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Multilayer Insulation (MLI) blankets used in passive thermal control for cryogenic and 

space applications require cutouts, slits, and features in order to conform to the shape of the 

structure to which they are being applied. These discontinuities negatively affect the thermal 

performance of the blankets. In an effort to understand what that effect is, testing was 

performed following the ASTM C740 Standard Guide for Evacuated Reflective Insulation in 

Cryogenic Service on various MLI blanket configurations placed inside a Cryostat-200 

chamber. The inner chamber cold wall temperature was maintained at approximately 78 K 

using liquid nitrogen as the cooling mechanism, and the outer wall of the vacuum chamber 

was maintained at 293 K using an external heater. Seven blankets with the same material 

layup were tested, each containing a distinct form of aperture with the initial test case being 

an MLI blanket without an aperture. In the second test, a square portion of the blanket was 

removed from the center of the blanket. This square was then taped back inside of the cutout 

location for the third test. The remaining four tests were combinations of various patches 

covering the aperture with the square being either inserted or removed. For each feature, 

three tests were run at three different pressures ranging from 0.01 mTorr to 1 mTorr 

(0.0013 Pa to 0.13 Pa), with the pressure increasing by a factor of 10 for each test. This paper 

compares the various features against one another in an effort to determine the effect 

different apertures have on the thermal performance of MLI. 

Nomenclature 

CBT = cold boundary temperature 

CVP = cold vacuum pressure 

di  = inner diameter 

do = outer diameter 

he = latent heat of evaporation for nitrogen 

Le = effective length 

ṁ = mass flow rate 

MLI = Multilayer Insulation  

Q = heat flow 

q = heat flux 

ke = effective thermal conductivity 

k* = thermal conductance 

T = Temperature 

WBT = warm boundary temperature 

ω               = uncertainty 

x = blanket thickness 
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Figure 2. The inner cylinder is attached to the 

lid of the Cryostat-200 and placed inside of the 

vacuum chamber. The cold section is the dull 

grey portion in the middle that is filled with 

liquid nitrogen. The three pieces of aluminized 

tape on the cold cylinder hold down 

thermocouples which measure the temperature 

of the cold wall throughout each test. 

I. Introduction 

Multilayer Insulation (MLI) is a form of passive thermal control utilized on satellites, spacecraft, and cryogenic 

systems. One major difficulty in accurately predicting the thermal performance of these systems is accounting for 

discontinuities in the blankets due to the irregular structures upon which the blankets are being installed. When 

designing and fabricating MLI blankets, it is important to understand the thermal impact a discontinuity can have on 

the system. Knowing how to effectively limit heat loss from different apertures can significantly reduce both the 

cost and the weight of the insulation, as well as increase its manufacturability. As shown previously
1
, the total heat 

flow through a blanket can be described by summing the heat flow through an ideal blanket and the heat flow due to 

any cutouts, penetrations, compressions, etc. The testing reported herein is an effort to measure the thermal 

repercussions of a cutout in a blanket, and see how various patch methods reduce the transfer of heat within that 

system. Thermal performance for cryogenic applications is often expressed in three different ways: heat flow into 

the system, Q, heat flux, q, and effective thermal conductivity, ke. However, the data presented herein focuses on 

using the thermal conductance k*, which is more applicable to space environments, in order to understand and rank 

the effectiveness of various patch methods in improving thermal performance. 

II. Apparatus and Methods 

The Cryostat-200 thermal insulation test apparatus, shown in Figure 1 and described more fully in Ref. 2 and 

Ref. 3,  is a cylindrical comparative calorimeter that uses the boil off flowrate of a cryogenic liquid to calculate heat 

flow and thermal conductance through an MLI blanket. This is done using an inner cold chamber and an outer 

vacuum chamber. The inner chamber, shown in Figure 2, has an overall length of 530 mm and is suspended from the 

lid of the outer chamber. The center test section of this cylinder is 132 mm in diameter, 260 mm long, and capped on 

each end with insulation to isolate the test section. The outer chamber has a diameter of 295 mm and can be brought 

down to high vacuum using a turbo pump and has its external temperature maintained at 293 K using a heater.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Cryostat-200 test apparatus. The clear 

tube coming out of the top brings the boiled off 

nitrogen gas through a flow meter that is used 

to calculate the boil off rate. 
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Figure 3. Cold chamber diagram with blanket 

attached, showing cutout, patch 

configuration, and thermocouple 

locations 

 

 
Figure 4. Cross-section of the seven tests that were 

conducted, and representative locations of 

thermocouples.  

