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Abstract 

SRM Leakage rate calculation model of the rubber O-ring sealing structure under its 
long-term storage is obtained by introducing a time aging item into Roth leakage rate 
calculation model. The general leakage flow resistance is calculated according to the 
serial/parallel relationship of the O-ring sealing structure of SRM, and the general 
leakage rate of SRM is calculated by the relationship among differential pressure, flow 
resistance and leakage rate. Moreover, the sealing performance of SRM is evaluated. The 
calculating example shows that the general leakage rate of SRM doesn’t change a lot after 
long-term storage, and the aging of the rubber sealing ring within the storage period of 
30 years will not lead to seal failure of SRM. 
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1. Introduction 

The unique advantages of solid rocket motor (SRM) make it gradually widely used in spacecraft and 

weapon systems. Poorly sealing of SRM will damage the engine performance and even cause serious 

consequences such as disruptive spark and explosion. The United States "challenger" space shuttle in 

1986, as a typical example, was exploded due to sealing ring failure, resulting in the tragedy of fatal 

crash and the subsequent great political impact and economic losses. SRM, as a missile power device, 

also a long-term storage and single-use product, how to change the sealing performance of SRM in 

long-term storage and whether it can meet the use requirements after long-term storage is an important 

issue that is very concerned by both development and use. Rubber O-ring sealing structure is mostly 

used in SRM. Scholars at home and abroad have carried out masses of research work on the sealing 

mechanism, failure mode, contact stress and leakage rate calculation of O-ring sealing structure [1], 

but there are few research reports on the calculation and evaluation of general leakage rate of SRM. 

In this paper, the time aging term is introduced into the Roth leakage rate model to calculate the 

leakage rate of O-ring sealing structure under long-term storage, and then the general flow resistance 

calculation model of SRM leakage channel is established by referring to the total resistance 

calculation method of circuit system, and then the general leakage rate of SRM is calculated.  

2. Leakage Rate Calculation of O-ring Sealing Structure Under Long-term 

Storage 

Renowned scholar Roth believes that rubber O-ring sealing can be attributed to plane sealing 

problems [2]. Macroscopically, the two sealing surfaces of a flat sealing can be considered as "flat". 

Microscopically, however, the machined surface is not an ideal plane due to the beating of the core 

shaft during machining, but a plane composed of many microscopic convexities and pits. The 
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existence of these convex peaks and valleys will generate the leakage channel, and the sealed medium 

will leak along these leakage channels, as shown in Fig. 1. When the leakage rate Q is greater than a 

certain threshold value Q0, the equipment fails to function normally, that is, the seal failure. 

 

 

 

Fig. 1 Schematic diagram of main sealing surface of rubber O-ring 

 

Roth simplifies these leakage channels to isosceles triangles, and for rubber O-ring sealing structure, 

the leakage holes are composed of several miniature leakage holes with constant cross-sectional area 

and isosceles triangle shape in parallel. The sealing mechanism of rubber O-rings can be summarized 

as a molecular flow leakage model of the leak hole [3] [4], and the leakage rate of a single triangular 

section channel can be expressed as:  

 

                       (1) 

 

Where, R is the gas constant; T is the ambient temperature; M is the molecular mass of gas, and Qs 

is the leakage rate of channel with single triangle section; C is the flow conductance of gas flowing 

through the sealing surface; K is the correction factor of the section shape of leakage channel; h1 is 

the height of the triangle section after being filled by rubber material; b is the width of the contact 

surface of the sealing surface; α is the slope of isosceles triangle section; ∆p is the differential pressure 

inside and outside the sealing structure.  

For the rubber O-ring, the total number of leak channels is:  
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Where, n is the total number of rubber ring leakage channels; L is the length of rubber ring sealing 

surface, which is approximate to the perimeter of rubber ring.  

Therefore, the leakage rate of the rubber O-ring (shape correction factor K = 1.7) is:  

 

                (2) 

 

Where, σm is the average contact stress on the sealing surface; Rs is the sealing performance 

coefficient of rubber material, reflecting the ability of soft sealing material to fill the leakage channel 

under a certain compressive force.  

Rubber O-rings are aged by SRM during long-term storage [5]. The essence of rubber aging is that 

under the condition of long-term extrusion, part of the elastic strain changes into plastic strain, which 

makes the ability to fill the uneven grooves on the metalworking surface reduce, that is, the sealing 

performance becomes worse. The aging time factor is introduced into the leakage rate model, and the 

leakage rate model of SRM sealing structure under long-term storage is obtained as [6]:  

 

                  (3) 

 

Where, B and α are the aging model coefficients; Kc is the aging rate constant. 

