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A large portion of electronic failures is caused by vibration.  Usually, these failures are needless in that they are induced by thoughtless mounting of electronic subassemblies in the most convenient available space – which turns out to be a location particularly prone to vibration.  What’s more, even if the vibration doesn’t break an electronic connection, it can produce dynamic effects that induce fracture in the host structure.


An exact vibrational analysis is not simple.  An electronic assembly has one set of vibration characteristics, and the host structure has another.  When the two are put together, they exhibit yet a third set of characteristics.  An exact prediction of response to vibration requires a lengthy computer analysis.  But here are two quick methods for ensuring structural integrity of the combined assemblies.

The Octave Rule


All machines in motion, from airplanes to washing machines, produce vibration.  As speed increases, the exciting frequencies and acceleration forces also increase.  An important dynamic characteristic of a structure is its transmissibility, which is a dimensionless ratio of output acceleration to input acceleration, or output displacement to input displacement.  When two adjacent structures (the subassembly and the host structure) have similar resonant frequencies, the combined package has high transmissibility, and acceleration forces build up quickly.  The resultant high stresses and deflections induce early fatigue failure.


Fatigue failures in a vibrating system are also caused by stress raisers such as sharp corners, notches, holes, or any rapid change in the cross section.  Therefore, it is a good practice to avoid any form of stress concentration in primary load-carrying members.


The transmissibility of a system with a single degree of freedom (a system with one spring and one mass) is determined by the damping in that system.  A slightly damped structure has a high transmissibility, which is undesirable because it promotes rapid fatigue failures in a vibrating system.


Failures of this type are often avoided by using the Octave Rule.  This rule considers a vibrating structure to be a combination of many individual springs and masses.  The springs, representing stiffness of the structure, interconnect the masses.  The rule is quite simple: In a series spring-and-mass system, the resonant frequency of each spring-and-mass pair should be at least twice that of the preceding spring-and-mass pair.  In other words, the natural frequency of a series spring-and-mass system should be doubled every time an additional degree of freedom is added to the system.


For example, consider an airplane bulkhead with a resonant frequency of 40 Hz.  An electric motor mounted on a plate is to be fastened to the bulkhead.  To minimize high vibration amplifications and high forces in the motor, the resonant frequency of the motor and mounting plate should be 80 Hz of greater.

The airplane bulkhead can be represented as a single spring-mass-damper system.  The motor and mounting plate can also be represented as a single spring-mass-damper system.  When separate, each is called an uncoupled system since the motion of one mass has no effect upon the motion of the other mass.


When these two individual spring-mass-damper systems are joined, they become a two-degree-of-freedom system.  This combination is called a coupled system since the motion of one mass now effects the motion of the other mass.  The first degree of freedom is represented by the airplane bulkhead.  The second (or additional) degree of freedom is represented by the motor mounted on its plate.


If a transformer and mounting brackets are fastened to the motor, the coupled system has three degrees of freedom.  To avoid high vibration amplifications in the transformer and its mounting bracket, the uncoupled resonant frequency of the transformer and brackets should be doubled again to a value of about 160 Hz or greater.
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How the Octave Rule Works 

Use of the Octave Rule can be demonstrated graphically by considering the effects of mounting a subassembly on an aircraft bulkhead.  The subassembly consists of an electric motor mounted on a plate.  And attached to the motor is a transformer and mounting brackets.  The Octave Rule states that to avoid vibration damage in systems with several degrees of freedom, the uncoupled natural frequency fn of each added component must be twice that of the element to which it is attached.
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A Quick Analysis Method

Increasing the natural frequency of a component generally means increasing its weight.  However, there are many cases where the Octave Rule cannot be followed because of size or weight restraints.  For example, if the uncoupled natural frequency of the mounting plate for the motor is only 30 Hz, a stiffer plate is required to obtain the 80-Hz natural frequency.  If there is no space available to increase the plate thickness, or to add stiffening ribs to increase the resonant frequency to 80 Hz, what is the increase in dynamic loads in the system?


The answer to this and similar questions can be obtained by using an analog of a digital computer.  However, if a quick answer is required, or if a computer is not available, you can use the curves shown in When the Octave Rule Isn’t Enough.  These curves were generated by a computer for a system with two degrees of freedom.  Peak transmissibilities for the coupled system were determined for several different weight ratios, based upon the uncoupled natural frequencies and the uncoupled transmissibilities.


To use the curves, first develop a mathematical model for the combined structure being analyzed.  The structure must be simulated by a system consisting of two pairs of springs and masses in series.  Dynamic loads can be analyzed quickly by the following procedure:


Step 1.  Determine the weight W of each assembly or spring-mass pair.


Step 2.  Determine the uncoupled natural frequency fn and the uncoupled transmissibility q for each spring-mass pair from test data of from calculations using standard handbook equations.  (When handbook equations are used to determine natural frequencies or spring rates, it is recommended that simple structural members such as beams, plates, shells, and frames be used for the simulated system.  Equations for these shapes are readily available in a simplified form.)  


Step 3.  Measure vibration acceleration Gin into the system.


Step 4. Calculate the vibration acceleration G1 experienced by the structure representing the first degree of freedom by using
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(1)


The vibration acceleration G2 experienced by the assembly representing the second degree of freedom is obtained from
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(2)

where Q2 is the maximum coupled transmissibility of the second degree of freedom.  In Equation 2 Q2 is as yet unknown.  However, combining Equations 1 and 2 with 

R = Q2 /q1 obtains
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(3)


Step 5.  Using the appropriate curve as determined by the ratios W2 /W1,  f2 /f1, and q2 /q1, find the value of R.


Step 6.  Substitute the value of R into Equation 3 to obtain G2.


Thus, all the parameters of system dynamic response are known.  To understand how the method is applied to a practical problem, consider the system shown in An Example Problem.  Here, an electronic chassis rigidly mounted to a structure contains a circuit board with several vibration-sensitive relays.  Results from the detailed analysis show the circuit board experiences a peak vibration acceleration that is greater than the maximum allowable level for the relays.  Therefore, the design is not satisfactory.


If  ribs added to the circuit board increase the natural frequency to two times that of the
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An Example Problem
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This six-step analysis is a valuable tool for quickly estimating the vibration response of any structure.  Here, for instance, an electronic chassis rigidly mounted to a structure has an uncoupled resonant frequency f1  of 120 Hz and an uncoupled transmissibility q1 of 3.0.  A circuit board containing several relays is mounted within the chassis.  The manufacturer’s catalog shows the relays can withstand a peak acceleration level of 75 g up to a frequency of 2,000 Hz.  The chassis assembly must pass a 5.0-g peak sinusoidal-vibration qualification test with frequencies up to 2,000 Hz.  Is this design satisfactory?

Nomenclature


[image: image7.wmf]= Uncoupled natural-frequency ratio of W2 to W1.


[image: image8.wmf]= Uncoupled transmissibility ratio of W2 to W1.

R
Ratio of coupled transmissibility of W2 to uncoupled transmissibility of W1.
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[image: image10.wmf]= Weight ratio of second degree of freedom to first degree of freedom.
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