 

As seen in Figure 2, three thermocouples are placed 

lengthwise along the cold wall. These thermocouples read 

values every second and record an average over a 60 

second time period. Blankets are installed around the 

cylinder of the inner chamber and tested by placing 

additional thermocouples on the outboard layer of the 

blanket. These are directly over the thermocouples on the 

cold wall and give a thermal cross-section of the sample. 

Two additional thermocouples are placed on the outside of 

the samples along the midline of the cylinder, as shown in 

Figure 3, in an attempt to measure the effect of lateral 

conduction near the discontinuity.  

For this test series, the cold wall temperature is 

maintained at approximately 78K by filling the inner 

chamber with liquid nitrogen, and the Cold Boundary 

Temperature (CBT) was measured using thermocouples 

placed directly on the cylinder. The external temperature is 

maintained at 293K using the previously mentioned 

heaters, and the Warm Boundary Temperature (WBT) was 

measured using thermocouples attached to the outer 

layer of the blanket. Testing was performed per ASTM 

C740 Standard Guide for Evacuated Reflective 

Insulation In Cryogenic Service
4
. Each configuration 

is done at three vacuum levels, starting at the lowest 

achievable pressure level of ~0.01 mTorr (0.0013 Pa), 

and increasing decade by decade up to 1 mTorr (0.13 

Pa). To achieve each vacuum level, gaseous nitrogen 

is back-filled into the vacuum chamber continuously 

to achieve equilibrium with the pump at each desired 

level. Seven different blanket configurations were 

tested as shown in Figure 4.  All tests were conducted 

using the same test article (with only the patches 

changing), and the test article remained on the 

apparatus between each test except to cut the hole for 

the K142 test. The first test, K141, was a baseline test 

conducted on an “ideal” blanket made up of 20 layers 

of double aluminized PET and 19 layers of polyester 

netting. The blanket had a thickness 9.6 mm, a layer 
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Figure 5. Cryostat-200 

cross section. 

 

density of 20.8 layers per cm, and a 1 inch (25.4 mm) overlap at the seam.  As 

shown in Figure 5, there was a sizable gap between the outer wall of the 

chamber and the layup, approximately 105 mm. This blanket had no 

discontinuity at the center thermocouple location. The second test, K142, was 

conducted on the same blanket with a 3 in X 3 in (76 mm X 76 mm) square 

cutout and centered over the middle thermocouple. The cutout had an area of 

5,776 mm
2
 and the test section had a surface area of 107,819 mm

2
 resulting in 

5.4% of the cold wall being exposed to the outer chamber. For test 3, K143, the 

cutout was filled with an MLI plug that was the same stack-up as the blanket 

and approximately the same size of the cutout. The plug was held in place using 

four pieces of non-aluminized tape with one being placed across each edge of 

the cutout. Test 4, K144, consisted of the same plug as K143, with an additional 

single layer patch that was 7 in X 7 in (178 mm X 178 mm) taped to the outer 

blanket surface. For tests K142, K143, and K144, the blanket had a thickness of 

10.1 mm and a layer density of 19.8 layers per cm.  The fifth test, K145, 

removed the single layer patch and replaced it with an MLI patch that was 7 in 

X 7 in (178 mm X 178 mm) and had the same stack up as the blanket. For the 

K146 test, the MLI patch remained, but the MLI plug was removed. The 

thickness for K145 and K146 was 11.0 mm overall, roughly 24 mm when 

including the patch, and the layer density was 18.2 layers per cm. For the final 

test, K147, the MLI patch was replaced by a larger 9 in X 9 in (229 mm X 229 

mm) MLI patch, and the plug was left out. The thickness was 11.4 mm overall resulting in a layer density of 17.5 

layers per cm. The thickness when including the patch was approximately 24 mm.  

 Data was recorded throughout tests K141 to K147 from the thermocouples shown in Figure 3 and from the boil 

off of the inner chamber. The Cryostat-200 test apparatus uses a volumetric flow meter to measure the boil off of 

liquid nitrogen from the cold chamber shown in Figure 1. The information from the steady-state portion of the 

testing was used in the following calculations. The volumetric flow rate is converted to mass flow rate, ṁ, and used 

to calculate the heat flow of the system, Q, given by 

 

 𝑄 = �̇�ℎ𝑒 (1) 

 

where he is the latent heat of evaporation for nitrogen, which has a value he = 198.6 J/g. As shown in Ref. 3, the 

effective thermal conductivity, ke, is given by 

 

 
𝑘𝑒 =

𝑄𝑥

𝐴𝑒∆𝑇
 (2) 

 

where Ae is the effective heat transfer area of the test specimen, x is the blanket thickness, and ΔT is the temperature 

gradient across the test specimen. This can be used to calculate the thermal conductance, k*. 