3. Calculation Model of General Flow Resistance of SRM Leakage Channel 

Introduce a parameter R in Equation (4), which is called leakage flow resistance of O-ring sealing 

structure:  

 

                      (4) 

 

Then Equation (4) becomes:  
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Thus, the leakage flow resistance R is related to the structure, compression, seal contact width, contact 

stress, and sealing ability of rubber seals, which is a reflection of the sealing medium leakage ability 

of O-ring sealing structure to block sealing, that is, the reflection of the sealing ability of O-ring 

sealing structure [7].  

Since the connection parts between SRM combustion chamber, nozzle, ignition device, etc. are sealed 

by O-ring sealing structure, some parts have two sealing rings, so the overall sealing structure network 
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of SRM is composed of series and parallel structures of O-ring sealing structure. Therefore, the total 

leakage channel of SRM is composed of the leakage channels of each O-ring sealing structure through 

the series and parallel mode.  

By simulating the calculation method of total resistance of series and parallel circuit systems, the total 

leakage resistance flow resistance of SRM leakage channel can be calculated from the series and 

parallel relationship of leakage flow resistance of O-ring sealing structure, that is, the total leakage 

resistance of sealing structure network composed of O-ring sealing structure in series is equal to the 

reciprocal of leakage flow resistance of each O-ring sealing structure, while the total leakage 

resistance of sealing structure network composed of O-ring sealing structure in parallel is equal to the 

sum of leakage flow resistance of each O-ring sealing structure [8].  

Suppose a SRM Smotor is composed of combustion chamber, safety ignition device, rear cover and 

nozzle, etc., as shown in Fig. 2. The combustion chamber is a complete welding structure, the solid 

propellant cylinder is poured internally, the front joint is connected with the safety ignition device, 

the rear joint is connected with the rear cover, and the connection sites are sealed with rubber O-ring 

structure. In order to enhance the sealing effect, a 2-channel sealing ring is used between the rear joint 

and the rear cover. 

 

 

Fig. 2 Seal structure diagram of SRM Smotor 

 

The safety ignition device is composed of ignition engine, safety mechanism and igniter. The front 

cover of the ignition engine is installed on the front connector of the solid engine combustion chamber, 

and the ignition engine body extends into the solid engine combustion chamber. The safety 

mechanism is installed in the center of the front top cover of the ignition engine, and 2 ignitors on the 

safety mechanism. Rubber O-ring sealing are used between the front top cover of the ignition engine 

and the safety mechanism, and between the safety mechanism and the igniter. During normal storage, 

the safety mechanism is in a safe state, that is, the sealing piston in the safety mechanism blocks the 

ignition channel between the igniter and the ignition engine.  

The Smotor has four oscillating nozzles. Four nozzle hubs are welded on the rear joint, and one nozzle 

is installed on each nozzle hub. Rubber O-ring sealing is adopted between nozzle and nozzle hub. 

The nozzle is a oscillating nozzle, which is composed of two parts, a fixing body and a movable body, 

and is sealed by two rubber sealing rings. In order to avoid wet air and dust entering the combustion 

chamber during the storage of SRM and protect the influence of solid propellant cartridge, a rubber 

sealing sleeve is pasted in each nozzle hub, and a blocking cover is pasted in the throat of the nozzle 

movable body.  

The series and parallel relation of SRM Smotor sealing structure can be obtained as shown in Fig. 3.  
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Fig. 3 Serial-parallel relationship of SRM Smotor general flow resistance 

 

In the Fig., RSM-total flow resistance of engine Smotor; RDH-flow resistance between igniter and 

safety mechanism; RHS-flow resistance of piston component for sealing of safety mechanism; RBX-

flow resistance between safety mechanism and top cover of ignition engine; RQG-flow resistance 

between top cover and front joint of solid engine; RHG1-flow resistance of first sealing ring between 

rear cover and rear joint of solid engine; RHG2-flow resistance of second sealing ring between rear 

cover and rear joint of solid engine; RGZ-flow resistance between nozzle hub and nozzle hub; RQM1-

flow resistance of first sealing ring between nozzle hub and movable body; RQM2-flow resistance of 

second sealing ring between nozzle hub and movable body; RDG-flow resistance of nozzle stopper; 

RFT-flow resistance of nozzle sealing sleeve. 

