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Presenter
Presentation Notes
Welcome to the first lecture of the James Webb Space Telescope Optical Telescope Element and Integrated Science Instrument Module Cryogenic Vacuum Test. My name is Kan Yang, and as a thermal engineer from NASA Goddard Space Flight Center, I was the lead thermal analyst for this test. 
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Introduction to the JWST OTIS CV Test 
Lecture Series

 This lecture series discusses the cryogenic vacuum (CV) testing of the James 
Webb Space Telescope (JWST) Optical Telescope Element / Integrated Science 
Instrument Module (OTIS)[1,2] from July – October, 2017 at NASA Johnson 
Space Center

 There are four parts to this series:
– Part I: Thermal Architecture
– Part II: Thermal Analysis
– Part III: Preparations for Off-Nominal Events
– Part IV: Lessons Learned

 Objectives of this lecture series:
– Familiarize the audience with the James Webb Space Telescope architecture
– Understand the thermal challenges to executing the most complex cryogenic 

vacuum test ever undertaken by NASA
– Act as a guideline for planning future system-level thermal vacuum tests for large 

cryogenic missions

Presenter
Presentation Notes
Before we begin, let’s discuss the scope of what this lecture series encompasses. This series discusses the cryogenic vacuum testing of the James Webb Space Telescope’s Optical Telescope Element and Integrated Science Instrument Module, or OTIS. This test required multiple years of planning and was executed from July-October of 2017 at NASA’s Johnson Space Center in Houston. There are four parts to this series: Part I will introduce the major components of James Webb and specifically the thermal architecture of the OTIS cryogenic vacuum or CV test. Part II will encompass the extensive thermal analysis performed to prepare for the test. Part III will talk about the preparations for off-nominal events: what analysis was done, and how steps were taken pre-test to anticipate unexpected circumstances and mitigate their impacts to hardware and test timeline. Part IV is a recap of the lessons learned from the thermal test conductor perspective for both the payload team and the ground support equipment or GSE team. As a note, since the complexity of this test program necessitated the use of many acronyms to describe the test and flight hardware and associated procedures, there is a reference list for acronyms provided on the last few slides of each package. It is hoped that this lecture series conveys to the audience the extreme thermal, mechanical, and optical engineering challenges that the team needed to overcome to safely and successfully execute the OTIS test. The ground support equipment complexity additionally rivaled that of the OTIS itself. This has proven to be the largest and most complex cryogenic test ever undertaken by NASA. The lessons and key takeaways in this lecture will serve as a guideline for planning future system-level thermal vacuum tests for large cryogenic missions. 
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The James Webb Space Telescope: 
Introduction

 Upon launch in 2021, the James Webb Space Telescope will become the 
world’s most powerful general-purpose space observatory

– Scientific successor to the Hubble Space Telescope
– Optimized to observe in near-to-mid infrared wavelengths (0.6 – 28 μm)

21 m length x 14 m width (~Tennis Court)

~10 m (3-story 
building)

JWST Full-scale model at SXSW in Austin, TX, 2013. Image source: NASA/JWST

Presenter
Presentation Notes
The James Webb Space Telescope or JWST is NASA’s next-generation flagship space telescope. Set to launch in 2021 atop an Ariane 5 launch vehicle from Kourou, French Guiana, JWST will become the world’s most powerful general-purpose space observatory and a scientific successor to the Hubble Space Telescope. A collaboration between NASA, the European Space Agency or ESA, the European Consortium, the Canadian Space Agency, and partners in industry and academia, JWST will provide scientists with unprecedented capabilities to image in the near-to-mid infrared wavelengths and observe distant red-shifted objects. JWST is also immense in scale: it has a sunshield that’s the size of a tennis court, and when the telescope is stacked on top of the spacecraft bus, it’s the height of a three story building. 
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JWST vs. Hubble Primary Mirror Comparison

 JWST’s primary mirror is 6.5 m in diameter and has 25 m2 of light-collecting area
– This is powerful enough to see the heat of a bumblebee on the moon from Earth!

 By comparison, the Hubble Space Telescope’s primary mirror is 2.4 m in 
diameter with 4.5 m2 of light-collecting area

Source: NASA/JWST

Presenter
Presentation Notes
The JWST primary mirror is 6.5 m in diameter and has 25 square meters of collecting area. This is powerful enough to detect the heat radiating off of a bumblebee on the moon from Earth! This is also 7 times the light collecting area of Hubble’s primary mirror. However, unlike Hubble, JWST is not optimized to observe in the visible wavelengths. 
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JWST Science [3]

First Light and Reionization Planetary Systems and the Origins of Life

Birth of Stars and 
Protoplanetary Systems

Assembly of Galaxies
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Presenter
Presentation Notes
JWST’s extended infrared coverage in the 0.6-2.8 micrometer wavelength range is critical for enabling its key scientific themes.  From the inception of the program, JWST has been tasked with observing first light and reionization 100-250 million years after the big bang, when the first stars and galaxies were just starting to turn on after the cosmic dark ages. Hubble has helped clue us in to the many questions we’ve had about the early universe, but unfortunately does not have the wavelength coverage to image the first galaxies because the starlight that’s left them has been shifted out to the infrared by the expansion of the universe. JWST will rectify that, allowing us to see further than we’ve ever seen. We can also use JWST to understand the assembly of galaxies following first light, how primitive galaxies combined to create the larger ones we see today. One additional great advantage of peering in the infrared is the ability to see through interstellar dust clouds to view star and planet formation. Finally, JWST will build on the exoplanet hunting work of the Kepler Space Telescope and NASA’s Transiting Exoplanet Survey Satellite or TESS. Unlike those missions, however, JWST is powerful enough to peer into exoplanet atmospheres via transit spectroscopy to understand their constituent elements and see if they possess conditions suitable for harboring life. 



