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Abstract 
Thispaperstudiestheeffectofmanufacturingemorsonpredicteddynamicfa~torsofspurgears. Three typesofdynamic 
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Rogram (GRD) that uses a finite element method. After comparing the three programs’ results with experimental data 
provided by Nationai Aeronautics and Space Adminisazition (NASA), the DYTEM program is used for dynamic factors 
prediction. The effects of Merent profile tolerances for AGMA quality 10,12, and 14 gears are presented. 
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INTRODUCTION 

The dynamic factor used in gear design has been the 
subject of many studies, and has resulted in many formulations. 
The existing factors used by AGMA (American Gear 
Manufacturers Association) and IS0 (International Standard 
Organization) are empirical in nature. Aithough accuracy is a 
consideration, it has not been studied to any great extent. The 
advent of many relatively simple models and available analysis 
procedures aliows for dynamic factors to be predicted by a 
variety of methods. This paper uses three different modeling 
procedures that predict dynamic factors and then uses one of 
the procedures to compare the effects of profüe accuracy with 
the values used in present AGMA standards. 

The development of the dynamic factor, using either 
experimental and theoretical methods, can be traced back more 
than one century ago. Walker introduced a factor which was 
reformulated by Barth as the ratio of static load to dynamic load 
[l]. Buckingham has performed systematic studies in the 
prediction of dynamic tooth loads for designing gears [2]. The 
formulation of dynamic factor has changed as more factors, 
such as operational speeds, tooth precision, and gear geometry, 
are considered. The AGMA 2001 standard provides some 
standard equations for the computation of the dynamic £actor 
based on the gear quality numbers of the gears [3]. The AGMA 
Standard recognizes that it does not consider system resonances 
and is empirical in nature. 

Thus, more intensive investigations in the analytical 
prediction of dynamic factors have been performed by many 
investigators. Kubo [4] presented a method whose results 
compared favorably with his experimental data. Kubo’s 

measured results are presented by Dudley [5] in his fairly 
detailed discussion of dynamic factors. Lin, et al. 161 have 
conducted an investigation in predicting the effects of both 
hear and parabolic tooth profile modifications on the dynamic 
response using a four degree of freedom torsional model. 
Rebbechi, et. al. [7] have performed some experimental studies 
to predict the gear dynamic behavior. These experimental 
results were compared with the computer program developed at 
NASA (National Aeronautics and Space Administration) for a 
four degree of freedom model [SI. Wang [9] has also applied 
time domain torsional dynamic modeling for the prediction of 
dynamic factors. Although not applied directly to dynamic 
factor modeling, Kahraman and Singh [lo] and Padmanabhan 
and Singh [i I] have studied dynamic modeling procedures for 
gears that have non-lieu effects near system resonances. 

Ozguven and Houser [12] have developed a computer 
program, DYTE (Dynamic Transmission Error Program) that 
uses either measured or computed static transmission errors to 
excite a single degree of freedom non-hear time domain model. 
This program determines the dynamic factors, dynamic tooth 
forces, and dynamic transmission errors. This computer 
program has been extended to a Si degree of freedom non- 
linear model caiied DYTEM (Dynamic Transmission Error 
Program for Multi-degree of fieedom model that provides more 
complete results [13]. In addition to the dynamic factors, 
dynamic tooth forces, and dynamic transmission errors 
predicted by DYTE, dynamic bearing forces, bearing 
displacement, and torsional shaft motions are also predicted 
with this time domain program. A computer program calied 
GRD (Gear Rotor Dynamics Program) has been developed by 
Kahraman, et. al. [14]. This procedure uses finite elements to 
analyze the dynamics of a system consisting of two shafts 
supported on bearings and coupled by a spur or helical gears 
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mesh. This program uses h o n k  components of transmission 
error to predict the dynamic loads in using a fiequency domain 
approach. 

The three programs can be used to determine several 
types of dynamic factors of gears in mesh. More specifically, 
the following dynamic factor effects may be predicted: Dynamic 
Load Factor, Dynamic Tooth Force Factor, Dynamic Bending 
Moment Factor, Dynamic Contact Stress Factor, and Dynamic 
Root Stress Factor. These factors are defined below. 

The DyMmic Load Factor is the ratio of the static load 
carried by a gear pair to the peak dynamic load. This dynamic 
load usually does not consider load sharing between teeth SO it 
is possible to have the highest dynamic load where two pairs of 
teeth are in contact, hence providing a conservative value. This 
is the factor used by AGMA in its standards. 

The Dynomic Tooth Force Factor method considers 
each tooth pair as a separate entity and then computes the 
highest ratio of static force carried by one tooth relative to the 
highest dynamic force carried by the same tooth. This &or is 
close to being correct for surface durability since it is indicative 
of Hertzian contact stress amplitude. However, Since it is not 
location dependent, it may or may not be indicative of the peak 
dynamic surface stress on a gear tooth 

The @namic B e d n g  Moment Factor method takes 
the dynamic tooth force and multiplies it by the moment arm to 
the location of the critical root stress as obtained in the 
geometry factor calculation. This hctor does not directly 
indicate root stress, but allows for the computation of a root 
stress multipiier that is essentiaiiy the same as computing the 
ratio of static root stress to dynamic root ,stress. 

