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In 2017, the James Webb Space Telescope (JWST) underwent functional testing and
optical metrology verification of the combined Optical Telescope Ement and Integrated
Science Instrument Module (OTIS) under cryogenic vacuum conditions in Chamber A at the
Johnson Space Center. Maintaining flightlike thermal boundary conditions was a critical
requirement for optical testing and required unique and challenging Ground Support
Equipment (GSE) design solutions. Two such GSE systems, the Integrated Science Insteumt
Module (ISIM) Precool Straps and the Hardpoint Struts were direct conduction interfaces to
the flight hardware. Hardware safety during cooldown required detailed design of their
FRQGXFWLYLW\ DQG WKHUPDO E BO DQFHeatdf imhpldvhe@atiodtd TXLUHG F]HUR
bring the heat flow to zero, therebycutting off these nonflight conductive links after operating
temperatures were achieved. This paper describes the design considerations and approach
implemented to achieve the required flight hardwarecool down and return to ambient
conditions, ensure flight hardware safety, and minimize the nosflight -like heat flowsto or
from the observatory during cryo-stable testing.

Nomenclature

A = area

e = emissivity

k = thermal conductivity
L = length

Q =
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In the above equation, k is the therm. '
conductivity of the flexure as a function o

the average temperature of the flexure. The

term is a constant determined from tt
mechanical drawing for the flexur®. 4 is
the temperature of the saverag as
calculated by the average of the primary a
redundant temperature senso6s.- is the
temperature of the top of the strut.

This heat flow calculation is
conservativebecause while the temperatur
sensors are located on the saver plate ¢
composite tube, Equation (1) uses only tl
flexure conductivity. Figure5 illustrates the
flexure (in green) and the difference betwet
the actual sensor locations at# assumed
sensor locations used in the heat flo
calculation. Equation (1) ignores the I
additional thermal resistances of the bondii
adhesives, fittings, threaded connectior
and contact resistances between compone
On thelower end of the flexureheat must
conduct axially through the strut, then
diametrically through the composite strut body and the threa
insert that accepts the flexure. On the payload side of the flex
heat must conduct along the invar saver plate then through
sphericalflexure interface before it reaches the assumed sel
location.

When MLI blankets are very thick, they have the potential to
as parallel heat paths to add to the condu@mnss an interfacén
this thermallysensitive designa thermal short across the flexure 1
the interface would make the heat flow calcaatincorrect, and
yield lower values than reality. To mitigate this potential heat ps
the strut blankets were placesich that theyshielded the strut
flexure, but stopped short of the saver platensure thee was no
contact to neither the saver mator flexure, and couldot be a
conductive pathAdditionally, a gap between the inner layer of tt
EODQNHW DQG WKH VWUXW FDQ UHVX
axially along the tube. To reduce tunneling risk, the inner layel
MLI was bare Kapto which absorbs the axial radiated heat transi

B. Cooldown and Cryo-stability

The saver plates and struts were allovegoassivelycool during
cooldown with the assistance of the conduction path through
GSE strutThe 3Q heaters were activatesce he monopod saver
plates reache@5K, on 8/5. Critical thermal distortion testing was |
progress whenhe bipod saver plateseached 65K, so the-Q
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Figure 4. Hardpoint Strut and 0-Q Assembly Telemetry
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Figure 5. Strut-Saver Plate Flexure and
sensor locations

activation was delayed until 8/12, when the optical test completed.

After the GQ heaters were activateddatine conduction path along the strut removed, the saver plates isothermalized

with the flightBackplane Support Fixturd3GF) structure and experienced a minor increase in temperature. For the

duration of cooldown after-Q activation and crystability the saver plates were cedlalongwith the BSF structure.
Figure 6 shows theactivationand tuningof the mongod (MHP) and bpod (BHP) strut 0-Q system The GQ

control wa semiautomated, théest set computer s#ie heater setpoint based on a user supplied ofiset the

current Saver Plate temperature every 2 mindtbs offset was used wompensate for the gradient along the strut
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length from the top flexre location to the heater location at the bottom of the gttaihe start of the @ process, the
initial offset was chosen based on data fritve Thermal Pathfinder developmeastand the strugradients at the
time. A conservative estimate e8K offset was chosen for all the Bipod struts, this left room for at least one offset
adjustment to be made without fear of overshooting the saver plate. Once theBiKitéflset was sufficiently stable,
the offset was changed 16 for all the Bipods. Aftestabilizing, the temperature gradient across the strut flexure was
calculated for both the8 and the 5 offsets. A linar fit was made foeach pair of pointdp estimatea heater offset
that would drive the flexure gradient to zero. Given this estinthéenext offsets for each strut were chosen to land
on the trend line at approximately 1/3 of the current measured flexure gradient. This process was repeated several
times until the flexure gradient was within the acceptable range as defined by tHeweaaguirementsThese
adjustments to the offset are apparent when comparing the number of steps required to reach the specification limits
between the mapod struts and bipod strutshigure6.

