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ABSTRACT 

 
The JWST Optical Telescope Element (OTE) assembly is the largest optically stable infrared-optimized telescope 
currently being manufactured and assembled, and scheduled for launch in 2018. The JWST OTE is designed to be 
passively cooled and operate at near 45K. The critical core of OTE is the composite structure that supports 12 
Beryllium Primary Mirror Segment Assemblies (PMSA) at the Center Section (CS) and 6 additional PMSA at 2 
‘Wing’ sections that are hinged from the Center Section. The Backplane Support Frame (BSF) is a composite 
structure that is designed to support the telescope infrared science instruments. The combined CS and BSF make up 
the Primary Mirror Backplane Support Structure (PMBSS) that provides a stable platform, nearly motionless when 
subjected to temperature excursions of a few tenths of a degree Kelvin, and perfectly aligned between the telescope 
optical elements and the sensitive instruments during operations of the JWST. As a part of the cryogenic acceptance 
of these composite structures, the PMBSS and ‘Wings’, separately, have recently gone through two cryo-cycle tests, 
from normal ambient temperature to approximately 25K at NASA Marshall Space Flight Center (MSFC) X-Ray 
Calibration Facility (XRCF).  
 
This paper describes the PMBSS ‘Wings’ thermal model in the XRCF chamber environment. This thermal model 
was used to establish the pre-test chamber shroud cool-down rate that meets the absolute maximum allowable 
temperature gradients within the structures, developed by performing thermal stress analyses, in support of the 
project test schedule timeline. This paper also describes the use of gaseous helium during the cool-down in order to 
accelerate the cool-down rate by enhancing heat transfer between the test articles and the chamber shroud, especially 
at cryogenic temperatures where normal radiation heat transfer is dramatically reduced. The thermal models were 
used to provide inputs to thermal-stress analysis and this paper also describes an unique method of summarizing the 
local linear temperature gradients in terms of ‘delta’-temperatures per unit length (Kelvin-per-meter, K/m). 
Furthermore, this paper gives insights into the post-test model comparisons against the test results focusing briefly 
on the gaseous helium conductive heat transfer coefficients.  

Nomenclature 
ATK      = Alliant Techsystems 
BSF  = Backplane Support Frame 
CAD  = Computer Aided Design 
CS  = Center Section 
CTE  = Coefficient of Thermal Expansion 
FMHT = Free Molecular Heat Transfer 
GSE  = Ground Support Equipment 
GSFC  = NASA Goddard Space Flight Center 
JWST  = James Webb Space Telescope 
K   = Kelvin (unit of Temperature) 
K/m  = Kelvin per meter 
mK  = milli-Kelvin (unit of Temperature) 
MSFC  = Marshall Flight Space Center 
NASA = National Aeronautics and Space Administration 
NGAS = Northrop Grumman Aerospace Systems 
OTE  = Optical Telescope Element 
PMBSS = Primary Mirror Backplane Support Structure 
PMSA = Primary Mirror Segment Assembly  
µV  =  micro-Volt 
XRCF  = X-Ray Calibration Facility at NASA Marshall Space Flight Center 
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I. Introduction 
 