 

 
𝑘∗ =

𝑘𝑒

𝑥
 =  

𝑄

𝐴𝑒∆𝑇
 (3) 

 

The effective heat transfer area for cylindrical geometries as derived in Ref. 4 is given by 

  

 
𝐴𝑒 =

2𝜋𝐿𝑒𝑥

ln (
𝑑𝑜

𝑑𝑖
)
 

(4) 

 

where Le is the effective length of the cold section, do is the outer diameter of the test specimen, and di is the inner 

diameter of the test specimen. For the data shown in the results, the effective heat transfer area is calculated using 

the ideal blanket’s measurements for all seven blanket configurations. This provides a constant value across each 

test that still closely approximates each blanket setup. The effective thermal conductance is used to compare the 

thermal properties of the seven different test specimens at each vacuum level. The results of this paper focus on the 
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High Vacuum/Free Molecular Regime range of 10
-3 

Torr to 10
-6 

Torr (0.13 Pa to 0.13 mPa) as defined in section 1.5 

of ASTM C740
4
.  

III. Results 

The following figures and tables have been 

completed using data compiled during tests 

at three different cold vacuum pressures for 

seven unique blanket configurations of the 

same layup for a total of twenty-one unique 

tests. Starting with the lowest pressure test of 

0.01 mTorr (0.0013 Pa) as shown in Table 1 

and Figure 6, the thermal conductance for 

the “ideal” layup is the lowest (best 

performing) of the seven tests whereas the 

thermal conductance for the blanket with the 

cutout is the highest (worst performing). 

This follows the expectation that an 

unaltered blanket would have the best 

thermal performance and the layup with a 

cutout would have the worst. However, the 

calculated thermal conductance values of the 

five unique patches are unexpected. When 

taking the ± 0.2 mW/K-m
2
 uncertainties into 

account, the difference in level of 

performance between the MLI plug with a 

single layer patch, the MLI plug with an 

MLI patch, and the large MLI patch by itself 

is negligible with all three measuring around 

15.3 mW/K-m
2
. Covering the cutout with 

only an MLI patch shows a slight decrease in 

performance from those three tests, and 

plugging the hole with an identical stack-up 

to that of the blanket itself performs slightly 

worse than that at 16.2 mW/K-m
2
. At the 

next Cold Vacuum Pressure (CVP) level of 

0.1 mTorr (0.013 Pa), the K145 and K147 

blankets begin to distinguish themselves 

from the other tests as more effective options. However, this trend is short lived as only the MLI plug (K143) with 

an MLI patch (K146) continues to perform as expected in the 1 mTorr (0.13 Pa) pressure range.   

        These seemingly inconsistent results can be turned into more meaningful information by breaking down each 

pressure region on its own and viewing the thermal performance of each patch method as a deviation from the ideal 

blanket. Starting at 0.01 mTorr (0.0013 Pa) as shown in Table 2, the blanket configurations are ranked from best to 

worst by the thermal conductance value given in Figure 6 and Table 1. Table 2 lists how much worse the 

 Thermal Conductance [mW/K-m
2
] 

  K141 K142 K143 K144 K145 K146 K147 N/A 

Pressure 

[mTorr] 

Pressure 

[Pa] 
Layup Cutout Plug 

SLI 

Patch 

MLI 

Patch 

MLI Patch 

Only 

Large MLI 

Patch Only 
Uncertainty 

0.01 0.0013
 13.3 33.0 16.2 15.3 15.2 15.9 15.3 ± 0.2 

0.1 0.013 13.8 36.1 17.2 17.1 15.7 16.9 16.0 ± 0.2 

1 0.13 20.7 49.7 26.7 25.8 23.0 22.8 23.6 ± 0.2 

Table 1. Thermal Conductance values of Figure 6. 

 
Figure 6. Thermal Conductance as a function of cold 

vacuum pressure for the seven different blanket 

configurations with the cold wall maintained using liquid 

nitrogen and the outer chamber wall set at 293 K. 
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performance of each patch is when compared 

to the unaltered stack-up. Although some 

modifications are better than others, the 

difference in performance for all five 

configurations is roughly 5.4%.  