Once the heat flow was stable and within requirements, changes in heat flow due to activities outside of the strut
saver plate system such@seration ofwarm optical equipmenvere managed by the thermal engineer usimgll
changes in offset based previous change data and engineejuttgement.
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Figure 6. Hardpoint struts heat flow during 0-Q tuning for bipods (BHP) 1-4 and monopods (MHP) %2.

lll.  Precool Straps

A significant difference between théight and testing environments wahe cooldown timeline. After the
hardware temperatures cool below 10€4€ radiative heat transfer off the surfaces greatly diminishes, due td the T
term in the heatransferequatio:

3 /EL Aw_bg_rﬁmn_apc (2)

Figure7 shows a representation of ttiep-off in the contribution to the he#itix as the temperature drops down
below 100K. At that point, the heat contribution is 98% less than at 300K. In the flight condition, this is not a concern
due to the tne it takes for the observatory to reachlifs destination. However, for a thermal vacutest, an
accelerated cooldown wadesired to optimize schedule and cost. This helps to reinforce the point that some
contribution of conduction, even if it is smatlr@om temperature, can become a significaatieof heat transfer at
cryogenic temperature$he science instruments are nested and thermally isolated behind the primary mirror array,
and are thermally coupled to cryogenic radiators with a view to sipeite2 OTIS test, DSERS weenused to simulate

5
International Conference on Environmental Systems



this space viewAs the temperatures decredsthe
radiators heat rejection decredsewith the
temperature ratslowing downdramaticallybefore
reaching theapproximatetarget temperature of 4C

K. The ISIM precool strapsare a GSE subsystem £ 10 "..
thatwas used to assist toeoldown as the radiative 2 1 e,
mode of hat transfer became ineffective bging a 75 %
GHe flow line as a cold sink. 01 .
As the instruments reached their targ 0.01 .
temperatures, heaters on the -po®l strap
assemblies were used to prevent the heat fr 0.001
continuing to flow down through the strap b 302502000 150 100 50 0
warming the strap to elimittie the temperature Temperature {K)
gradient. When this temperature gradientisreduc ~ Figure 7. Potential radiative energy versus
WKH KHDW FRQGXFWLRQ LV V temperature.

WKH 4

The precool strapsonductivelyinterface at one end to the DSERS pareeligh emissivityGSE radiator heat
sink for OTIS which are shown ifrigurel. These DSERS panels are actively cooled by GHE and act primarily as a
heat sink for the ISIM radiators, but also support thecpia strap assemblies.h€ other enslof the precool straps
attachto the radiator enadf the ISIM heat strapAttachment features for the poeol straps were baselined into the
flight strap design early in the program to accommodate thequieconcept aitipated at OTISThe design is
common across all 5 pieool straps, irrespective of thestrumenteach attaches to. These instruments are the
NIRCam, NIRSpec FPA, NIRSpec OA, FGS and MiIRIgure 8 (a) shows an OTIS view which includes the
Backplane Support Fixture (BSF), ISIM frame, Fixed ISIM Radiator (FIR), and the Aft Deployable ISIM Radiator

(ADIR). Figure8 (b) shows the NIRSpec FPA and FG©
cooling blocks, with the preool strap interface aree
indicated by the dashed lineShree of the preool
straps interface to the straps on the FIR radiator and
supported by the +VBSERS panel, and two of the
pre-cool straps interface to the straps on the AD
radiator and are supported by the ADIR DSERS par
The precool strap assemblgttached to the flight
locations by a flexible, high purity aluminum stray
The design was requirdd accommodatehe relative
motion between OTISuspended in the chamber fc
optical testingand the fixed DSERS, to provide
vibration isolation,as well & provide conductance tc
the 0Q heater and the heat sink. On the other end (C
side) of the flexible strap, the poeol mountattached
to the backside of the DSERS panefsich acedas a
sink to GHe The precool strap assembly component
are shown irFigure9. The flexible strap wabolted to
a stainless steel heateonnector plate (pink), which
was connected to the-Q cartridge heaters, whict
servel as a prime andedundat heat source. TheQ
heaterconnected to the DSERS panel by a hea
isolator (yellow), a stainless steel support whi
ensur@ positive heater control. The supplement
cooling line (blue)wvas welded to a stainless steel pla
(green), and seed as the primary cold sink for the hee
flow from ISIM during test cooldownonly. A stainkess
steel heat throttle (gray) wadesigned to ensure thi
proper conduction path from the GHe line to tt
flexible strap,which balaned the goals of effective
heat trasfer for cooldown, while keeping parasitic hea.
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Figure 8. (a) OTIS view with flight heat straps

highlighted and (b) interface locations outlined.



losses low during the-Q mode at crysstablity.
The GHe plate and tubing waupported off the
DSERS panel by a low conductionlG isolator
(orange) To cut down on the radiative heat los
from the assemblyboth the DSERS mountec
componentsas well as the flexiblestrap were
wrapped in a VDA surface finisBingle Layer
Insulation SLI).