The James Webb Space Telescope (JWST) Primary Mirror Backplane Support Structure (PMBSS) ‘Wing’ sections 
have gone through the acceptance cryo-cycle test at the X-Ray Calibration Facility (XRCF) at NASA Marshall 
Space Flight Center (MSFC) from 06 April 2013 through 18 April 2013. The PMBSS was manufactured by ATK 
and fabricated using composite materials, chosen for their low coefficient of thermal expansions (CTE), stiffness at 
cryo-temperatures, and low density. As part of the pre-test activity, a thermal prediction was provided. The purposes 
of the pre-test thermal analysis were to predict the timeline of the test in order to support the project scheduling and 
to provide thermal gradient predictions in support of the thermal stress analysis that was provided by ATK. The rate 
of cool-down and warm up was driven by the maximum allowable temperature gradient based on the thermally 
induced stress analysis. The entire duration of the actual test was approximately 12 days long for 2 full temperature 
cycles as compared to 12.7 days as estimated at the pre-test thermal predictions where 4.45 days for cool-down and 
1.9 days for the warm-up, a combined sub-total of 6.35 days per cycle was originally provided. Though the overall 
duration timeline prediction was reasonably conservative, the temperature gradients predictions were not highly 
accurate at any given time. There were two studies and both were solely focused on the first cool-down portion of 
the test. The preliminary study was focused on evaluating the temperature differences among temperature sensors 
against the corresponding nodal locational predictions. The subsequent study focused more in depth pertaining to the 
absolute temperature predictions and the use of gaseous helium to enhance heat transfer at cryo-temperatures.  
 
Tests of space structures and hardware in vacuum at cryogenic temperatures have become more common as the 
desire for lower temperature space telescopes and experiments increases. The nature of radiative heat transfer, with 
its functional dependence on absolute temperature to the fourth power, renders it extremely ineffective at cooling 
this hardware to temperatures less than 50 to 100 Kelvin in a timely manner. To realize more reasonable test 
durations, helium gas is introduced to provide a direct conductive link between the (helium-cooled) shrouds and the 
hardware. Although frequently characterized as “Free-molecular Heat Transfer” (FMHT), generally the helium is 
added at such a pressure that the mechanism is actually a mixed mode of FMHT and gas continuum conduction. 
Since this is by far the rule in this situation, this paper is attempted to characterize the behavior of this mixed-mode 
behavior and provide guidance with regard to modeling it. 
 
The wing test was divided into two distinct regimes: (1) the radiation-only portion of the cool-down, and then (2) the 
cooling after the introduction of the gaseous helium. Considerable effort was put into regime 1 in an attempt to 
reduce model errors that might affect the investigation of regime 2. Several model refinements and corrections were 
made: 
 

• Diode locations were refined based on CAD information rather than the approximate locations noted at 
the time by test personnel. 

• The actual position of the wings in the test chamber was revised based on CAD information. 
• Shroud temperatures were refined by dividing them into segments roughly corresponding to the 

monitoring diodes on the shroud segments. 
• Model details, including the dimensions of some GSE (the supports) and invar fittings on the wings, were 

updated. 

With these fundamental changes, the RMS temperature error (difference between the model temperature and the 
measurement at 78 diode locations) was reduced from about 8K to approximately 2K for the radiation-only portion 
of the cooldown. This will be discussed further.  
 
For regime 2, it was quickly shown that the FMHT coefficient calculated from the temperature and pressure of the 
helium gas grossly overestimated the heat transfer in the model; a factor of about 1/5 this theoretical value provided 
the best correlation, where temperature predictions were mostly within 2.5K with a peak of 5K when compared 
against the test data. This is consistent with the heat transfer being “mixed-mode”. It was also demonstrated that if 
the FMHT was limited to a set of shrouds closest to the wings, the correlation was as good or better than with the 
full set, and the coefficient for best correlation rose to about 35% of the theoretical value. It is a contention that 
further refinement of the FMHT links based on the surface-to-surface distance would lead to better correlation and a 
coefficient close to the calculated value. This paper discusses how this might be accomplished in the model 
environment. 
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II. Test Setup  
 

The PMBSS wing sections, +V2 and –V2 wings, were placed on the helium cooled XRCF chamber rolling floor 
(using supports designed, built and installed by ATK), as depicted in Figure 1 below. The West-end pointing 
towards the chamber forward ‘intercept’ area, also refer to as the ‘snout’ while the East-end is facing towards the 
helium shrouded chamber door.  
 

 
 

Figure 1. Mechanical CAD model of the wing-section cryo-cycle test setup: Shown are the test articles and 
XRCF chamber floor. The XRCF chamber helium shroud not shown for clarity. 