6

Major System-Level Assemblies of the 
James Webb Space Telescope

Optical Telescope 
Element (OTE)

Integrated Science 
Instrument Module 

(ISIM)

Sunshield

OTE + ISIM 
= “OTIS”

Spacecraft Bus

+V3 (anti-sun)
+V2

+V1 (boresight)

Source: NASA/JWST

Spacecraft 
Element 

(SCE)

Presenter
Presentation Notes
So how will JWST accomplish its science mission through its hardware? Well, let’s progress onto the engineering aspect of James Webb. The James Webb Space Telescope is composed of three major system-level assemblies: in this picture, on the “bottom” of JWST is the spacecraft bus, which takes care of all of the housekeeping functions of the satellite. Above the spacecraft bus is the sunshield, which contains five layers of tensioned polyimide film membranes as thin as the width of a human hair and protects the sensitive optical instruments from solar loading. These both comprise the spacecraft element, or SCE. On top of the sunshield is two additional elements: the first is the optical telescope element or OTE, which contains the primary, secondary, tertiary, and fine-steering mirrors and their composite support structure. The second is the integrated science instrument module or ISIM, which contains the four science instruments: the Near-Infrared Camera or NIRCam, developed by NASA and the University of Arizona; the Near-Infrared Spectrograph or NIRSpec, a collaboration between ESA and NASA; the Fine Guidance Sensor or FGS, provided by the Canadian Space Agency; and the Mid-Infrared Instrument or MIRI, jointly sponsored by ESA and the European Consortium. Combined, OTE and ISIM form the acronym “OTIS”, and OTIS performs all of the science of James Webb. As a side note, I’d like you to focus on the V-axes labeled in the upper right hand corner of this slide. This is the coordinate system that I’ll be referencing in later slides to refer to directions on the OTIS payload. 
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Completed “OTIS” Element at NASA Goddard 
Space Flight Center SSDIF Clean Room

Source: NASA/JWST

Presenter
Presentation Notes
Here’s a photo of the actual OTIS hardware after it was completed in the clean room at NASA Goddard Space Flight Center. The primary mirror, which is the most prominent feature of the OTIS assembly, consists of a hexagonal array of 18 beryllium mirror segments, each coated with a few microns worth of gold for reflectivity in the infrared. Since this picture was taken in 2017, OTIS has successfully undergone a suite of environmental tests and now resides in Northrop Grumman in Redondo Beach, CA. Once it is finished integrating with the spacecraft and sunshield, the completed JWST will be stowed and shipped to French Guiana for launch.  
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Thermal Environment in Flight

Source: svs.gsfc.nasa.gov

Sun-facing side (hot)
Sunshield layer 1: 
> 350 K 

Deep space-facing side (cold)
Sunshield layer 5: < 50K

5-layer 
Sunshield

IEC warm electronics 
compartment (~278 K)

Near-Infrared instruments 
(NIRSpec, NIRCam, 

FGS/NIRISS): 35-42 K

Mid-Infrared Instrument 
(MIRI): 6K (actively cooled)

Earth

Presenter
Presentation Notes
After launch, James Webb will travel one million miles to the second lagrange point or L2, beyond the moon’s orbit, and will deploy into its flight configuration along the way. During nominal operations at L2, JWST is actively oriented such that the spacecraft bus always points towards the sun, and OTIS always resides in a stable thermal environment in the shadow of the sunshield. In this orientation, the sun-facing side of the sunshield sees temperatures greater than 350 K or 77 degrees Celsius, hotter than Death Valley, while the deep-space facing side sees temperatures less than 50K or -223 degrees Celsius, much colder than Antarctica.  The sunshield ensures that stray light from solar loading does not impinge upon the sensitive optical instruments, and that JWST is able to see some of the faintest objects in the universe. For reference, if we were to compare the sun protection factor or SPF of the sunshield to sunscreen, it would have an effective SPF of over 1 million. The sunshield also provides the correct environment for the near-Infrared instruments to passively cool to their operational temperatures of 35-42 K. The mid-Infrared instrument is actively cooled to its operational temperature of 6K using a gaseous helium cryocooler embedded in the spacecraft bus. 



