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Abstract 

At present, the non-vacuum accumulation leak testing technique and vacuum chamber technique are widely used 

for testing the total leakage rate of spacecraft, such as hermetic cabin, propulsion pipeline system. The vacuum 

chamber technique is often used for Russian spacecrafts. But the above two kinds of technique are both used for 

American spacecrafts. Generally speaking, the accumulation leak testing technique is used for satellites. While 

the vacuum chamber technique is used for these spacecrafts which have high leakage rate demand, such as 

Airlock Module and Laboratory Module of ISS. In china, the non-vacuum accumulation leak testing technique is 

often used in order to save the leak testing cost. The traditional non-vacuum accumulation leak testing technique 

needs a rigid accumulation chamber which is often manufactured by steel and has a better hermetic character, 

such as transport container widely used in NASA and ESA, special accumulation chamber in China. But the 

rigid accumulation chamber has the following disadvantages, such as high cost, long manufacture time, so it is 

necessary to study the flexible accumulation chamber which is manufactured by flexible membrane material. 

In this paper, the theoretical research was firstly studied to estimate whether the flexible accumulation 

chamber is feasible from these three aspects of choice of the flexible membrane, the effects of the volume 

change and leak of the flexible accumulation chamber on the last testing results. Then a series of tests were made 

to prove the validity of the theoretical analysis. The research results indicated that the flexible accumulation 

chamber was feasible to apply to the leak testing of spacecraft and instead of the rigid accumulation chamber. 
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1.  Introduction 

 

At present, the non-vacuum accumulation leak testing technique is mostly used for testing the 

total leakage rate of spacecrafts. Its testing system often includes accumulation chamber, leak 

detector, atmospheric reference gas, leaking gas sampling system and leakage rate calibration 

system, as shown in Fig.1. Among these equipments, the accumulation chamber is core and 

its role is to provide a hermetic space accumulating the search gas in the process of leak 

testing of spacecrafts. The usual accumulation chamber is often welded by steel plates and 

profiled bars. Because its volume cannot be changed, it is called the rigid accumulation 

chamber. The rigid accumulation chamber has the following disadvantages, such as high cost, 

long manufacture time, poor versatility etc. Therefore, it is necessary to study the flexible 

accumulation chamber. 

The flexible accumulation chamber is often manufactured by the flexible film material 

and sealed by the heat seal means. It was firstly developed by JPL in 1976
[1-2]

. Its skeleton is a 

cylinder made of hard plastic and the soft film is coated the cylinder. So its volume cannot be 

changed. Another flexible accumulation chamber was developed by NASA in 2002, whose 
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volume could be changed, and it was applied to leak testing of TERRA satellite on the 

launching site 
[3]

. At present the domestic and foreign public data show that: the research on 

flexible accumulation chamber mainly centred at the experimental method, and lacked the 

theoretical support. These factors influencing the leak testing results, such as material 

permeability, absorption, volume change, are hardly involved. Therefore, it is necessary to 

study the influence of these factors on the testing results.  

In this paper, the theoretical research was firstly studied to estimate whether the flexible 

accumulation chamber is feasible from these three aspects of choice of the flexible membrane, 

the effects of the volume change and leak of the flexible accumulation chamber on the last 

testing results. Then a series of tests were made to prove the validity of the theoretical 

analysis. 
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Fig.1  The sketch for non-vacuum accumulation leak testing technique 

 

2.  Theoretical research 

 

2.1 Research on selection of film materials used on flexible accumulation chamber 

2.1.1 Research on permeability of thin film materials 

2.1.1.1 Helium permeability 

 

Generally speaking, the thin film is the plastic film whose thickness is below 0.25mm. Now 

the thin film often used in the market includes PET, PA, PI, PVA, BOPP, LDPE and aluminum 

plating thin film etc. 

( ) ( ) ( )
He atm

p t p t tγ=
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where p is gas pressure; the below table He, atm are on behalf of helium and air respectively; 

( )t  refers to the amount related with time. 