 
 

A. XRCF Chamber cool-down environment  
 
Depicted in Figure 2 below are the actual measured chamber performances during the first cool-down of the wings 
cryo-cycle. Note that this figure includes the average helium shroud temperatures, the average chamber floor 
temperatures, the average ‘snout’ temperatures, and the chamber pressure (gauge reading, unadjusted for helium) 
plotted against the test date/time (local central time zone). These environments were used as boundary conditions for 
the model performance comparisons. 
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Figure 2. The average helium shroud temperature, the average chamber floor temperature, the average ‘snout’ 

temperatures, and the chamber pressure (gauge reading, unadjusted for helium) plotted against the test date/time  
(US local central time zone) 

 

B. Thermometry 
 

1. Temperature Sensors 
 
During the wings cryo-cycles, LakeShore DT-670 diodes were installed by ATK on the wings as a part of 
temperature measurements as depicted in Figures 3 and 4 below: Figure 3 shows the typical temperature sensor 
mounting configuration on the composite surfaces and Figure 4 shows the typical temperature sensor mounting 
configuration on the metallic surfaces. These figures illustrate a successful method of attaching thermal diodes over 
a full range of temperatures from a standard room temperature to a cryo-temperature of 23 Kelvin inclusive.  

XRCF Thermal zones 
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Figure 3 Typical temperature sensor mounting configuration on the composite surfaces. 

Thermal diodes were attached using an acrylic based pressure sensitive adhesive, between the diodes and the 
mounting surfaces, and Kapton®  over-tape.  

 

 
Figure 4. Typical temperature sensor mounting configuration on the metallic surfaces. 

 
 
Depicted in Figure 5 below are the locations of thermal diodes on –V2 wing. There are 40 sensors mounted on each 
wing. Figure 5 shows only the –V2 wing however, +V2 wing has the same sensor quantities and layout.  
 

 
 

Figure 5. –V2 Wing thermal diode locations and associated XRCF data acquisition system channel number.  
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2. Temperature Acquisition 
 
The LakeShore 218 data acquisition system was used during the wings cryo-cycle. Table 1 below illustrates the 
overall measurement accuracy for the thermometry system. 

XRCF has 150 Channels of Temperature Diode Data Acquisition System Using 
Lakeshore 218 Modules 

Measurement Resolution (µV) 20 µV internal 

Measurement Resolution (77K) 12 mK 

Electronic Accuracy ±160 µV 

Cal. Temperature Accuracy (77K) ±174 mK 

Lake Shore Tolerance Band* ±250 mK 

Summing Accuracy of Each DT670 ±424 mK 

RSS Accuracy of Each DT670 ±304 mK 

Table 1. PMBSS Wings Cryo-cycle Thermometry accuracy  
 
Depicted in Figure 6 below are the maximum gradients (depicted in red-dotted line viewed against left vertical axis) 
observed throughout the first cool-down portion of the test. This maximum gradient plot indicates the worst-case 
gradients that have existed at any 2 given points at a given time. The –V2 maximum gradient observed was plotted 
against the date/time along with the chamber pressure (black dash-dot-dot line viewed with right-vertical-axis) 
where a sharp increase in the chamber pressure denotes the introduction of gaseous helium into the chamber in order 
to enhance heat transfer to accelerate the rate of cool-down. 
 