9

OTIS CV Thermal Test Objectives [4]

 Preserve hardware integrity upon transition to cryogenic thermal balance 
(cryo-balance) conditions and transition back to ambient temperatures by 
respecting all imposed limits and constraints (L&Cs)

 Achieve the simulated on-orbit payload temperature levels and stability for 
optical, mechanical, and instrument tests

 Predict and measure thermal balance test data for model crosscheck, both on 
ISIM and OTE components

 Achieve a workmanship thermal conductance assessment of the flight 
instrument heat straps which for the first time would be connecting all the 
payload flight instruments and radiators

 Achieve test timeline optimization by executing the OTIS CV cooldown and 
warmup in a time-efficient manner

Presenter
Presentation Notes
So now, how do we verify that the James Webb Space Telescope will work in its intended on-orbit environment before we launch it? Here on Earth, we perform a suite of environmental tests, of which thermal testing in a vacuum chamber is a critical part to simulate both the temperatures in the mission environment and heat transfer in the vacuum of space. There are a few top level objectives that we want to achieve with this thermal test. First, we want to make sure that our hardware survives the entire test by respecting all imposed limits and constraints, or L&Cs. We want to make sure that we get to the correct stability to test our optics, and also achieve thermal balance for model crosschecks. We want to understand how our flight instrument heat straps connecting the instrument benches and their respective radiators survived through the integration and testing or I&T process, and if they are still functioning as intended to draw out the heat from the instruments. Finally, we don’t want to be in a single thermal vacuum test for years, so we optimize the timeline to make the test as short as possible while meeting all of our objectives. The rest of this talk will be thermal-centric and focus on how we achieved all of our goals for this test. 
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What’s the Importance of Thermal Vacuum 
Testing?

Thermal testing is done in a vacuum chamber at margined temperature 
extremes and is designed to verify workmanship, demonstrate performance, 
and collect data to be used in correlating thermal models

Two types of testing are performed: 
Thermal balance plateaus: thermal 
environment is set, and spacecraft must 
achieve energy balance with environment. 
Balance criteria met from achieving temp. 
rate-of-change requirement on components. 
Thermal data collected is used to verify 
predictive accuracy of thermal models
Thermal vacuum cycles: Quality 
assurance test to take hardware beyond its 
operational temperatures and ensure it will 
survive temperature extremes: used to 
verify workmanship on components

Cryo-vacuum testing of ISIM at NASA Goddard Space 
Flight Center’s Space Environment Simulator Chamber

Source: NASA/Chris Gunn

Presenter
Presentation Notes
To satisfy the objectives presented in the previous slide, thermal testing is performed at margined temperature extremes to verify workmanship, demonstrate performance, and collect data to be used in model correlation. There are two types of thermal testing: the first type is thermal balance, where the thermal environment is set and the spacecraft must achieve energy balance with its environment. The goals of thermal balance are met when a temperature rate of change is achieved and the temperature trends are asymptotic to a steady-state value. In the case of OTIS, the balance requirement is 10 mK/hr stability, with the average temperature of each component within 0.1 K of steady-state temperature by extrapolation of data, and a decreasing rate over the last six hours. Data collection from this test is used to verify that the models predict the real response of the hardware correctly. The second type of thermal testing is thermal vacuum testing, where hardware is driven beyond its operational temperatures to ensure it will survive extremes. This is a quality assurance test to verify workmanship and functionality on all components. Normally, for earth observing missions, thermal vacuum testing would encompass both hot and cold cycles. However, with JWST in a stable cold thermal environment for the entire duration of its nominal operations, it is only necessary to simulate the cold operational environment and cold balance plateau in the OTIS system-level test. 
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What Are Our Temperature Goals on OTIS?

+V1 Side

-V1 Side

Secondary Mirror
19-54 K

Primary Mirrors 32-59 K

Interface with Spacecraft Bus 295 K
(Plus surfaces to simulate backloading from the sunshield)

ISIM Electronics Compartment
278 K - 288 K

Near-Infrared Instruments 
and Instrument Radiators 

35 K – 42 K
Mid-Infrared

Instrument 6 K
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Presenter
Presentation Notes
Achieving the cold operational environment for the OTIS payload isn’t easy though. This slide shows the temperatures we were aiming for during the OTIS CV test to match the conditions we’ll see in flight. First, you’ll notice that most of OTIS is extremely cold; the primary mirrors and secondary mirror needed to be below 60 Kelvin, and the near-infrared instruments and their respective radiators were required to achieve operational temperatures between 35 and 42 K. The mid-infrared instrument, as mentioned previously, is actively cooled by a cryocooler, but this entailed the need to have a test cryocooler on the ground, separate from the flight cryocooler which is mounted in the spacecraft bus. Second, you’ll notice that the ISIM Electronics Compartment, or IEC, which contains all of corresponding electronics boxes for readout and control for the cryogenic instruments, must be maintained hot to operate, at 278 to 288 K. Placing the warm IEC next to the cold instruments and preventing heat from the IEC from overwhelming the instrument detectors was one of the toughest thermal design challenges for JWST. In test, since we don’t have a cold space environment for the IEC to radiate to, we needed to devise a way to isolate the IEC and extract its waste heat so that less than one watt of the hundreds of watts it dissipates would actually impinge upon the instruments. Finally, you can see that the interface with the spacecraft bus is also warm in this diagram. Since we were testing without the spacecraft bus and sunshield, it was essential to thermally recreate both the heat conducted from the bus and the radiative backloading from the sunshield to ensure an accurate flight-like thermal boundary. The next few slides will step through the test setup and the solution we devised to achieve all of these goals. Note that a test of this magnitude requires multiple years of preparation and analysis by every subsystem to make sure we didn’t overlook anything. 
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How Do We Replicate JWST’s Flight Thermal 
Environment in Test ?