To simplify the problem, the influence of volume change of flexible accumulation 

chamber on the leak testing results is not considered at the same time in this section. 

Therefore, 
5( ) 1.01 10 ( )Hep t tγ= ×

…………………..………….′2″ 

By literature [4], the formula used to calculate leakage rate by the non-vacuum 

accumulation leak testing technique is 
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where 1 2 3γ γ γ、 、  are respectively the initial concentration, final concentration and sample 

concentration. 

Combining with the formula 2 and formula 3, the following formula can be obtained  
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Where 0p  is the sample gas pressure, 0V is the volume of sample equipment, t  is the 

accumulation time, 3Hep∆  is the increment helium partial pressure after sampling a quantity 

helium, 2Hep∆ is the increment helium partial pressure from starting testing to t  hours later. 

Because the influence of permeability of flexible material on the testing result of is a 

slow process, among above parameters, 2Hep∆  is only related with helium permeation. From 

the above formula, it is known that the relative error of the leakage rate is identical with 2Hep∆ . 

So 2Hep∆  was firstly studied. 

In the flexible accumulation chamber, 

0( ) / He
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dp
Q k p p A l V
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− − =
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where Q is the helium leakage rate of the spacecraft, k is the material helium permeability, 

A is the surface area of flexible accumulation chamber, l is the thickness of flexible 

accumulation chamber, Hep  is helium partial pressure in the flexible accumulation chamber, 

0Hep  is the initial helium partial pressure, bV is the effective volume of the flexible 

accumulation chamber. 

Formula 5 is the one order ordinary differential equation, where the initial condition 

is 0t = , 0He Hep p= . 

Using the initial conditions, formula 5 can be solved 

0( ) [1 exp( )]He He

b

Ql kA
p t p t

kA lV
= + − −

…………….………′6″ 

And the ideal case (i.e. no penetration condition) 
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With formula 6 and formula 7, the relationship between relative error and time is 

obtained  
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With the Taylor formula, the exponential items of formula 6 can be expanded,  
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Comparing formula 7 with formula 9, the thin film permeability effect can be denoted by 

the items containing in formula 9. When 1
b

kA
t

lV
� , the formula 9 can be only taken the first and 

second items, and the permeability of flexible material is not affected the test results. In this 

case, the permeability coefficient, surface area, cumulative time are hoped to be as short as 

possible. 

If a flexible accumulation chamber was established according to the size of the rigid 

accumulation chamber often used in past, the specific parameters are 



4 31 10 / ;Q Pa m s
−= × �

3 464 ; 2.5 10 ;bV m l m
−= = × 2

112 ;A m= and 0
0.533

He
p Pa= . Selected 

polytetrafluoroethylene as the film material, that is the permeability coefficient is 5.25×10-10 

m2/s [5], the permeability coefficient k  affecting the errors on the test results was showed in 

Fig.2. 
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Fig. 2  the relationship between relative error and time, when the film material is 

Polytetrafluoroethylene 

Fig.2 is shown that, when the cumulative time is 1 days, the relative error of the results is 

less than 4%. When the cumulative time increased to 2 days, the relative error of the testing 

results will reach about 9%. Therefore, when the sensitivity of leak testing meets the leak 

testing demand, the cumulative time should be as short as possible. 

From the above analysis, even if the helium permeation coefficient is larger 

(Polytetrafluoroethylene has a larger permeation coefficient), its influence on the final testing 

result is still relatively small (In fact, the leakage rate of the spacecraft is about 1×10
-5

 Pam
3
/s, 

and the cumulative time only needs 1 days). But considering the testing should have a better 

accuracy, it is suggested that material helium permeability should be as low as possible. By 

literature [5], under the condition of same thickness, the lowest helium permeability materials 

are nylon (PA), polyester (PET) and polyimide (PT). So it is suggested that the film material 

should be chosen from these three kinds of materials. 