 
 

Figure 6. The –V2 wing maximum gradients (depicted in red-dotted line viewed against left vertical axis) 
observed throughout the first cool-down portion of the test. This maximum gradient plot indicates the worst-

case gradients that have existed at any 2 given point at a given time. The –V2 maximum gradient observed 
was plotted against the date/time along with the chamber pressure (black dash-dot-dot line viewed with right-

vertical-axis). 
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As mentioned, the maximum gradient observed occurred at various paired locations on the –V2 wing at various 
times. This is an important factor to remember as the wings worst temperature differences did not occurred at the 
same paired location throughout the cool-down. This characteristic required substantial number of temperature 
sensors during the cryo-test to be sure to safeguard the flight hardware. The Figure 7 below illustrates the paired 
location that generated the maximum temperature gradient observed at various times. As an example, the 
temperature sensors associated with the paired data acquisition channels LK14_6 and LK7_7 caused the maximum 
gradient at the “Region 1” (denoted with a designator R1), the paired data acquisition channels LK15_8 and LK7_7 
caused the maximum gradient at the “Region 2” (denoted with a designator R2), etc. as depicted in Figure 7. Upon 
observing the maximum gradient plot, there are 10 ‘regions’ with 9 separate paired temperature sensors linked 
continuously to form the maximum overall plot as depicted in Figure 6 above. 
 

 
Figure 7. Paired locations that generated the maximum temperature gradients observed at various times. 

 
 
 

C. Pre-test Thermal Math Model 
 

The thermal math model was generated using a PMBSS thermal math model in the flight configuration. The heritage 
is based on the NGAS thermal model with the entire PMBSS, Center Section (CS) and wings inclusive. Only the 
wing sections were extracted from this heritage thermal model, including the surface, nodal and conductor data, to 
generate the XRCF cryo-cycle thermal test model. Up to this point in time the thermal model had not been test 
verified. The wing sections were placed above the surface representing the XRCF chamber floor while using the 
mechanical CAD model as a reference (see Figure 8 below). The thermal model coordinate system and the origin are 
consistent with the CAD model. 

 
 
 
 
 

R1 

R3 
R4 

R5 

R6 
R7 

R8 

R9 

R10 

R2 
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Figure 8. Thermal math model of the wing-section cryo-cycle test setup :  
Shown are the test articles, support GSE, and XRCF chamber floor (CAD model shown as a reference) 

 
The helium shroud and the chamber floor are represented with separate surface elements in order to provide 
independent boundary conditions during the temperature predictions. The chamber shroud, floor, ‘snout’, and 
forward window representations are illustrated in Figures 9 and 10 below. The boundary temperatures for the model 
were mirrored from the test data for the corresponding surfaces.  
 

 
Figure 9. Thermal math model of the wing-sections cryo-cycle test setup :  

Shown are the test articles, support GSE, and XRCF chamber floor 
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The chamber representations also include the optical window (see Figure 10 below) at the West-end in the ‘snout’ 
region. The vacuum-side facing surface of this optical window is gold coated with the emissivity value of 0.03. The 
optical window is also assumed to be heater controlled and kept at approximately 65 deg-F (291K) during the cryo-
cycle. 

 
Figure 10. Photo of the XRCF Forward intercept optical window 

 

III. Thermal Model Support to Thermal Stress Analysis  
 

Another purpose of thermal model prediction was to provide a data set for thermal stress analysis in order to 
establish an allowable gradient during the cool-down from the room temperature to the operating cryo- 
temperatures. In order to make the predictions useful and be meaningful during the test, a method was developed to 
visualize the linear gradient, ie: temperature differences per unit of length, behavior instead of simple temperature 
differences between two points. Figure 11 shows the absolute temperature difference between 2 nodes (red) and the 
temperature difference between those same 2 nodes divided by the distance between them (blue). The local gradient 
“hot spots” are not of concern since large joint to joint forces will not develop here. So even though the data shows 
gradients in the hundreds of K/m, they are in very localized, small spots; such as bonded joints between an invar 
fitting and a local composite feature, however, large areas having large gradients are of concern. Figure 11 shows 
numerous areas with gradients of order of 60K/m. This methodology, with due considerations to both a simple 
point-to-point temperature differences and linear gradient, provided ‘not-to-exceed’ maximum allowable 
temperature differences between any two paired temperature sensors during the cryo-test. Temperature maps of the 
wings were provided to ATK to perform stress analysis to develop the required allowable temperature differences of 
less than 30 Kelvin at any given time. 
 