The Dynamic Contact Stress Factor is the most sensible 
dynamic factor for surface durabiity. It is computed by taking 
the ratio of the highest static contact stress on a gear tooth to 
the highest dynamic contact stress. In most instances this factor 
wiü differ oniy slightly from dynamic tooth force factor, but 
where the peak dynamic loads occur at a different location than 
the peak static loads, there will be differences between the two 
methods. 

The Dynamic Root Smss Factor method calculates 
dynamic factor based on the root stresses of each element of a 
gear pair. Sice the peak stress location at the root changes 
slightly with load location, this M o r  camputes more precise 
resuits than the dynamic bending moment factor, but is much 
more difñcult to implement. 

in this paper, a study of three of the dynamic factor 
computation methods is conducted. They are the Dynamic 
Lwd Factor as computed by AGMA, the DyMmJc Tooth 
Force F m r ,  and the Dynamic Berniïng M'ent Factor. The 
models used have the capabiity of carrying the computations 
through the ñnai step to calculate contact or root stresses, but 
this option has not yet been implemented. ia fáct, in this paper, 
the intent is to see the effects of proñie errors on the dynamic 
factors and these effects show up equally well with each of the 
factors that is chosen. Spacing errors, which are another 

significant input to dynamic factor are not included in this 
analysis. In this paper, the dynamic &or will always be 
considered as a dynamic stress multiplier in the fashion of K u h  
[4] and later presented in Dudley [SI. The expression used can 
always be converted to an AGMA type factor by inverting the 
number that is computed. This approach implies that higher 
dynamic factors indicate higher stresses on a component. 

MODEL DISCUSSION 

As mentioned earlier, there are many simulation 
procedures for computing the dynamic loads on a gear pair. 
First, one must select an appropriate physical model and then 
use one of several equation solving techniques to evaluate the 
physical model. 

Many of the different physical models that have been 
used for gear dynamics modeling have been discussed by 
Ozguven, et. -al. [12 - 141. Later papers that extend their 
literature review include works by Blankenship and Shgh [ 151, 
and Vinayak and Sigh [16]. Some of the physical models that 
have been used are presented below. 

The simplest gear dynamics model considers the gear pair as 
two rotary inertias coupled by a spring. This spring is 
usuaiíy the mesh stiffries of the gear pair. The mesh 
stiffness is time varying, but often is averaged to give a 
iinear time invariant model. There is but one torsionai 
natural fiequency that is predicted with this model. 
Depending upon the implementation, this model may or may 
not include the nonlinear effects due to loss of contact. 
The next simplest model that is often used includes the 
translational motions of the gears by adding the stiffness of 
the supporting shafts, bearings, and housing. In its simplest 
form, this model has three natural frequencies each of which 
has various degrees of torsional and lateral coupiing. 
Gregory, et. al. [17] was the first to i d e  the necessity to 
use this model as the absolute minimum for practical gears, 
since aü gears tend to have some degree of lateralltorsionai 
coupling and except for very symmetrical cases, each of the 
vibration modes is excited to some extent by the dynamic 
excitations of the mesh. The use of modei "a" has been 
s u d  in modeling some test stands because efforts 
were made to decouple the lateral motions by using 
inordinately large gear wheel inertias or by having extremeiy 
compliant shafts and bearings. 
By adding additional shaft inertias to (b) depending upon 
the complexity of the actual system, one can have additional 
natwal frequencies. However, these added masses seldom 
affect the mesh forces in the frequency range studied in this 
Paper. 
A more complex model considers the a s  and bearings to 
be continuous and inciudes shaft bending separate ftom 
bearing stiíìhess. This approach is the most complex of the 
models discussed and usually requires the appiication of a 
finite eiement approach. This method is most appropriate 
when there are muitipie masses on the same shaft and when 
pinions have diameters of the same order as its attached 
shaft. 
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These physical models still require an excitation. In the 
time varying mesh stiffness models, one may use only the time 
varying stiffness as the excitation. However, this method may 
only be applied for “perfect involute” (no profile modification) 
gears and even then may not account for “off-line-of-action” 
contact that might occur. The effects of significant 
displacement excitations due to tooth deflections and profile 
modifications or due to errors in manufacture are usually not 
adequately considered in these models. Ozguven and Houser 
[12] developed a means of separately incorporating each of 
these excitations through the computation of the loaded 
transmission error of a gear pair. The transmission error that is 
used is computed at the mean operating load, so there are some 
potential errors due to the time varying loads that occur in 
operating gears. 

