thermal analysis (i.e., mathematical modeling) is to: 

· Predict temperatures and heater requirements for all mission phases. 

· Assess impacts of design changes on the thermal subsystem. 

· Determine the set-up needed for thermal tests. 

· Verify that the design meets thermal stability and gradient requirements. 

· Generate heat flow maps of critical surfaces (i.e. radiators) 

· Supply temperatures for STOP-G or Contamination analyses, as needed

Analytically predicted values are compared with allowables to help estimate design margins. The predicted temperatures may be used by other groups to determine thermal-mechanical stresses, optical deformation, induced gravity gradients, or contamination deposition. 

3.1  Thermal Analysis Software 

The thermal engineer utilizes two types of software to produce analytical results, a Geometric Math Model (GMM) and a Thermal Math Model (TMM). Details on specific programs and some training courses are given in the branch’s internal training web site. Selection of specific programs for analytical modeling is the responsibility of the thermal designer. The GMM produces view factors and fluxes, which are then input into the TMM. The branch standard GMM program is TSS (specular and diffuse). The branch encourages engineers to use integrated software packages that combine both the GMM/TMM functions.   Approved integrated packages include TDT and IDEAS/TMG.  These two software packages have the advantage of utilizing electronic drawing files to build models.  FEMAP neutral files can also be translated into SINDA, TSS, TDT, or IDEAS. Other programs may be used if approved by the Advanced Analytical Group. Such approval may be obtained informally through review by the Group Leader. 

A graphics package is utilized to create the GMM and to view orbits. Branch approved graphics packages include TSS, FEMAP, TDT, or TMG. The TMM predicts temperatures and heater power for various environmental conditions. The branch standard TMM programs are SINDA/FLUINT, TDT, and TMG. On occasion other software, such as SINDA/G, TAK, or TRASYS maybe used to better interface with outside companies and agencies. 

The thermal engineer should be familiar with post-processing tools that produce tables, heat flow maps, x-y plots, and color contours. These tools assist in reducing the analysis data and should be utilized whenever possible. Some branch approved tools are QSUM, Thermplot, and TABTEM. Temperatures can be mapped back onto structural models using FEMAP/TCON, TDT, and IDEAS/TMG. 

3.2 Model Development and Checking 

In the beginning the thermal models developed should be as simple as possible. At a minimum, three steady-state cases shall be studied: safehold, cold operational, and hot operational. The simple model should be used to do preliminary positioning/sizing of radiators, determine worst safehold/cold/hot orbital cases, and baseline a thermal approach that will meet requirements. Hand calculations to verify orbits, heat flows, and critical view factors need to be done to establish the veracity of the analytical model. The thermal engineer should understand the critical heat flow paths and energy balances of the system before proceeding. 

As the design matures, more detail should be added to the model in order to refine predictions and define the thermal subsystem. However, care shall be taken to ensure that the model does not become overly complex or too large. Heat flow maps of critical surfaces, temperatures, and heater powers should be constantly compared to the previous version of the model. There is software available which will combine the heat flow map for several nodes into a “super node”. There is also software that will compute the average temperature and heater power of multiple nodes. This software should be used to compare analytical outputs. A test model shall be created to determine the proper set-up, predict cryopanel/chamber/heater settings, and correlate test data. The heat flow maps of critical surfaces shall be compared to flight predicted values to ensure that the test conditions are at least as extreme as what will be experienced on-orbit. 

The most common error in thermal analysis stems from having separate models for various cases (i.e. cold operational, safehold, and launch). The analyst may change a model parameter (conductance value, power dissipation, etc.) in one deck and forget to change it in another. Analysts should set up their base SINDA deck so that they can analyze the various cases simply by only altering one parameter, thus avoiding this pitfall. (Note; the staff of the Advanced Analytical Group can help analysts create or convert existing decks to this format). 

To minimize errors, the analyst should utilize post-processing tools such as TABTEM, ThermPlot, TSS, FEMAP, and QSUM as much as possible. Hand calculations and "sanity checks" shall be performed routinely. 