 Use one of the largest thermal 
vacuum chambers in the world 
(NASA Johnson Space Center’s 
Chamber A)

– Unfortunately, even this 
chamber is not large enough to 
fit all of JWST, so we need to 
test in separate system-level 
assemblies (OTIS being the 
major cryogenic test)

 Install a gaseous helium shroud 
to lower the payload 
temperatures to 20K, and an LN2 
shroud to lower the overall 
environmental loads on the 
helium shroud/refrigerator [5]

 Install GSE to simulate heat from 
the flight spacecraft bus

Source: NASA/JWST

Presenter
Presentation Notes
First, to address the size of the OTIS payload, we started with choosing one of the largest thermal vacuum chambers in the world. NASA’s Chamber A at Johnson Space Center in Houston, Texas is an 8-story tall, 55-feet or 16.8 m diameter chamber which was used to test the Apollo Command and Service Modules. Unfortunately, even the massive size of this chamber was not large enough to fit all of JWST deployed, so we needed to test OTIS, the sunshield, and spacecraft bus in separate system-level assemblies, and relied on analysis to ensure that the integrated system will perform as expected in flight. Since the thermal test of OTIS was the major system-level cryogenic vacuum test to ensure JWST could achieve its science objectives in its intended environment, we had to establish the correct environment in the chamber. To this end, we retrofitted Chamber A with a gaseous helium shroud to lower the payload temperatures to 20 K, and used the existing liquid nitrogen shroud to lower the overall environmental loads on the helium shroud and helium refrigerator. However, we also needed to account for the heat coming from the spacecraft bus as if it were a fully integrated system, and for this purpose GSE was designed to both thermally and mechanically simulate the presence of the spacecraft bus and sunshield. 
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OTIS CV Test Setup Inside Chamber A: Three 
Different System-Level Representations

CAD Model Thermal ModelPhysical Hardware

JSC Chamber A Wall
Liquid Nitrogen (LN2) Shroud

Helium Shroud

Im
ag

e 
so

ur
ce

s: 
NA

SA
/JW

ST

Presenter
Presentation Notes
The physical flight hardware of OTIS was fabricated by the Northrop Grumman Corporation, NASA Goddard, Ball Aerospace, and partners in academia, while the optical test and ground support equipment was manufactured by the Harris Corporation. Extensive models were also built to analyze everything from the mechanical and thermal configurations to the amount of stray light and contamination in the chamber. Shown here in the center is the CAD model of OTIS, and on the right is the thermal model based off of the CAD model. As you can see, the OTIS payload and GSE are cocooned within the helium shroud, which is itself then enveloped by the liquid nitrogen shroud and the Chamber A wall. This ensures that the correct pressure and temperature are achieved for test. 
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JWST OTIS CV Test Setup: Inside the Helium Shroud

+V3+V2

+V1

Center of Curvature Optical 
Assembly (CoCOA)

OTIS Payload

Aft Optics Subsystem 
Source Plate Assembly 
(ASPA)

GSE Helium 
Cryocooler

Chase

Spacecraft Vehicle 
Thermal Simulator 

(SVTS)

L5 Sunshield 
Simulator

Photogrammetry 
Cameras (PGs)

Upper Support Frame 
(USF)

Telescoping Rods

Auto-Collimating 
Flats (ACFs)

Hardpoint and Offload 
Support Structure (HOSS)

ISIM Deep Space 
Environment Radiator 
Sinks (ISIM DSERS)

ISIM Electronics 
Compartment Deep Space 

Environment Radiator 
Sink (IEC DSER) 