2.1.1.2 Air permeability 

 

The major components of air are N2, O2, CO2 and H2O. The performance of nylon film (PA) 

and coated high barrier film (PVA) preventing H2O is poor, and the performance of low 

density polyethylene film (LDPE) preventing  O2 is also poor. So it is suggested that film 

materials should be chosen from polyester film (PET), polyimide film (PI), biaxial oriented 

polypropylene film (BOPP). 

2.1.1.3 Film materials selected from the permeability aspect 

 

As we all know, compared with other non-coating films, the thin film coating with metal 

materials has better gas barrier. While the aluminum plating film is an only film coated with 

metal, so it is a kind of thin film having the best gas barrier property. When the thickness of 

aluminum plating film is same, the gas barrier property completely depends on the substrate 

material. So form the permeability of air and helium, the following film is suggested, that is 

VMPET, VMPI , VMBOPP. 

2.1.2 Heat sealing performance of film materials 

 

Biaxial oriented polypropylene film (BOPP) is a kind of oriented thin films. The main 



problem of the oriented films lies to shrinking when heat sealing. So BOPP is not suitable as 

the main material of flexible accumulation chamber. 

Meanwhile, it is difficult to heat sealing for the double-sided aluminum plating film, so it 

is suggested the single-sided aluminum plating film is used. 

In summary, the film materials of the flexible accumulation chamber should be selected 

between a single-sided aluminized polyester film (VMPET) and single-sided aluminized 

polyimide film (VMPI). 

2.1.3 Adsorption of film materials 

 

Xue Changli (DFH Satellite Co. Ltd) studied the influence of the helium adsorption properties 

of some absorbent materials used on the satellites (such as cloth, sponge, and multilayer) on 

the leak testing results [6]. The experiment result proved that this influence is very small. 

Through the above analysis, we can obtain the conclusion, single-sided aluminized polyester 

film (VMPET), single aluminized polyimide film (VMPI) previously selected can be used as 

the flexible accumulation chamber materials. 

2.1.4 Mechanical properties of film material 

 

As the material of the flexible accumulation chamber, it should have good tensile strength, 

toughness and impact resistance. The following table gives mechanical properties of the 

aluminized polyester film (VEPET) and aluminized polyimide film (VMPI). 

 

Tab. 1 VMPET, VMPI performance comparison (thickness of 25 mµ ) 

Serial 

number 
Test items 

aluminized polyester 

film′VMPET″ 

aluminized polyimide film

′VMPI″ 

1 
Tensile strength

′MPa″ 

Longitudinal 152 153 

Transverse 158 183 

2 
Elongation at 

break′%″ 

Longitudinal 48 76 

Transverse 64 92 

3 Angle tears strength′kN/m″ 292 124 

4 Impact strength ( J ) 0.73 1.0 

From the table, the mechanical property of VMPI is better than VMPET.  

2.1.5 Cost comparison   

 

The price of single-sided aluminized polyester film (VMPET) is about 10RMB/m2, and that 

of single-sided aluminized polyimide film (VMPI) is 55RMB/m2. Therefore, VMPET has a 

better price advantage than VMPI. 

2.1.6 Summary 

 

Considering the gas permeability, heat sealing, adsorption, mechanical properties, price and 

other factors, the single-sided aluminized polyester film (VMPET) has been ultimately 

determined as the main material of flexible accumulation chamber. 

 

 



2.2 Research about the influence of volume change on testing result 

 

The volume change may affect the testing result from the following three aspects: 

concentration, total gas quantity, the inlet pressure of leak detector.  

2.2.1 Influence of volume change on concentration 

 

Helium concentration in accumulation chamber is 

He

atm

p

p
γ =

…………………………………………………….′10″ 

where Hep is helium partial pressure in the accumulation chamber, while atmp is the total 

pressure in the accumulation chamber. 

According to the state equation of ideal gas, the formula can be written as 

29

4

He He a He

a a He a

p m M m

p m M m
γ = = ⋅ =

……………………….′11″ 

From the above formula, we can find that helium concentration in the accumulation 

chamber can be written as the ratio of helium mass and total air mass. In fact, if the flexible 

accumulation chamber is sealed well, the total air mass and the helium mass are both constant. 