The total leakage flow resistance of engine Smotor is calculated as: 
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4. Calculation Model of General Leakage Rate of SRM Under Long-term 

Storage 

When the working pressure of SRM is known (that is, the differential pressure ∆p inside and outside 

the SRM combustion chamber is known), calculate the leakage rate of O-ring sealing structure by 

Equation (4); due to the aging time factor in the Equation, the calculated leakage rate of each O-ring 

sealing structure under the SRM long-term storage is obtained. Then, the leakage flow resistance of 
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each O-ring sealing structure can be calculated by Equation (6). The total leakage flow resistance of 

SRM Smotor can then be calculated by Equation (7). Finally, the general leakage rate of SRM can be 

calculated by Equation (6).  

If the SRM sealing structure works correctly, the gas tightness inspection of SRM must be qualified 

during storage without leaking while working. That is, the general leakage rate of SRM at the air 

tightness inspection pressure and the maximum working pressure can be calculated to evaluate the 

SRM sealing performance under the long-term storage. 

5. Calculating Example 

The specifications and quantities of the SRM Smotor seals are assumed as shown in Table 1. Among 

them, MF1-01, MF1-02B, MF1-03, MF1-05B and MF1-06 are fluoroelastomer material F108, MF1-

02A, MF1-05A and MF1-04 are silicone elastomer material G105, except MF1-02B and MF1-05B, 

which are X-shaped section sealing rings, the rest are O-shaped section sealing rings. 

 

Table 1. Seals used by SRM Smotor 

No.  Code Strength  Installation site Quantity  

1  MF1-01 φ165.5×4.5 Between the top cover of ignition engine and the front joint of solid engine  1  

2  
MF1-

02A 
φ1100×5.5 First sealing between rear cover and rear joint of solid engine  1  

3  MF1-02B 1094×4×4 Second sealing between rear cover and rear joint of solid engine  1  

4  MF1-03 φ258×4 Rear cover nozzle hub and nozzle fixing body  4  

5  
MF1-

05A 
φ245×5 First seal between nozzle hub and movable body  4  

6  MF1-05B 245.5×5×5 Second seal between nozzle hub and movable body  4  

7  MF1-04 φ59×3 Safety mechanism and ignition engine top cover  1  

8  MF1-06 φ18×1.8 Interigniter and safety mechanism  2  

 

Assuming that the pressure during the gas tightness inspection by the SRM Smotor pressure drop 

method is 0.3 MPa and the maximum pressure during operation is 6.4 MPa, the leakage rate under 

these two working pressures after different storage times is calculated according to the series and 

parallel model of the total engine leakage rate.  

To reduce the amount of computation, some simplifications were made in the SRM general leakage 

rate calculation. Since two sealing rings are used between the Smotor rear cover of solid engine and 

the rear joint of solid engine, the former is O-ring sealing and the latter is X-ring sealing, it is obvious 

that the leakage rate of the two sealing rings is smaller than that of one sealing ring, according to the 

worst case (complete failure of X-ring sealing), only the leakage rate of O-ring is calculated. A similar 

processing method is also used between the nozzle hub and the movable body. In addition, the 

operating pressure of 6.4 MPa is the ignition working condition of the engine. At this time, the nozzle 

may need to be swung, and its leakage rate is different from that at rest. However, considering that 

two sealing rings are used between the fixed body and the movable body, and the unvulcanized 

sealing putty is also applied in addition to the sealing ring, the sealing performance is strengthened. 

For simplification, it is still calculated according to the stationary state. In addition, the size of the 

sealing ring between the igniter and the safety mechanism is very small, so the leakage rate is much 

smaller than other parts, and, in the safe state, the ignition channel is blocked by the sealing piston, 

and its leakage rate has a negligible effect on the general leakage rate of the engine. Therefore, only 

the leak rates for the four O-ring sealing configurations (MF1-01, MF1-02A, MF1-03, and MF1-04) 

were actually calculated.  
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The general leakage rate of rubber O-ring sealing affecting solid engines under long-term storage was 

calculated according to the method described earlier under the condition of 0.3 MPa gas tightness 

inspection, and the results were shown in Table 2. 