 
Figure 11. Predicted temperature differences between two nodes and their corresponding linear temperature 

gradient of the wing sections. Note that the horizontal axis is not in any scales. 
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IV. Post-Test Thermal Model  

A. Radiation-only Cooldown 
 
The wings test was previously analyzed and a comparison was made between the pre-test prediction of the cooling 
rate and the actual rate. In addition, temperature differences between measurement points in the actual data were 
compared to the model; these differences provided a “stand-in” for actual gradients in the structure, which need to 
be limited to assure the integrity of the hardware. At this time, a true model correlation was not undertaken. 
 
It should be stated that the thermal model used for the wings was derived largely from an NGAS flight thermal 
model, which was built for other on-orbit steady state performance predictions. The importance of this fact is two-
fold: it was designed primarily for steady-state analysis, meaning that the thermal mass of the hardware was of only 
secondary concern, and level of complexity limits the accuracy of some of the model features relative to the actual 
hardware. This is particularly true of the Invar components, which are only coarsely modeled and the masses 
estimated. Importantly, many of the measurement diodes are placed on Invar components, making the influence of 
this model inaccuracy even greater. Indeed, some of the invar parts to which the diodes are mounted are not modeled 
at all (e.g. the PMSA fittings which interface the PMSA to the PMBSS) but were part of the test hardware. This 
provides a limit on the absolute level of correlation possible in this study. 
  
The Lakeshore diodes used for the temperature measurements on the hardware are accurately placed on the surface 
of the solids in this model, an example of which is shown in Figure 12. This 3-D information was then mapped into 
the wings thermal model, and a thermal model node was assigned to each of the 80 measurement diodes (40 on each 
wing). There were some limitations on the one-to-one correspondence, primarily resulting from diode placement on 
features that were either coarsely modeled or not present in the thermal model; in this case, a node was selected that 
would best represent the temperature at the measurement location. It should be noted here that about 20% of the 
diode locations (and the associated model nodes) were changed significantly from the preliminary wings analysis 
work, where a similar mapping took place, but based on the pre-test in situ observed diode positions, which were 
less accurate. 
 

 
 

Figure 12 - Example of diode placement on wings solid model 
 
Once the mapping of the diode locations to node locations was complete, model correlation began. The process was 
started where the previous work left off, i.e. with the model parameters and physical and optical properties. Two 
fundamental measures of the quality of the correlation were created and used throughout this work: (1) The average 
error between the model and the data, and (2) the RMS error between model and data. In all cases, temperatures 
from 78 diodes (2 diodes failed at some point during the test, so were excluded from the data for consistency) were 
subtracted from the model temperature at the corresponding node. For (1), a simple average of the difference was 
computed. This is a useful measure of whether the model, on average, was colder (leading) or warmer (lagging) than 
the measured cooling rate. However, it can easily be seen that a perfect average could be obtained with some areas 
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much warmer and some much cooler than measured; (2) provides the best measurement of the overall model 
correlation. The results for the baseline model showed the average temperature error to peak at around 6.2K, and at 
roughly the same time the RMS error peaks at 7.6K (Figure 13, dark blue curves).  
 
The first major model change was to reposition the wings in accordance with the CAD model, where the +V2 and –
V2 wings were about 0.46m apart; in the preliminary work, they were slightly more than 1 meter apart (and 
correspondingly closer to the walls). This had the effect of reducing the temperature error by about 1.5K, and the 
RMS error by 1.3K (Figure 13, green curves). 