Therefore, its concentration does not change with the volume change of flexible accumulation 

chamber. 

2.2.2 Influence of volume change on total gas quantity  

 

When the volume of flexible accumulation chamber changes, the internal pressure also 

changes. But the product of the internal pressure and volume of the Flexible accumulation 

chamber is constant, namely the total gas quantity does not change (Boyle’s-Mariotte’s Law). 

Therefore, the volume change of the flexible accumulation chamber cannot lead the total gas 

quantity changing. 

2.2.3 Influence of volume change on the inlet pressure of the leak detector 

 

According to the principle of non-vacuum accumulation leak testing method of helium mass 

spectrometer, we can abstract a mathematical model to study the influence of volume change 

on the inlet pressure of the leak detector. 

atm
p

e
p

u
 

Fig. 3  The mathematical model to study the influence of volume change on the inlet pressure of the leak 

detector 



When the gas flow in the sampling tube balances, we can gain 

atm e e p
p S p S=

……………………….……..′12″ 

where ,atm ep p are respectively the total pressure in accumulation chamber and the inlet 

pressure of leak detector, ,
p e

S S  are respectively the pumping speed of leak detector and the 

effective pumping speed of leak detector at the remote port of hose. 

p

e

p

S u
S

S u
=

+
………………..….……….…...′13″ 

where u is the hose conductance. 

Through formula 12 and formula 13, we can obtain  

e atm

p

u
p p

S u
=

+
……………..……………….′14″ 

Solving formula 14, 

e atm

e atm

p p

p p

∆ ∆
=

………………………………′15″ 

The formula shows that: the relative change of total pressure in the accumulation 

chamber is the same with that of the inlet pressure of leak detector. 

The change of total pressure in the accumulation chamber is about 1000Pa, because of 

the change of atmospheric pressure and temperature, so the relative change of total pressure in 

the accumulation chamber is about ±1%. By formula 15, the relative change of inlet 

pressure of  leak detector is ±1%. So this influence is very small, and can be neglected. 

Considering the above three factors, the volume influence of flexible accumulation 

chamber on the testing results is very small and can be ignored. 

 

2.3 Research about the influence of the leak of flexible accumulation chamber on testing 

result 

 

The leak reasons lies to two aspects. The first reason is the pressure difference, and the other 

reason is the concentration difference. Because of the volume changing of the flexible 

accumulation chamber, the internal and external surface of the flexible accumulation chamber 

cannot form the pressure difference. But the concentration difference exists 

The gas transference caused by the concentration difference is defined as the gas 

diffusion. The process of gas diffusion is very slow and depends on the speed of the 

molecules colliding [7]. 

The calculation formula of gas diffusion is 

m
D s

t x

d
d

∆ ρ
∆

∆
=
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Where D  is the diffusion coefficient, ρ is the gas density, s∆ is the unit area, 
m

t

∆

∆
is the per 

unit mass of per unit time. 

Take an example for evaluating the influence of gas diffusion on the leak testing result. 

The leakage rate of spacecraft is 4 31 10 Pam /s−×  and the cumulating time is 24 hours, then 

helium mass leaking to the accumulation chamber is 
4

51 10 24 60 60
4 1.42 10

8.314 293

−
−× × × ×

× = ×
× ………….…...′17″ 

If the effective volume of flexible accumulation chamber is 44.1m
3
, the maximum 

helium density that has been accumulated after 24 hours is 



73.22 10
44.1

He

He

m
ρ −= = ×

…………….………….′18″ 

Where Heρ  is the biggest density in the flexible accumulation chamber after 24 hours. If its 

film thickness is 0.1mm, then 

33.22 10He
d

dx

ρ −= ×
…………….….………..′19″ 

If there is a leak of 4mm2 in thin film of flexible accumulation chamber, then the leakage 