All five pre-cool straps are supplied with GH:
throughthe JSC facilityZone 8, with flow being
sequential through NIRCam, IRSpec FPA,
NIRSpec OA, FGS, and to MIRIThe 0Q
function of the straps veaperformed by shutting
down the GHe flow, and using the( heater to
drive the gradient across the flexakdtrap to zero.
This gradient w&/ PHDVXUHG E\ W
temperaturen the flexible strap at the end bloc
connected to the flight radiator, minus th
IMXQFWLRQ- WHPSHUDWXUH
block connected to the heater connector plate. 1
pre-cool strap design, with both heater and cc
sink components allogd for it to remove heat, Figure 9. Pre-cool assembly attachment to DSERS panel.
add heat, and cut off heat flow to the flight
radiators

A. Cooldown Performance

The cooldown approach for the pomol straps was to passively cool dowithout GHeflowing until the ISIM
instruments cooletb belowthe contaminatiorsensitive temperature rangehich is <160K. GHe flow to the pre
cool strapsvas started on 7/24/2017, so that the instruments could be assisted in the cooldown by the conductive link
from the precool straps. While the preool straps were cooling, th&IM instrument benches temperatures were
monitored as they cooled to the nominal operating temperatures. As each instrument bench temperatuits reached
contaminatiorconstrained temperature @perating temperature, the pgreol strap 6Q heaters were peered to drive
the temperature gradient across the flexible strap to zero. To do this, the automatecbh&atevas set up for the
pre-cool straps to automatically make the heater setpoint equal to the interface sensor on the strap near the radiator,
plus an offseto account for the temperature change from the heater to the strap juiittionghout the test, the
offsets were adjusted as necessary to achieve theetstiowgoals.

Figure10 shows the cooldown from 7/13 to 8/23/2017, showing temperatures on the left axis,-andl @teap
gradients on the right. During the ambient checkout activities that occurred until 7/21, the chanduedgedo the
LN2 flow to the scavenger panel assemblies. As the shroud started the formal GHe cooldowrgdabkegtraps had
temperature gradients that had the junction temperature greater than the interface temperatee afthisuted to
the radator starting to cool radiatively to the DSERS panels before the GHe flow was opened tecihal gteaps.
Once the GHe flow for Zone 8 was started, the junction temperature on toegbrstraps cooled below the
temperature of the radiator interfacpslling heat out of the science instruments. The GHe flow was opened on 7/24
by moving the flow valve to 50% open. Throughout cooldown, the ISIM bench heaters were used to control the
instrument cooldowrincluding a tempexture hold which ended on 8/2 dperate withirstructural and contamination
control constraints.
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Figure 10. Cooldown profile for ISIM benches (dashed) and precool strap gradient.

On 8/11 the NIRSpec FPA popol strap 6Q heater was enabled to stem the heat flow from the instrument down
the strap, to reduce risk of overcooling the instrument. Theinsixtimentgo start the 6Q heatersvere the MIRI
and NIRCam on 8/15, then théREpec OA instrument on 8/17. After turning on the NIRSpec @jfnction when
the instrument reached 40.0K, it was decided to let the instrument cool another degree before perQrmingré
the strap gradient was minimized. The FGS strap was therlagb 0Q, which started on 8/19 after the instrument
cooled below 38.0K.

B. Cryo-stability and Thermal Balance
For thecryo-stable and thermal

balance portion of testing, GHe 0.1
flow to zone 8 was gradually EZE Conductance Test MSA Annealing
closed, while adjustments to th 0.05 W
heater setpoint feedbacks wer — \(_kﬁ
made. These adjustments durir ?.. 0 sotrmmmemisii e st e
the period were typically setpoin g |
offset hhanges of 0.05K to 0.025K & -0.05 \
The measured heat flows for the & l |
duration of cryestability and T .01 [ " Thermal-
thermal balance areshown in Cryo-stable LW Ralance
Figure 11. For much of the test -0.15
phase, the heat flow was small, bi R o o o o o o
from 9/7 to 9/12 the payload oM v o oy oV ! oM
P ” Y 9 P O P!
thermal team requested the %\1'5" %\1%\' o™ gt 9\@\' ! !

cool strap heaters be used to pu

the radiator interfaces up to 40K s ——NIRCam ——NIRSpec FPA NIRSpec OA FGS ——MIRI

that the ISIM instruments could =

measure the MgHto-End (E2E)  Figure 11. Measured heat flow through precool straps for cryo-stable

thermal conductance for each ¢ and thermal balance period.
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the flight heat strap®uring this E2E testing, the NIRSpec FPA and FGS had a spike in heat flow as the instrument
heaters were adjusted for the t€x. 9/14, theNIRSpec OA heat strap began to remove heat while the otheopte
straps were in the-0
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