 
Figure 13 - Temperature correlation data for the Radiation-only portion of the Cooldown 

 
In the preliminary work, the shrouds had been grouped into 2 major subdivisions – the cylindrical sections 
(effectively the walls and “ceiling”), and the floor because the shrouds in these areas were on separate helium 
refrigeration loops and therefore cooled at significantly different rates. Data from the test showed that there were in 
fact significant differences in temperature even within a loop, so further refinement was performed. The shrouds 
were divided according to their monitor temperature measurements. This created about 40 boundary nodes rather 
than the 2 used previously for the main shrouds. In each case, the measured temperature was enforced as a boundary 
node temperature vs. time for a corresponding shroud section. This resulted in a major improvement in the 
correlation: The average temperature error was reduced to less than -1.8K, and the RMS error to less than 4K 
(Figure 13, orange curves). 
 
One of the major tools used for the discovery of the importance of the shroud refinement (and later refinements) was 
the ability to look at the spatial distribution of the errors superimposed on the model. In order to do this, the CAD 
model of the wings was used to create a 3-D representation of the wings in Matlab. Each of the 78 data points 
(model temperature – data) are superimposed on this 3D model and sequenced through time. In Figure 14, for 
example, which is roughly midway through the radiation cooldown, it can be seen that the forward (+Z) end of the 
wings are much too warm in the model. This led to an investigation of the temperature distribution in the shrouds. In 
the original shroud grouping, the forward wall (west end) of the main chamber and the Module 3 Closeout were 
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included in the shrouds (rather than floor) group. Providing boundary temperatures that matched the data from the 
shroud measurements for these sections significantly improved the data correlation and directly resulted from an 
understanding of the spatial distribution of the errors. 

 
Figure 14 - Model - Data temperatures plotted on a 3-D representation of the wings 

 
The final improvements came with refinements of the details of the model of the wings themselves. Two significant 
areas were addressed: (1) Adjustment of the emissivity of the surfaces with temperature (previous correlations had 
used a single value for the entire radiation only portion), and (2) adjustment of some of the Invar fittings’ masses to 
match what is shown in the solid model. These can be seen as distinct elements of the final average temperature 
error curve (Figure 13, lighter blue curves): The emissivity changes show as sharp inflections at 60,000 and 120,000 
seconds, while the mass changes resulted in slope (rate-of-change) corrections to each region, which ultimately 
reduced the RMS errors significantly. 
 
The final correlation for this portion reduced the average error at the end of the radiation-only to nearly zero, and the 
RMS error to less than 2K. This is reasonable correlation considering the model deficiencies mentioned earlier and 
provides an excellent set of starting temperatures for the next phase of the cooldown, the introduction of the helium 
gas. 

B. FMHT and Mixed-mode Cooldown 
 

As the test hardware temperature cools to below 100K, the effectiveness of radiation as a heat transfer mechanism 
begins to wane considerably and cooling slows. In order to enhance cooling at low temperatures, a gas (usually 
helium) has frequently been introduced to the test environment to enhance the heat transfer from test hardware to the 
He-cooled shrouds. For very rarified gases (extremely low pressure), the method is via Free Molecular Heat 
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Transfer (FMHT), wherein the gas molecules, having been heated (sped up) by contact with a warmer surface, move 
in a straight line directly to a colder surface, where the deposit the energy and cool/slow down. Clearly, as the 
concentration of the gas in the environment increases, there is increasing likelihood that the gas molecule will strike 
another molecule and transfer some or all of its energy. This is a statistical process, and the distance that a molecule 
travels before a collision is called the “free path length”; for a given set of conditions (molecular size, temperature, 
and pressure) a “mean free path” can be computed from collisional theory. A formulation of the mean free path by 
this method is: 

 
Where:	   	   	  
 
 
 

 mean free path (MFP), m 
kb Boltzmann constant = 1.38 x 10-23 J/K 
T Temperature that causes high energy collisions (T hot 

surface), K 
d Diameter of molecule (assumed 3.1x10-11m) 
p Gas pressure, Pascals 

 
In the case studied, the temperature and pressure are varying, but hold relatively steady during the latter portion of 
the gas cooling. In this region, the mean free path is approximately 0.5m. This is a difficult length regarding the 
determination of the method of heat transfer taking place in the wings test. Generally, the rule of thumb is that 
FMHT is valid when the Knudsen number, which is the mean free path divided by the “characteristic” length, is 
greater than 0.3. In the case of the wings test, the definition of “characteristic length” is not clear. The distance 
between surfaces of the wings themselves largely meet this criterion, as well as the distance from some wing 
surfaces to the floor and nearby shrouds. However, the bulk of the shroud surfaces far exceed this criterion. This 
indicates that the test environment is in mixed continuum and FMHT modes. 
 