LEGEND
GSE = Ground 

Support Equipment

Optical GSE
Mechanical GSE

Thermal GSE
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Presenter
Presentation Notes
Now, let’s delve into the details of the test setup inside the helium shroud. At the top of the helium shroud is a suite of optical test equipment to measure the shape of the primary mirror and ensure that it achieves the intended shape at cryogenic operational temperatures. We also account for gravity when we determine the correct shape. The optical test equipment suite includes the Center of Curvature Optical Assembly or CoCOA, which is an interferometer to measure the curvature of the mirrors; the auto-collimating flats or ACFs, three mirrors which allow for crosscheck of the primary mirror and secondary mirror alignment and functionality of the entire OTIS optical path; and the photogrammetry cameras or PGs, which are responsible for taking spatial measurements of the test configuration. The OTIS payload itself is supported by the Hardpoint and Offload Support Structure, or HOSS. To provide isolation from vibrations on the ground, the HOSS is suspended from the ceiling of the chamber via six rods: these are denoted as down rods from the chamber to the USF, and telescoping rods from the USF to the HOSS. Moving in closer proximity to the OTIS payload, the Space Vehicle Thermal Simulator or SVTS simulates the correct heat loads of the JWST spacecraft and harnesses in the absence of the final flight spacecraft bus and sunshield. A truncated Layer-5 or L5 sunshield simulator is meant for flight-like reflections on the payload. Furthermore, a GSE cryocooler is meant to provide refrigerant through a chase at the right temperature to the MIRI instrument. Mounted on frames from the helium shroud floor, a series of extremely high emissivity radiator surfaces known as the Deep Space Environment Radiators or D-S-E-R-s, commonly referred to as the “Dee-SERs”, provide localized cold sinks for both the ISIM instruments and the ISIM electronics compartment, or IEC, and allow for separate radiative control of these components. 
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JWST OTIS CV Test Setup: Payload Configuration

Primary Mirror Segment Assemblies 
(PMSAs) (18 total)

Primary Mirror Backplane Support 
Structure (PMBSS) = 
Backplane (BP) + Backplane Support 
Fixture (BSF)

Integrated Science Instrument Module (ISIM), which 
contains the NIRSpec, NIRCam, FGS, and MIRI 
Instruments

ISIM Electronics Compartment (IEC)
(ROOM TEMPERATURE)

Deployable Tower Assembly (DTA)

Secondary Mirror Assembly (SMA)

Aft Optics Subsystem (AOS): 
Contains Tertiary Mirror (TM) and 

Fine Steering Mirror (FSM)

Secondary Mirror Support Structure 
(SMSS)

+V2

+V3

+V1

Harness Radiator (HR)

Thermal Management System (TMS)

Secondary Mirror (SM) Optical Path

Primary 
Mirrors 

(PMs,18)

TM

FSM

ISIM
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Presenter
Presentation Notes
Let’s look further into the payload itself. First, we’ll follow the optical path to the science instruments: light travels from the 18 hexagonal primary mirror segment assemblies, or PMSAs, to the secondary mirror or SM, supported by a tripodal Secondary Mirror Support Structure or SMSS. Then, light enters the aft optics subsystem or AOS and bounces off the tertiary mirror or TM and fine steering mirror or FSM. From the FSM, it progresses into the ISIM enclosure, where each instrument has a pick-off mirror to obtain the signal from the primary optical path. Outside the ISIM, the primary mirror backplane support structure, P-M-B-S-S or often referred to as the “Pim-Biss” is the large composite structure that holds both ISIM and OTE together, consisting of two parts: the backplane or BP which holds all of the primary mirror segments, and backplane support fixture or BSF which structurally supports the BP and ISIM. The deployable tower assembly or DTA stands off this entire assembly from the spacecraft, while the thermal management system or TMS prevents excess heat emitted by the spacecraft from affecting the science instruments. Finally, the IEC, which contains all of the companion electronics boxes to the instruments, is held by the BSF on the –V1 side of OTIS. Note that since the instrument electronics need to be held around 278K-288K to operate, as mentioned earlier, this makes for an extremely challenging thermal problem of having room temperature components on a cryogenic telescope. To deal with heat rejection from the IEC, a specialized Harness Radiator was designed to cool electrical wires as they traveled from the IEC to the instruments and limit conductive heat transfer, while a series of baffles were installed on the IEC radiator to ensure that the radiative heat rejected doesn’t impinge back onto OTIS. Also, due to the large range of operational component temperatures between the room-temperature IEC and the cryogenic optics and PMBSS, careful coordination of cooldown and warmup procedures is required to prevent moisture and particulate contamination from one component to another. 
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FSM Baseplate Contamination 
Control Heater (flight)

SVTS Heater Plates 
control “Core” 

Environment (GSE)

HOSS Cooled through 
helium line (GSE)

IEC DSER controllable through 
individual helium zone (GSE)

ISIM DSERS (+V2, -V2, 
+V3, -V1, HR) in one 
Helium zone (GSE)

ISIM contains multiple 
instrument bench and 
trim heaters (flight): 
NIRSpec OA, NIRSpec
FPA, NIRCam, FGS, MIRI

ISIM Precool Straps 
controllable through 
individual helium zone 
(GSE)

DTA Wagon Wheel 
Heaters maintain DTA 

base at 295K (GSE)

MIRI GSE Cryocooler to 
provide cold sink 

ISIM Precool Strap 
zero-Q heaters for 
cryo-balance (GSE)IEC contains suite of 

control heaters for the 
instrument electronics 

boxes (flight)

SMA Delta Frame warmup 
Heater (GSE)

TM Sub-bench Warmup 
Heater (GSE)

BSF Hardpoint Strut zero-Q 
heaters control Payload/GSE 

interface (GSE)

Red: Heater Controlled
Blue: Helium Controlled

OTIS Thermal Control Hardware [6]