leak caused by gas diffusion is 

131.29 10
m

Q D s
t x

d
d

∆ ρ
∆

∆
−= = = ×

…………………′20″ 

Dimension is transformed into 3

a
P m /s⋅  

7 3

a
3.1 10 P m /sQ −= × ⋅ …………..….………..′21″ 

The above formula is calculated under the condition that the helium concentration in 

flexible accumulation chamber is maximum. In fact, because the helium concentration of 

flexible accumulation chamber gradually increases and leak section of the flexible 

accumulation chamber is not greater than 4 mm2, the above calculation value is greater. Even 

if, comparing with the leakage rate of spacecraft, it is very small, just only 0.31%. So it can be 

negligible. 

In summary, gas diffusion of helium is not the main reason resulting in leaking of 

flexible accumulation. 

 

3.  Validation test of the flexible accumulation chamber 

 

Based on the theoretical analysis above, a flexible accumulation chamber as shown in Fig. 4 

has been designed by Beijing Institute of Spacecraft Environment Engineering, and the 

following validation tests have been done. 

 

Fig. 4 picture of the flexible accumulation chamber 

A channel leak connecting to a gas cylinder as the testing object was carried out leak 



detection with the rigid accumulation chamber, and the total leakage rate is 5 3

a
2.77 10 P m /s−× ⋅ . 

The same channel leak was also tested with the flexible accumulation chamber, and the 

results were shown on tab. 2. 

 

Tab. 2 The testing results of the flexible accumulation chamber 

Serial 

numbe

r 

date 

Initial 

value  

u1/ 

( 3

aP m /s⋅ ) 

Final 

value  

u2/ 

( 3

a
P m /s⋅ ) 

Sample 

value  

u3/ 

( 3

aP m /s⋅ ) 

cumulati

ng time 

 t 

′s″ 

Leakage 

rate 

( 3

aP m /s⋅ ) 

mean 

( 3

aP m /s⋅ ) 

relative 

error  

1 
0311-

0312 
-0.4×10-9 0.8×10-9 5.2×10-9 87480 2.70×10-5 

2.66×10-5 

 

-3.97% 

-2.53% 

2 
0312-

0313 
0×10-9 1.4×10-9 6.2×10-9 87360 2.89×10-5 

4.33% 

3 
0313-

0314 
0.4×10-9 1.6×10-9 6.4×10-9 87760 2.50×10-5 

-9.75% 

4 
0319-

0320 
0×10-9 1.2×10-9 5.8×10-9 85920 2.62×10-5 

-5.42% 

5 
0320-

0321 
0.6×10-9 1.8×10-9 6.2×10-9 76400 2.73×10-5 

-1.44% 

6 
0321-

0322 
0×10-9 1.2×10-9 6.0×10-9 86160 2.51×10-5 

-9.38% 

Note: the negative value indicates that the concentration of the sample gas value is lower 

than the concentration of standard gas. 

The actual calculation formula is as follows 

2 1

3 2

0.532 16.25 -

-

u u
Q

t u u

× ×
=

′ ″

′ ″

………………………..′22″ 

The test process was shown from Fig. 5 to Fig. 6. 

 

     

Fig. 5  The test process of rigid accumulation chamber 



  
Fig. 6  The test process of flexible accumulation chamber 

 

From Tab. 2, we can find that the relative error of testing results between the flexible and 

the rigid accumulation chamber are better than ±10%, and the mean relative error between the 

rigid accumulation chamber and the flexible accumulation chamber are even better than ±5%. 

These results directly indicated that the leak testing technique of flexible accumulation 

chamber is feasible.  

In summary, the leak testing technique of flexible accumulation chamber has a well 

stability, accurate testing results, and its sensitivity can also meet the need of leak testing of 

various spacecrafts. 

 

4.  Conclusion 

 

Flexible accumulation chamber has a well sealing performance, and its sensitivity can meet 

the requirements of various spacecrafts. At the same time, the testing results of flexible 

accumulation chamber has good consistency with the rigid accumulation chamber, therefore, 

it can be applied to leak testing of kinds of spacecraft. 
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