Another item that should be noted is that the mean free path and the actual FMHT equations assume the temperature 
to be that of the hot surface. Since the shroud is actively controlled to known temperatures, while test article 
passively responds to the environment, the known shroud temperatures were used to compute these parameters using 
shroud temperature; this may produce some bias in the results until the temperature of the hardware approaches the 
shroud temperature(s). 
 
ThermalDesktop® incorporates a provision for computing FMHT conductors using the radiation analyzer to 
determine view factors between surfaces (with the implicit assumption that at least the majority of the molecules 
travel unimpeded from surface-to-surface). Use of this feature requires the computation of two parameters: the 
FMHT coefficient (which, times absolute pressure, is equivalent to the Stefan-Boltzmann constant in the radiation 
HT equation), and the “accommodation factor”, essentially equivalent to the emissivity of the surface. 
The FMHT coefficient is computed as: 

 
Where: 

  Specific heat ratio (1.667 for He) 
gc Units conversion constant (1 here with correct unit choice) 
Ru Universal gas constant 
MW Molecular weight 
T 
P 

Absolute temperature, K 
Pressure (Pascals) 

 
During the phase of the cooldown mentioned earlier, for example, where the mean free path was calculated at about 
0.5m, the FMC is approximately 1.1 W/m2-K. 
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The accommodation coefficient can be calculated from the empirically derived equation for He gas: 
 

 
 

For the wings test case, the accommodation coefficient ranges from about 0.32 to 0.55; due to the difficulties with 
modifying this coefficient dynamically in the modeling (similar to changes in emissivity with temperature), a 
median value of 0.5 was selected. Using the calculated FMC coefficient vs. time in ThermalDesktop®, the gas 
cooling portion of the test was modeled in a similar manner to the radiation-only portion, and incorporating all of the 
model changes from that correlation. With the initial calculated value of the FMC, the heat transfer was significantly 
overestimated and the correlation was poor. This is not unexpected as the number of surface interactions exceeding 
the Knudsen number criterion is large. In this case, the calculated FMC will overestimate the heat transfer. Trial and 
error showed the best correlation for a coefficient of about 0.21, or about 1/5 of the calculated value. Subsequent 
experimentation with variations of the accommodation coefficient for various surface types in the model (it should 
be noted here that like emissivity, the literature shows that the accommodation coefficient may vary with both the 
type and finish of the interacting surface) did not provide significant improvement in the correlation. Due to 
extremely long run times for the model once the FMHT modeling was incorporated (about 1 day), it proved quite 
tedious to try a large number of variations as might have been done with the radiation-only model. 
 
The low FMC coefficient and the fact that it exceeded the Knudsen-number criterion suggested a possible model 
improvement. Ideally, only those FMHT conductors which met the surface-to-surface distance suggested by the 
Knudsen number would be chosen; however, currently there is no provision in ThermalDesktop® to do distance 
discrimination of the conductors. As an approximation of this, it is possible to select surfaces for a “radiation 
group,” which can limit the conductors to between surfaces within the group. To test if this provided an 
improvement, we limited the shrouds in the FMHT radiation group to the floor sections immediately below the 
wings, the small west-end wall just in front of them, and the lowest portion of the side shrouds to the north and south 
(see Figure 15). 
 