 

Table 2. Part of contact stress and leakage rate of O-ring sealing structure of engine Smotor under 

0.3 MPa 

Sealing site 0 years  5 years  10 years  15 years  20 years  25 years  30 years  

MF1-01 2.0155e-09 5.3770e-09 6.4180e-09 7.2159e-09 7.8941e-09 8.4981e-09 9.0506e-09 

MF1-02A 6.8766e-08 1.6029e-07 1.8673e-07 2.0658e-07 2.2322e-07 2.3788e-07 2.5116e-07 

MF1-03 6.6669e-09 1.6968e-08 2.0083e-08 2.2453e-08 2.4457e-08 2.6236e-08 2.7857e-08 

MF1-04 1.2496e-08 2.7954e-08 3.2324e-08 3.5586e-08 3.8308e-08 4.0697e-08 4.2856e-08 

Smotor 1.0994e-07 2.6149e-07 3.0579e-07 3.3919e-07 3.6725e-07 3.9201e-07 4.1449e-07 

Note: The unit of leakage rate Q in the table is pa.m3/s. 

 

It can be seen from the table that at the air tightness inspection pressure of 0.3MPa, the maximum 

leakage rate of each O-ring sealing structure of engine Smotor is in the order of 10-8, while the general 

leakage rate of engine is in the order of 10-7. With the increase of storage time, the leakage rate 

gradually increases. However, after 30 years of storage, the leakage rate of each O-ring sealing 

structure is below the order of 10-7, with very little change. However, the general leakage rate of 

Smotor is still in the order of 10-7.  

The general leakage rate of the engine at 0.3 MPa is plotted as a curve shown in Fig. 4 with the storage 

time.  

 

 

Fig. 4 Variation curve of general leakage rate of engine Smotor with storage time under inspection 

pressure of 0.3MPa 

 

It can be seen from the chart that, under the gas tightness inspection pressure of 0.3MPa, the general 

leakage rate of SRM Smotor is in the order of 10-7. With the increase of storage time, the leakage 

rate increases, the initial growth is faster, and then the growth slows down, while its general leakage 

rate is still in the order of 10-7 after 30 years of storage. Thus, after long-term storage, the leakage 

rate of the engine does not change much under the air tightness test pressure, which will not lead to 

unqualified air tightness inspection results.  

The leakage rate of each O-ring sealing structure and the general leakage rate of the engine after long-

term storage of the engine Smotor at the maximum working pressure (6.4 MPa) are calculated, and 

the results are shown in Table 3. 
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Table 3. Contact stress and leakage rate of O-ring sealing structure under 6.4MPa 

Sealing site 0 years  5 years  10 years  15 years  20 years  25 years  30 years  

MF1-01 8.3252e-16 8.7174e-15 1.3315e-14 1.7625e-14 2.1853e-14 2.6071e-14 3.0314e-14 

MF1-02A 2.8404e-14 2.5987e-13 3.8739e-13 5.0461e-13 6.1797e-13 7.2980e-13 8.4124e-13 

MF1-03 2.7537e-15 2.7510e-14 4.1664e-14 5.4843e-14 6.7706e-14 8.0489e-14 9.3305e-14 

MF1-04 5.1614e-15 4.5320e-14 6.7061e-14 8.6924e-14 1.0605e-13 1.2485e-13 1.4354e-13 

Smotor 4.5413e-14 4.2395e-13 6.3443e-13 8.2854e-13 1.0167e-12 1.2026e-12 1.3883e-12 

Note: The unit of leakage rate Q in the table is pa.m3/s. 

 

It can be seen from the above table that at the maximum working pressure of 6.4 MPa, in terms of the 

of engine Smotor, the leakage rate of each O-ring sealing structure and the general leakage rate of 

engine are below the order of 10-14. With the increase of storage time, the leakage rate gradually 

increases. After 30 years of storage period, the leakage rate of each O-ring sealing structure is below 

the order of 10-13, while the general leakage rate of engine is below the order of 10-12, which is very 

small. That is, under normal storage conditions, there is little change in the leakage rate under engine 

operation due to aging of the sealing ring, and the 30-year storage period will not lead to engine seal 

failure. 

6. Conclusion 

The sealing structure of SRM is an O-ring sealing structure network composed of multiple O-ring 

sealing structures through series and parallel relationship. The general flow resistance of SRM sealing 

structure can be calculated by referring to the calculation method of total resistance of circuit series 

and parallel network. By introducing the time aging term into the Roth leakage rate calculation model, 

the leakage rate of O-ring sealing structure under SRM long-term storage can be calculated, and the 

leakage rate of each O-ring sealing structure of SRM as well as the total engine leakage rate can be 

calculated when the differential pressure and leakage resistance inside and outside the engine are 

known. It can be seen from the calculating example that during the long-term storage process of SRM, 

the general leakage rate of engine caused by aging of rubber ring does not change much, and the 

general leakage rate of engine after 30-year storage period does not change much whether under the 

air tightness inspection pressure or the maximum working pressure, which will not lead to seal failure. 
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