3.3 Model Parameters 

Analytical predictions are made by assuming the worst case for each parameter (i.e., stacking all parameters, see table below). The parameters that shall be biased hot or cold are: 

· Emissivity and Absorptivity (considering both beginning of life and end of life) 

· Specularity and Transmissivity (if appropriate) 

· Environmental Constants (Solar, Albedo, IR) 

· Spacecraft Orbital Orientation 

· Blanket Effective Emissivity 

· Internal Power Dissipation 

· Interface Conductance 

· Critical Conductance Paths

· Spacecraft Bus Voltage 

The thermal coatings committee must approve all surface property values. Typically a blanket effective emissivity range of 0.005 to 0.03 is used; the appropriate hot/cold value depends on the physical situation being modeled. An additional 10-15% of margin is usually added on the internal power dissipation values given by the project. After thermal vacuum testing, the power values from the project are typically used verbatim. THE ENGINEER MUST FULLY UNDERSTAND WHAT THE STEADY-STATE AND TRANSIENT POWER MODES ARE AND MODEL THESE APPROPRIATELY. 

	ANALYSIS WORST CASE PARAMETERS

	HOT OPERATING
	COLD OPERATING
	HOT SURVIVAL
	COLD SURVIVAL

	Maximum  Environmental Fluxes (Solar, Albedo, IR) for Science Data Collecting Orbit 
	Minimum  Environmental Fluxes (Solar, Albedo, IR) for Science Data Collecting Orbit
	Maximum  Environmental Fluxes (Solar, Albedo, IR) during mission
	Minimum  Environmental Fluxes (Solar, Albedo, IR) during mission

	Maximum Solar Absorptance, Minimum Hemispherical Emittance of Thermal Coatings. (degraded values)
	Minimum Solar Absorptance, Maximum Hemispherical Emittance of Thermal Coatings.
	Maximum Solar Absorptance, Minimum Hemispherical Emittance of Thermal Coatings. (degraded values)
	Minimum Solar Absorptance, Maximum Hemispherical Emittance of Thermal Coatings.

	Maximum Orbital Average Power Dissipation (see note below)
	Minimum Orbital Average Power Dissipation(see note below)
	Maximum Average Survival Mode Power Dissipation(see note below)
	Minimum Average Survival Mode Power Dissipation(see note below)

	Interface conductance which will produce the hottest temperatures
	Interface conductance which will produce the coolest temperatures
	Interface conductance which will produce the hottest temperatures
	Interface conductance which will produce the coolest temperatures

	Minimum blanket e* if the heat flow is out, Maximum if heat flow is in
	Maximum blanket e* if the heat flow is out, Minimum if heat flow is in
	Minimum blanket e* if the heat flow is out, Maximum if heat flow is in
	Maximum blanket e* if the heat flow is out, Minimum if heat flow is in

	Minimum Solar cell Efficiency, Maximum measured Solar Absorptance (for maximum solar cell temperature)
	Maximum Solar cell Efficiency, Minimum measured Solar Absorptance (for minimum solar cell temperature)
	Minimum Solar cell Efficiency, Maximum measured Solar Absorptance (for maximum solar cell temperature)
	Maximum Solar cell Efficiency, Minimum measured Solar Absorptance (for minimum solar cell temperature)

	Maximum Operational Bus Voltage (heater dissipation)
	Minimum Operational Bus Voltage (heater dissipation)
	Maximum Bus Voltage (heater dissipation)
	Minimum Bus Voltage (heater dissipation)

	Failure Modes
	Failure Modes
	Failure Modes
	Failure Modes

	Note: Use for Steady-State Analysis; for transient analyses use power versus time, if applicable.


3.4 Thermal Analysis 

A main objective of thermal balance testing is to correlate the analytical model. Test conditions shall encompass the worst-case flight predicted values. This ensures that the correlation will be valid over the entire flight temperature range. The test model shall be as similar to the flight model as possible, with differences between test and flight configurations clearly understood and accounted for in the respective models. After the test model is correlated new flight predictions shall be made and verification to requirements ascertained. The thermal engineer will have an internal review (prior to the PSR) to show how well the test model correlated, what post-test modifications were made to the model, the TV qualification margins, heat flow paths of critical surfaces, and the flight design margins. 

To determine the baseline thermal design, a minimum of two steady-state cases are run; these simulate the hottest and coldest operational cases. Typically a cold safehold is also run. Other steady-state analyses may need to be done. For example, decontamination mode analyses and parametric/sensitivity studies are commonly performed. Predictions are compared with requirements to determine if adequate design margins exist. 

As the design matures, the thermal models and analyses will go through multiple iterations. The model will be refined throughout this process. Detailed off-line models of components may need to be created to show compliance with requirements. Temperatures from the TMM may need to be used for STOP-G or contamination analysis. The thermal analyst shall work with the structural and/or contamination engineer to ensure that the thermal model is sufficiently detailed in all critical areas. 