 
Figure 15 - Shrouds used in the reduced FMHT radiation group 

 
Subsequent correlations with this smaller number of surfaces involved in the FMHT showed only a slight 
improvement in the correlation relative to the full set of shrouds. However, it is worth noting that the FMHT 
coefficient for best correlation nearly doubled (to 0.4 times the theoretical). The nature of the approximation 
involved can be seen in Figure 15, as an example, the side shrouds are close to the outboard surfaces of the wings on 
their respective sides, but they are quite distant from the surfaces on the opposite wing. Also worth consideration is 
the fact that with an accommodation coefficient of less than 1, surfaces view other surfaces by one bounce or more, 
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significantly increasing the physical distance in some cases. Considering the above, although the correlation was not 
significantly improved, the fact that good correlation was maintained and the coefficient made a significant jump 
toward the calculated FMHT coefficient signifies potential value in the overall approach. A further consideration is 
that the still low FMHT coefficient likely severely underestimates the interactions that truly fall within the bounds of 
FMHT; because many surfaces within the wings themselves are in close proximity, as are the support legs and the 
bottom surfaces to the floor panels, these interactions are weakened at the expense of getting a better overall 
correlation. A likely outcome with a better FMHT representation would be lower gradients within the wing 
structure, which, based on comparison of the model temperatures and the model temperature errors (Figure 16) 
would improve the overall correlation (i.e. the errors are positive where the model temperatures are highest). 
 

 
Figure 16 - Best correlation with full shroud set and reduced shroud set 

 
 
ThermalDesktop® has recently added the ability to calculate (and export) the average distance between nodes in a 
thermal model. A future plan is to further test the modeling of heat transfer in this regime by taking the FMHT 
conductors and, via an external filtering program, eliminate all those that exceed a distance cutoff that can be set by 
the user. This will be an approximation of the physical behavior, since the statistics of molecular free path length  
suggest that there would be a “tapering off” of the conductance with distance rather than a sharp cutoff, but similar 
to the elimination of less significant radiation conductors already performed in radiation analysis, it is expected that 
the effect on model accuracy will be low. In addition, such a scheme, by eliminating the majority of the conductors 
in the FMHT group, will improve run time, which would be of significant benefit in future modeling. 
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A tangential finding to the above work on FMHT is that the changes in emissivity at these low temperatures, 
although numerically significant, show little to no effect in the model correlation once the gas is introduced. This 
should allow elimination of the time-consuming multi-step modeling that is required to vary the emissivity with 
temperature in future FMHT modeling efforts. 

 

V. Conclusion 
 
The use of gaseous helium to enhance heat transfer in cryogenic-environment is quite effective however; it is also 
quite challenging to analyze its behavior, specially, in the mixed regime of free-molecular heat transfer and 
continuum conduction. The free-molecular heat transfer is well documented and well understood behavior as long as 
the conditions are within the confines of parameters. The understanding of a mixed regime, as this paper describes, 
warrants further tests and investigation that could be applied more broadly to cryogenic test environment. 
  
The JWST wing model was successfully correlated to the radiation-only portion of the wings cooldown cycle, 
utilizing updates to the model based on newer CAD and physical data, and a multi-step modification of the 
emissivity of the materials with the temperature of the test articles. This correlation yielded an effective set of 
temperatures to begin the gas cooling portion. Model correlation was reasonable with an FMHT coefficient about 
one fifth of the calculated value from classical free molecular heat transfer. More subtle modifications within the 
model, such as adjustments to the accommodation coefficients of individual surface groups (materials) did not yield 
significant improvement in the correlation. Utilizing a reduced set of shrouds for the FMHT group yielded a small 
but significant improvement in the correlation with a coefficient about two-fifths of the theoretical. The implication 
of these findings is that further improvement in limiting the FMHT interactions in the model should yield even 
better correlation; a methodology for discriminating FMHT conductors by distance (based on the mean free path of 
helium in the system) is planned to test this finding.  
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Figure 17 - Comparison of the model temperatures and model temperature errors 

    