For payload: 836 flight sensors, 
171 test sensors

(many more test sensors for GSE)
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Presenter
Presentation Notes
Now that we’ve gone through a quick overview of the OTIS payload components, the next question to ask is: how did we control the payload to its desired operational temperatures during test? The answer is that a whole suite of GSE was built to simulate the correct heat sources and sinks as in flight. The picture shown in this slide displays all red items as heater controlled and blue items as gaseous helium cooled. There are GSE heaters at the base of the DTA and on the SVTS to simulate the correct thermal environment in the absence of the spacecraft. The SM, TM, and FSM all have warmup heaters to accelerate temperature transitions as well as control these components with respect to limits and constraints, but none of these heaters are directly mounted onto the mirror surface to prevent any distortion of mirror optics; this therefore only allows indirect control through radiative heating, with significant inefficiencies and time lags in its influence on mirror temperature and behavior. The instruments each contain multiple optical bench and trim heaters to control their thermal response in transition and during operations. As radiative heat transfer becomes less effective at cryogenic temperatures, each instrument is also connected to its own GSE “precool” strap to accelerate heat removal via conduction and save test time. However, there are also “zero-Q” heaters at the precool strap interfaces to the flight payload to make these interfaces thermally adiabatic and therefore non-conducting, so that the payload can be thermally “floated” from any GSE influences during thermal balances. A pair of sensors mounted on the last segment of each instrument heat strap before it interfaces with the radiator acts as a “Q-meter” to precision measure in-situ the heat flow from the instruments and ensure the straps are transporting the expected amount of heat to their radiators. In addition, the structural supports from the HOSS to the payload have zero-Q heaters as well to isothermalize their interface to the BSF. On the helium gas-controlled side, the MIRI instrument has its own GSE cryocooler line to allow it to reach 6K. We also have DSERS, as mentioned earlier, to provide the correct thermal sinks. There are a series of DSER panels connected around the ISIM, and the IEC has a separate DSER panel to cool it for ambient testing and to ensure that in the event of an emergency, this panel can be rapidly heated to secure the room-temperature components inside. 
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GSE Considerations for the Cryogenic Test 
Environment [7]

 A robust thermal instrumentation plan was developed with 
multiple systems to rigorously interpret cryogenic test 
results

– Calibrated diodes, precise data acquisition units for 
accuracy/resolution through range of test temperatures

– Radiometers to measure localized heat sources
– Calorimeters for understanding radiative boundaries and icing

 Thermal balance test required precise control of boundary 
heat leaks on the mW scale, and optical / instrument tests 
required management of stray light entering optical path

– Stationary penetrations on Helium shroud closed out with single 
layer insulation (SLI) or multi-layer insulation (MLI)

– Specialized systems of light-tight baffles, shell structures, and MLI 
used for shroud penetrations which moved due to cryo-shift (e.g. 
Down / Telescoping Rods) or mechanism operations (e.g. 
photogrammetry cameras)

– Harnessing from external environment was anchored to increasingly 
colder thermal sinks to reduce stray light into chamber

Screenshot of Harris TTS 
Data Acquisition System 

Source: Harris Corp. 

Closeout of Down Rods
Source: Harris Corp. 

Presenter
Presentation Notes
Aside from the hardware needed to thermally control test articles, how do we also ensure that the data we’re gathering from the test at these cryogenic temperatures is accurate, and how do we isolate the test to make sure that we are free from room-temperature environmental influences outside of the chamber? A multi-year effort was undertaken by our partners at Harris Corporation to develop a robust thermal instrumentation plan with multiple systems to interpret cryogenic test results. Extensive effort was spent to ensure the calibrated diodes for measuring temperatures and data acquisition units reading them would provide the desired accuracy and resolution for our entire range of test temperatures, from above 300K to below 20K. This was complimented with radiometers that could measure localized heat sources to high sensitivity and confirm that there wasn’t too much heat from the environment making its way into the chamber. A further contingent of simple calorimeters independent of mounting technique was used to understand our radiative boundaries and if there was icing on the chamber walls or other surfaces. All of these results were monitored through the Thermal Test Set or TTS data acquisition system, developed by the Harris Corporation. 

Since our thermal balance test required precise control of any heat leaks down to the milli-Watt scale, and our suite of optical and instrument tests required careful management of the stray light entering the payload’s optical path, additional considerations had to be made for hardware which entered the test environment through penetrations in the pressure vessel, the liquid nitrogen shroud and the gaseous helium shroud. Stationary penetrations were closed out with single-layer to prevent heat leaks and stray light. Moveable penetration closeouts were also needed due to two distinct reasons: one, that components in the chamber move relative to others due to their material properties and the amount of shrinkage they experience at cryogenic temperatures; and two, that certain components intended for optical metrology operations, such as the photogrammetry cameras, were actuated with mechanisms and had a large range of motion. An extensive effort was taken to design these closeouts, including such features as light-tight baffles and shell structures to ensure that these components could move as intended without any obstruction and without letting any light or heat into the test environment. Moreover, any electrical harness cables entering the chamber needed to reach below 50K to reduce stray light; these harnesses were anchored to successively colder thermal sinks as they traveled through from the pressure vessel to the interior of the helium shroud to reach their goal temperature. 
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How Did We Prepare for OTIS?