Three different models of varying complexity were 
compared in this study to see how they differed in their 
prediction of dynamic factors. 

Linear forced vibration analysis using sinusoidal 
transmission error as the excitation. In this procedure, a 
matrix analysis program d i e d  MATLAB [ 181 was used to 
perform the forced vibration analysis. The six degree of 
freedom model shown in Fig. 1 was used where ID and IL 
are the drive and load torsional inertias, respectively, and I1 
and 12 are the respective inertias of the pinion and gear. The 
respective shafts connecting the drive and load to the gear 
pair are modeled as pure torsional springs, but there is the 
ability to include shaft damping. The combined effects of 
bearing compliance and shaft compliance as measured along 
the line of action are indicated by the Messes ,  ki and kz 
for the pinion and gear, respectively. The associated 
damping is modeled with discrete dampers, c1 and c2, but 
may also be included as modal damping after the individual 
vibration modes are decoupied in the MATLAB analysis. 
Mesh stiffness is assumed to be an average value, k,,,. The 
MATLAB model is solved using matrix methods that 
assume proportional damping and then modal 
decomposition and modal summation methods are used to 
solve for the response of any of the variables as a function 
of the sinusoidal transmission error excitation, e(t). Six 
natural frequencies and their respective modes shapes are 
solved in the analysis. Only Dynamic Load Factors may be 
computed with this method since there is no means of 
computing the load sharing between individual tooth pairs. 

2. A time domain simulation of the dynamic model of Fig. 1 
was performed using a program called DYTEM (Dynamic 
Transmission Error Program for Multi-degree of freedom 
Model) [19]. This model uses a loaded transmission enor 
excitation computed from a program caiied LDP (Load 
Distribution Program) [20]. The LDP program also 
computes the time varying mesh stiffness that is part of the 
excitation model. Parameters such as tip relief, spacing 
errors, or more general tooth profile and tooth lead errors 
may be simulated. The DYTEM model uses a fourth order 
Runge-Kutta technique for soiving the set of differential 
equations. Each of the three chosen dynamic factor types 
may be computed with this method. Since this method 
keeps track of the load carried by each individual tooth pair, 
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not only are the m i c  Load Factors computed, but also 
the Dynamic Tooîh Force Factors on each tooth are 
computed. The Dynamic Bending Moment Factors are 
computed by multiplying the instantaneous tooth force by 
the moment arm to a critical radius at the tooth root. 

This model uses a finite element procedure incorporated in a 
program called the Geared Rotor Dynamics Program 
(GRD) [21]. Typical models using this program is shown in 
Fig. 2. This program also uses a transmission error input 
computed by LDP, but treats the equations as linear time 
invariant and uses an average value for the mesh stiffness. 
Bearing stinnesses are placed at the actual bearing 
locations, and shaft deflections that could only previously be 
incorporated into the bearing stiflñess, are now 
independently included. Because this method does not 
divide the transmitted load into individual tooth forces, only 
the m i c  Load Factor may be computed. 

An unknown of each of these three models is the 
amount of damping to be included. Models 1 and 3 only allow 
modal damping, while model 2 allow discrete dampers to be 
placed at the same locations as the springs. In all cases, 
damping values were selected to give good comparisons with 
experimental data taken by Rebbechi, et. al. [7]. 

COMPARISON WITH EXPERIMENTAL DATA 

Fig. 3 presents root strain gage data for two consecutive 
spur gears run by Rebbechi, et al. [7]. For each speed, the time 
axis is n o d i e d  to position along the line of action. in this 
case, the test rig has extremely compliant shafts so only a single 
torsional natural frequency predominates. The modes of 
vibration that have signifcant shaft bending are at low 
frequencies that do not show up in the strain data. By inverting 
the periods of the oscillations observed in the strain gage data, 
for the three lower speeds, one finds that the primary natural 
frequency of the system is roughly 3400 Hz. A single natural 
fiequency is dficult to discern from 6000 rpm data because 
very few oscillations occur. Also, it is noted that the damping, 
as qualitatively assessed from the decay rate of the oscillations, 
is lowest at 800 rpm and then increases as the speed is 
increased. 

Each of the three models discussed earlier was used to 
analyze Rebbechi’s gear set using the data of Table 1 and Table 
2a. Table 3 shows that the primary natural frequencies 
predicted by each of the models compare quite favorably with 
one another. The maximum dynamic load factors are 2.4, 2.8, 
2.6, and 2.1 using MATLAB, DYTEM, GRD model 4 and 
GRD model B, respectively. Adding the external load and 
driver into the GRD model A, the natural mesh frequency 
predicted is not affected. However, the model with external 
load and driver (GRD model B) has a lower dynamic factor at 
the major resonance but at all lower speed is nearly identical to 
the GRD model A. For general information, the next lower 
natural frequencies that are predicted by the MATLAB model 
are at 151 and 400 Hz., respectively. At these frequencies, the 
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