  In order to get a more complete picture, 

the same ranking and deviation calculations 

are completed at 0.1 mTorr (0.013 Pa) and 1 

mTorr (0.13 Pa). By finding the deviation 

from the unaltered layup at those pressures, 

the average percent change was calculated in 

an effort to see how the blankets perform 

across the three highest vacuum pressure 

levels as shown in Table 3.  For example at 

0.01 mTorr (0.0013 Pa), the MLI patch with a 

plug has a heat flux value that is 12.5% higher 

(an overall drop in performance) than that of 

the ideal layup. At 0.1 mTorr (0.013 Pa) that 

patch has a 12.1% drop in performance, and at 

1 mTorr (0.13 Pa) it has a 10.0% drop in 

performance. These three values average out to 

the 11.5% shown in Table 3.    

One important note for these values is that 

they are based on the temperature difference 

across the blanket. Per the Standard Guide for 

Evacuated Reflective Insulation In Cryogenic 

Service
4
, the WBT is “The temperature of the 

outermost layer of the MLI system.” For most 

cryogenic MLI tests, this ΔT would be virtually 

constant as the CBT is that of the liquid 

nitrogen and the WBT is set by the heaters. 

However, for these tests, the cutout in the blanket reduces the clear boundary between CBT and WBT normally set 

by the insulation. Table 4 shows the CBT and WBT values recorded in each high vacuum test from the 

thermocouples attached to the blanket. 

After seeing the final rankings calculated in Table 3, it is important to circle back to the results of Table 1 in 

order to check for outliers and consistency. After comparing the data, the primary outlier is the MLI Patch Only test 

0.01 mTorr (0.0013 Pa) 

Rank Test Description k* [mW/K-m
2
] 

% 

Deviation 

1 K141 Layup 13.3 0.00% 

2 K145 MLI Patch w/Plug 15.2 -12.5% 

3 K147 Large MLI Patch 15.3 -13.1% 

4 K144 SLI Patch w/ Plug 15.4 -13.6% 

5 K146 MLI Patch Only 15.9 -16.4% 

6 K143 Plug 16.2 -17.9% 

7 K142 Cutout 33.0 -59.7% 

Table 2. Thermal Conductance values at a CVP of 0.01 

mTorr (0.0013 Pa) for seven different blanket configurations. 

High Vacuum - 0.01 to 1 mTorr (0.0013 to 0.13 Pa) Average 

Rank Test Description k* Average % Deviation 

1 K141 Layup 0.0% 

2 K145 MLI Patch w/ Plug -11.5% 

3 K147 Large MLI Patch -13.0% 

4 K146 MLI Patch Only -14.6% 

5 K144 SLI Patch w/ Plug -17.6% 

6 K143 Plug -20.0% 

7 K142 Cutout -59.9% 

 Table 3. Ranking of seven different blanket configurations 

based on the average heat flux deviation from an unaltered 

layup at three CVP pressures levels of 0.01, 0.1, and 1 

mTorr (0.0013, 0.013, and 0.13 Pa). 

Test 
CVP 

[mTorr] 

CBT 

[K] 

WBT 

[K] 
ΔT [K] Test 

CVP 

[mTorr] 

CBT 

[K] 

WBT 

[K] 
ΔT [K] 

K141 

0.01 82.1 293.5 211.4 

K145 

0.01 82.2 295.9 213.7 

0.1 82.2 292.5 210.3 0.1 82.3 296 213.7 

1 82.2 292.1 209.9 1 82.4 296 213.6 

K142 

0.01 83.4 289.3 205.9 

K146 

0.01 82.2 296.3 214.1 

0.1 83.4 288.7 205.3 0.1 82.0 296.2 214.2 

1 83.5 287.5 204.0 1 81.9 295.8 213.9 

K143 

0.01 82.3 292.1 209.8 

K147 

0.01 82.1 296.5 214.4 

0.1 82.4 291.8 209.4 0.1 82.0 296.4 214.4 

1 82.4 289.2 206.8 1 82.1 296.2 214.1 

K144 

0.01 82.1 294.4 212.3 

     0.1 82.1 294.1 212.0 

     1 82.1 292.5 210.4 

     Table 4. The measured WBT and CBT for each test in the high vacuum pressure range.  
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K146. Removing that blanket configuration, the thermal performance ranking of each patch method consistently 

shows as: the ideal layup (K141) #1, the MLI Patch with a Plug (K145) #2, the Large MLI Patch Only (K147) #3, 

the SLI Patch with a Plug (K144) #4, the Plug by itself (K143) #5, and the Cutout (K142) #6. The MLI Patch alone 

(K146) ranked anywhere from 2
nd

 to 5
th

 across the three high vacuum pressures. This is reflected in the standard 

deviations shown in Table 5. The average deviation of -9.2% for test K146 at 1 mTorr is larger than one standard 

deviation (3.9%) from the overall average of 14.6%.  