Major ISIM Element Thermal Vacuum/Thermal Balance Tests (SES Chamber, NASA GSFC) [8]

Helium Shroud 
Acceptance Test

Chamber 
Certification Test

ISIM Structure 
Cryoset Test

ISIM Structure 
Cryoproof Test

OSIM Cryo-Cal 
Test 1

OSIM Cryo-Cal 
Test 2

ISIM Element Cryo-
Vacuum Tests (x3)

OTISMajor OTE Thermal Vacuum/Thermal Balance Tests (Chamber A, NASA JSC) [9-12]

2008 March 2010 May 2010 November 2010 August 2012 May 2013 CV1: Sep-Nov 2013
CV2: Jun-Oct 2014

CV3: Nov 2015 - Feb 2016  

OTIS Analytical Models: 
• Contamination
• Cryocooler
• Mechanical / Dynamics
• Optical / Stray Light
• Spacecraft Sim / Software
• Thermal
• Thermal Distortion

Multi-year Development / Iterative Process

Oct 2014 June 2015 Sep-Oct 2015 Sep-Oct 2016

Jul-Oct 2017

Image Sources: NASA/JWST

Presenter
Presentation Notes
Finally, a huge part of our preparation for OTIS was how we convinced ourselves that we could successfully execute this landmark system-level test. A long series of test campaigns preceded OTIS to place the hardware at various stages of assembly through the rigors of environmental testing, as well as practice for the OTIS test itself. On the ISIM side, we began testing since 2008 to complete the ISIM subsystem-level verification. We built a custom helium shroud to fit inside the Space Environment Simulator or SES chamber at NASA Goddard and tested it with dummy ISIM components from 2008-2010 to ensure that we could achieve the correct environment and successfully cool the flight hardware. ISIM also required an optical simulator, or OSIM, to take the place of the OTE and generate the optical signal for the instruments. Two tests in 2012 and 2013 performed a cryogenic calibration of the OSIM and made sure that it was generating the correct signal. Then finally, a series of three ISIM element cryo-vacuum tests, each longer than 100 days, cooled the flight ISIM structure and instruments in successively more complete configurations and verified their function. These occurred between September 2013 and February 2016. The ISIM team tested through blizzards, lightning strikes, and government shutdowns to complete this test series. 

On the OTE side, Johnson’s Chamber A went through a chamber commissioning test in 2014 to make sure that the helium shroud system worked to provide the correct environment for OTIS. In 2015, we had two Optical GSE or OGSE tests with a pathfinder structure to verify that the optical test equipment produced the signals we desired, and in 2016 we had a thermal pathfinder test to ground our OTIS thermal test duration predictions and verify that it reflected the reality of the hardware. Experience gained from both the ISIM and OTE test series fed directly into OTIS. Finally, as mentioned earlier, countless numbers of engineers and analysts contributed to multiple subsystem models for OTIS to make sure we understood the test configuration through every discipline and every scenario. Years of extensive modeling ensured that when we executed OTIS, we did it right the first time. 
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What Are Our Requirements?

Constraints are put in place to avoid actions, conditions, or events, which if realized, will result 
in damage to flight hardware.

Limitations are put in place to avoid actions, conditions, or events, which have the potential for 
temporarily impacting performance or resulting in loss of test time.

 For the Thermal Subsystem, there were 84 constraints and 8 limitations out of more 
than 1,000 total for the OTIS test

– Most thermal constraints and limitations were designed to avoid contamination, overstressing of 
structural elements and instruments.  They defined absolute temperature limits, rates of change, 
gradients within structures, instruments, and temperature relationships between instruments, optics, 
thermal boundaries, usage of heaters 

 The OTIS thermal team installed alarms to monitor and prevent any exceedances of 
L&Cs

– Separate monitoring systems were used for flight and GSE sensors
– FUSION, an in-house system developed at NASA GSFC, was employed to visualize both flight and 

GSE sensor data as it pertained to thermal-specific L&Cs
– An alarm limit philosophy was developed to provide margin and time to respond on components 

which had L&Cs levied against them, but which did have sensors to directly measure their 
temperature against L&Cs

Presenter
Presentation Notes
Now getting to executing OTIS, what are our requirements for this system-level test? You may have heard the term limitations and constraints used earlier in this lecture. The OTIS CV test had both, but what’s the difference between these terms? Well, constraints are defined as requirements put in place to avoid actions, conditions, or events which will result in permanent damage to flight hardware. Limitations, on the other hand, avoid actions, conditions or events which have the potential to temporarily impact performance or result in loss of test time. For thermal, we had 84 total constraints and eight limitations, selected out of more than 1,000 for all subsystems. These were temperature and rate limits, as well as spatial delta-temperature requirements. They sought to limit the amount of contamination impacting sensitive components and preserve its structural integrity. The OTIS thermal team also installed over 1,000 thermal sensors and corresponding alarms in monitoring software to prevent any exceedances of these L&Cs. Though flight and GSE data was obtained through separate data acquisition systems, a Goddard in-house program called Fusion was especially made for the JWST test campaign to parse and plot the both data sets in metrics that would be critical for thermal monitoring. In addition, substantial margins were added to limits to allow time for test operators to respond to exceedances before any equipment damage. This was especially crucial for OTIS, since, despite the large number of sensors, some components which had L&Cs levied against them could not have thermal sensors mounted to them due to their inaccessibility in location, fear of impacting the optical geometry, or other reasons.
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Full OTIS Predicted Profile