Transient thermal analysis is generally required. The thermal analyst is responsible for determining when this is necessary, and which type of situations to analyze. Transient analysis should always be performed for components that are low mass and/or are isolated (i.e. antennas). The thermal analyst may perform transient analyses to predict temperatures for: 

· Thermal stability requirements verification 

· Ground operations, launch, deployment, and orbital scenarios. 

· Power dissipation duty cycles 

· Articulating appendages 

· TB/TV timeline estimates 

3.5 Thermal Limits and Margins

The various thermal limits and margins are described in the table below:

	Nomenclature
	Description
	Limits and Margins

	Minimum/Maximum Design Temperature
	Project approved minimum/maximum Mission Allowable Temperatures (operating)
	10oC less than component qualification levels. 

	Minimum/Maximum Predicted Operating Temperature (Acceptance Limit)
	Predicted Minimum/Maximum operating Temperature Using “Worst-Case” Cold/ Hot Parameters and a test correlated thermal model. 
	Shall be at least 5oC below/above the            ”Minimum/Maximum Design Temperature”

	Minimum/Maximum Qualification Temperature
	The operating temperature below/above which the design/component may not operate satisfactorily
	Usually 10oC beyond the “Min/Max Predicted Operating Temperature” (or Min/Max Design Temperature if there is no correlated predictions). 

	Minimum/Maximum Survival Temperature
	Project approved minimum/ maximum mission allowable temperature (non-operating)
	No margin is imposed on survival limits

	Minimum/Maximum Predicted Non-Operating Temperature
	Predicted maximum non-operating temperature using parameters in “Worst Case Table”
	Shall be at least 5oC above/below Minimum/Maximum Survival Temperature”

	Minimum/Maximum Turn-On Temperatures
	Project approved temperature range in which the component can be safely turned on.  The component does not have to operate within specification until qualification temperatures are achieved.   
	No margin is imposed on turn-on limits


*System Level qualification may be 5oC below “Minimum Predicted Operating Temperature” if 30 % heater power margin can be demonstrated for the component.
4. Thermal Hardware Selection 

4.1 Thermal Coatings 

The Thermal Branch Coatings Committee, appointed by the Code 546 Branch Head must approve thermal coatings and properties used in the analysis. Long-term exposure to the space environment (UV radiation, atomic oxygen, charged particles, etc.) causes surface degradation for most materials, and exposure to these factors must be considered along with required thermal properties, mission life requirements, outgassing, etc. Other factors in selecting a suitable coating include electrical conductivity, adhesion to the substrate, and specularity. 

4.2 Heaters 

Thermostatically controlled heaters must be sized using one of the following criteria: 

· The hardware does not go below limits when heaters are powered at the minimum voltage (including line losses) at a 70% duty cycle (30% margin) during the worst-case environment. The control point of the heater must be slight above allowable temperature. 

· The heater may be fully saturated (100% duty cycle) if the control point of the heater is greater than 10o C above the allowable temperature. 

4.3 Flight Temperature Measurement 

Critical hardware elements must have temperatures measured by devices appropriate to the expected temperature levels and resolution required. Both preflight testing and flight operations must be considered in specification of such sensors. The thermal engineer shall ensure that these temperature measurement devices are properly selected, located and installed so as to provide meaningful and reliable readings. All heater circuits must have temperature telemetry to monitor heater operations. 

4.4 Heat Pipes

The thermal engineer shall design heat pipe, Capillary Pumped Loops (CPL), and loop heat pipe systems with testing in mind.  Ground tests are highly sensitive to orientation and devices may be needed to keep the assembly level to   +/- 0.1” maximum tilt.  Due to the special issues related to these systems, branch experts on two-phase systems must be consulted regarding their use and implementation.

5. Thermal Test Requirements  

During the TB and TV tests the primary responsibility of the thermal engineer is to thermally safeguard the payload. He/she must continuously monitor temperatures and transient trends and compare the data to limits. The thermal engineer must correlate the instrument and or spacecraft thermal model by performing a thermal balance test in a vacuum environment that simulates the heat sources/sinks on external surfaces, the spacecraft power dissipations, and the radiation to space. Since the test configuration will differ from flight, and few on orbit scenarios can be tested given time and cost limitations, this correlation is needed to reliably predict on orbit performance in the many situations that must be analyzed. A minimum of two thermal balance points during the TB test is required; the thermal engineer is responsible for determining when acceptable thermal balance is achieved. Typically at least three balance points are conducted: a hot operational, cold operational, and safehold simulation to verify the thermal design. 