 

 
Lastly, even though there was data recovered from the thermocouples intended to measure the lateral conduction, 

the results were inconclusive and consequently left out from the discussion. 

IV. Conclusion 

Our goal for these tests was to compare different patch methods for a cutout in a multilayer insulation layup in 

high vacuum in order to find effective methods to design and modify MLI blankets. A baseline of performance for 

the five patch methods was set in test K141 using an unaltered layup consisting of 20 layers of double aluminized 

PET and 19 layers of polyester netting. With the outer chamber wall set at 293 K using heaters, a cold wall 

maintained using liquid nitrogen and a starting CVP of 0.01 mTorr (0.0013 Pa) - the measured thermal conductance 

for this layup was 13.3 mW/K-m
2
. At 0.1 mTorr (0.013 Pa) the thermal conductance was 13.8 mW/K-m

2
 and at 1 

mTorr (0.13 Pa) the thermal conductance was 20.7 mW/K-m
2
. These readings were used to rank the effectiveness of 

five different patches covering a 3 inch x 3 inch (76 mm x 76 mm) cutout – about 5.4% of the effective heat transfer 

area – when compared to an ideal layup.  

Overall, there was a fairly defined ranking of performance. The best method of patching was the 7 inch x 7 inch 

(178 mm x 178 mm) MLI patch with an MLI plug the same size as the aperture underneath. At 0.01 mTorr, this 

patch had a thermal conductance value of 15.2 mW/K-m
2
 and across the lowest three pressures had an 11.5% drop 

in performance. The large 9 inch x 9 inch (229 mm x 229 mm) by itself patch saw a 13.0% drop in performance, and 

the 7 inch x 7 inch (178 mm x 178 mm) MLI patch without a plug had a 14.6% drop. Rounding out the five patches 

were the SLI patch over an MLI plug with a 17.6% drop and the stand-alone MLI plug with a 20.0% decrease in 

efficiency. These rankings are in line with the intuitive expectation that more insulation results in less heat flowing 

through the blanket. One outlier was the MLI Patch by itself as the average drop in performance ranging from 9.2% 

to 16.4% during testing at the three high vacuum pressure levels.  

The most surprising result from tests K141 to K147 was the small difference in thermal performance between the 

five patch methods. Across the three lowest pressure levels, the average increase in thermal conductance for the 

different patches varied less than 9%. Overall, the drop in efficiency relative to test K141 was between 11.5% and 

20.0%, whereas the blanket with the cutout saw a 59.9% drop in performance. Because the thermal conductance 

values were so close, additional testing should be performed in order to verify the results shown here. Nonetheless, 

these results indicate that there is little difference in effective thermal conductance when patching a hole in an MLI 

blanket with different methods as long as there is at least an MLI plug present. However, cutouts in spacecraft 

applications generally allow for features to pass through the blanket, so plugging the aperture is rarely an option. In 

those cases, patching the area with an MLI blanket overlapping by at least 2 inches (51 mm)  is effective method to 

limit heat loss, only dropping 14.6% in thermal performance from an unaltered blanket. 

  Thermal Conductance Average  % Deviation 

    K141 K142 K143 K144 K145 K146 K147 

Pressure 

[mTorr] 

Pressure 

[Pa] 
Layup Cutout Plug 

SLI Patch 

w/ Plug 

MLI Patch 

w/ Plug 

MLI Patch 

Only 

Large MLI 

Patch Only 

0.01 0.0013 0.0% -59.7% -17.9% -13.6% -12.5% -16.4% -13.1% 

0.1 0.013 0.0% -61.8% -19.8% -19.3% -12.1% -18.3% -13.8% 

1 0.13 0.0% -58.4% -22.5% -19.8% -10.0% -9.2% -12.3% 

  Average 0.0% -59.9% -20.0% -17.6% -11.5% -14.6% -13.0% 

  
Standard 
Deviation 

0.0% 1.4% 1.9% 2.8% 1.1% 3.9% 0.6% 

Table 5. Thermal Conductance Average % deviation from an ideal blanket at three CVPs with the 

average and standard deviation included. 
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The temperature of the blanket around the cutout could also be analyzed to explore the local impact a cutout has 

on thermal performance. However, as mentioned in the results, the data recovered from the additional 

thermocouples intended to measure the lateral conduction was inconclusive and further testing will be required in 

order to formulate a meaningful conclusion. Moving forward the data could be expanded by testing other patch 

configurations in order to provide a more complete picture of how apertures and patches affect multilayer insulation.  
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