Cooldown (33 Days) Cryo-Stable (20.9 days)Pre-Cryo
Warm Vac
(6.5 days)

Thermal
Balance

(5.2 Days)

Warmup (23 Days) Post-Cryo
Warm Vac
(3.8 days)

Source: NASA/JWST

Presenter
Presentation Notes
Respecting these requirements, multiple iterations of thermal analyses were performed to obtain the most optimized profile for performing the OTIS cryo-vacuum test while keeping all components safe. Shown here is the final pre-test thermal profile used for the OTIS test. This profile dictates how the “knobs to turn” should be operated during each phase of the test, as well as shows the resultant response of the major components to changes in its environment. We will discuss more on how we developed this profile in the next lecture. 
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Part I Summary 

 In this lecture, we reviewed the mission of James Webb Space Telescope’s 
OTIS element and its thermal architecture

– Science objectives for OTIS
– Constituent components (flight and GSE)
– Justification for and method of thermal vacuum testing
– Thermal test objectives and requirements

 In the next lecture, we will focus on the development of the thermal test 
methodology via thermal analysis

– Assembly of OTIS system-level model
– Test profile generation via limit and constraint “feedback loop”
– Accommodations for contamination and structural concerns

Presenter
Presentation Notes
In summary, for Part I, we reviewed the mission of JWST’s OTIS system and its associated thermal architecture. An overview of the science objectives for OTIS was presented before delving into a detailed engineering discussion of the OTIS vacuum test setup, including a description of the constituent components of OTIS. We spoke about the justification for why we want to perform thermal testing on our system, as well as the method for doing so. This culminated in a set of thermal test requirements reflecting the objectives defined earlier. 

In the next lecture, we will talk about the development of the OTIS cryo-vacuum test methodology via thermal analysis. We will explore how the system-level OTIS thermal model was developed, and how the thermal test profile was developed iteratively with a limit and constraint feedback loop. Finally, we will discuss the accommodations that the thermal team made for contamination and structural concerns on the payload. 
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Reference: Acronyms (Page 1)

Acronym Definition Acronym Definition
AOS Aft Optical System ESA European Space Agency

ACF Auto-Collimating Flat FGS Fine Guidance Sensor

ADIR Aft Deployable ISIM Radiator FIR Fixed ISIM Radiator

ASPA Aft Optical System Source Plate Assembly FPA Focal Plane Arrays

BP Back Plane FSM Fine Steering Mirror

BSF Backplane Support Fixture GSE Ground Support Equipment

CoCOA Center of Curvature Optical Assembly GSFC NASA Goddard Space Flight Center

CPP Cryo-Pumping Panels, cold panels between the Helium 
and LN2 shrouds at NASA JSC HOSS Hardpoint and Offload Support Structure

CSA Canadian Space Agency IEC ISIM Electronics Compartment

CTE Coefficient of thermal expansion IR Infrared

CV Cryogenic Vacuum ISIM Integrated Science Instrument Module, which contains 
the Science Instruments (SIs)

ΔT, Δt Change in temperature; change in time JSC NASA Johnson Space Center

DTA Deployable Tower Assembly JWST James Webb Space Telescope

DSERS Deep Space Environment Radiative Sink K Kelvin

EC European Consortium L&Cs Limits and Constraints

Presenter
Presentation Notes
The following two slides contain the list of acronyms used in this lecture series. 
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Reference: Acronyms (Page 2)

Acronym Definition Acronym Definition
L5 Layer 5 Sunshield simulator POM Instrument Pick-Off Mirror
LN2, N2 Liquid Nitrogen; Gaseous Nitrogen PM Primary Mirror(s)
LRM Launch Release Mechanism PMSA Primary Mirror Segment Assembly

MIRI Mid-Infrared Instrument PMBSS Primary Mirror Backplane Support Structure 
(BSF + BP)

MLI Multi-Layer Insulation Q Heat

NASA National Aeronautics and Space Administration SI Science Instrument

NGAS Northrop Grumman Aerospace Systems SINDA Systems Improved Numerical Differential Analyzer 
modeling tool

NIRCam Near-Infrared Camera Instrument SM Secondary Mirror

NIRSpec Near-Infrared Spectrograph Instrument SMA Secondary Mirror Assembly

OA Optical Assembly SMSS Secondary Mirror Support Structure

OGSE Optical Ground Support Equipment, a series of pre-
OTIS Optical pathfinder tests SVTS Space Vehicle thermal Simulator

OTE Optical Telescope Element TM Tertiary Mirror

OTIS Optical Telescope Element plus Integrated Science
Instrument Module (OTE + ISIM) TPF Thermal Pathfinder test

PG PhotoGrammetry cameras W Watt(s)
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