In addition, the thermal engineer is responsible for defining the thermal test configuration to achieve the instrument and/or spacecraft cycling goals during thermal vacuum cycling testing. The prescription for number of cycles, margin above predictions, and other thermal vacuum conditions is defined in GEVS, although the project may tailor these requirements to match their needs. Also, the thermal engineer must convert the flight thermal model to a test model that reflects the test configuration and heat sources and uses this model to predict component temperatures, heater panel settings and transition rates. The TB and TV tests usually occur back to back, with the TB test coming first. There may be a need to open the chamber and reconfigure between the two types of testing. 

5.1 Thermal Balance Testing 

A minimum of two TB cases shall be performed, including simulations of conservative on-orbit operational hot and cold worst cases. For the hot case, the test environment should be hotter than expected flight conditions, with power dissipations greater than or equal to flight operational maximums. Cold case test environments and powers should also be conservative. Following these guidelines ensures that the test results demonstrate design margin for all on-orbit operational conditions. A “survival” cold case is usually run to demonstrate that the flight heaters are adequate to maintain minimum spacecraft/instrument temperatures with minimum power conditions in a worst case cold environment. Bus voltage shall be varied to the extent possible during the test to simulate expected variations on-orbit.  At every balance point, thermal dissipation values for all components should be measured or calculated by the project.

Generally, the test article shall be as close to flight configuration as possible. Care should be taken to understand and quantify any differences. This includes cables, stimuli, mounting interfaces, antenna hat couplers, etc. Internal power dissipations, for all the test phases, must be provided by and reviewed with the system engineer. The method of simulating heat sources depends on many factors. This can be by solar simulation, cryopanels, cold plates, heater panels, or heaters mounted directly on the spacecraft surfaces. The preferred method is to simulate environmental inputs using cryopanels. Solar simulation may be necessary if there is an issue with reflected energy from specular surfaces to radiators or sensitive components. The absorptivity of the surfaces to the spectrum provided by the lamps must be characterized prior to testing.

Sufficient test thermocouples should be installed to: ensure measurement of critical temperatures, especially when the test unit is unpowered; ensure that temperature limits are not exceeded; and help the model correlation effort. 

5.2 Thermal Vacuum Testing 

There are three levels of Thermal Vacuum (TV) cycling testing: Component (or box), Subsystem/Instrument, and System/Spacecraft levels.   At component level testing, the components are cycled between the qualification temperature extremes. At subsystem or system level this range can be reduced to + 10o C above worse case flight predictions IF the analytical model has been correlated against thermal balance test data. 

Since component red limits as established by the system engineer shall not be exceeded at any time, the 10oC margin goal may not always be achievable. For components under heater control (with 30% margin), GEVS states that a cold case test margin of 5oC is acceptable. For actively controlled systems with non-variable set-points, control must be maintained when the environment is set to decrease/increase heat load by at least 30%.
Two cold and hot turn-ons from predicted survival temperature extremes are also required.  The thermal engineer must be cognizant of the planned operations script so as to anticipate shroud/heater panel settings in response to increased or decreased power usage, to help maintain test goals, and avoid exceeding limits. If a heater is predicted to be on in flight, then the operation and control technique (thermostats/solid state/computer control) must be demonstrated. The set points for these heaters, as well as the current draw, should be measured. 

This verification requirement is for both prime and redundant heaters. If a heater is not predicted to be on in flight, verification should be attempted but extreme measures should not be taken to get the heater to operate during test. 

 “Box level” TV testing should be done to simulate the flight heat flow paths (i.e. similar mounting interface/temperature and radiators/sink temperature).  This will minimize the risk that component limits will be violated if the interface temperature is within acceptable limits. 

6. LAUNCH AND INITIAL FLIGHT OPERATIONS 

The thermal engineer is also responsible for ensuring that the various components of the spacecraft/instrument are maintained within acceptable limits during pad operations, launch, and initial flight operations. The thermal models developed earlier shall be utilized to predict the response of the spacecraft/instrument to these various environments in order to verify that these requirements are met. 

7. DOCUMENTATION 

At the conclusion of the project the thermal engineer shall prepare a summary document which details the thermal design, test program, analytical model, and correlation's to this model. This document is delivered to the PDL who is responsible for maintaining the record. 
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