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Army Research Laboratory 

NASA Lewis Research Center 
Cleveland, Ohio 

Thomas P. Kicher 
Case Western Reserve University 

Cleveland, Ohio 

in the design process of spirai bevel gears, the bending and 
contact stress caiculations are made and repeated on until a satis- 
factory design is found based on the material capabilities and past 
experience. In many designs the thermal behavior or flash tempera- 
ture calculation wiU not be made or even considered. However, in 
the design of aerospace spirai bevel gear meshes, this calculation 
can be just as important as those previously mentioned. 

in aerospace applications such as that found in helicopters 
as shown in Fig. 1 [i 1, the gears are jet lubricated and the oil is then 
scavenged away to permit the highest operating efficiency. In a p  
plications such as helicopters the gears operate at high pitch line 
velocities and load such that the thermaî behavior is of concern. A 
region of safe operation of a gear mesh can be found as shown in 
Fig. 2 [2,3]. Depending on the speed and load under which the gear 
mesh is operating, various regimes of different failure modes can 
be approached and even successful designs, if pushed to new oper- 
ating conditions, can eventually reach a point where the thermal 
behavior can be of concern or cause failm. 

The earliest work on the thermal behavior of gear systems, 
both experimentai and analytical, dates back to the work of Blok 
[4,5]. Out of this work came the basis of which the “flash tempera- 
ture” calculations are still made today. This work was further ex- 
tended to spiral bevel and hypoid gears in the work of Coleman 
161. This methodology is stiii used to predict the flash temperature 
in a quick and efficient manner [7]. 

in the open literature, analytical work on the thermal be- 
havior of spiral bevel gears is very limited. Other than the pioneer- 
ing work of Ref. 6 only one other analytical study using a finte 
element based approach has been attempted [û] other than that of 
Refs. [9,10]. 

Experimental work is also very limited. Only the work of 
Refs. 11-13 have documented spirai bevel gear operating tempera- 
tures in an aerospace operating environment. Therefore an indepth 
study using experiments and analysis would be useful to character- 
ize the thermai behavior of this type of gear system. 

The objective of the research reported herein was to con- 
duct an experimental and analytical study to characterize the ther- 
mal behavior of aerospacequaiity spiral bevel gears. Experiments 
were conducted using thermocouples on spirai bevel pinions to 
measure bulk operating temperatures. Also, an infrared microscope 
was used to measure transient pinion surface temperatures at a po- 
sition some rotational distance after meshing had occurred. An 
indepth analyticai effort was undertaken. A finite element based 
approach was formulated using the actual gear geometrylgear de- 
sign, tooth contact analysis, Hertzian contact anaiysis, and lubri- 
cant frictional behavior to apply the heat flux boundary conditions 
to the finite element model. The results from the experiments are 
compared to the analysis that was conducted. 

NkbsB Tes t ADDQ ram: 
The experimental results described in this study were at- 

tained using the Spiral Bevel Gear Test Rig located at NASA Lewis 
Research Center. A sketch of the overall facility which uses a 
closed-loop torque regenerative arrangement is shown in Fig. 3. 
Two sets of spirai bevel gears can be tested simultaneously in the 
arrangement used. 

A cross-sectional view of the facility is shown in Fig. 4. 
Rotational motion is provided by v-belts from a 75 kW (100 hp) 
motor to a helical gear shaft that meshes with another helical gear 
that can move axially. Axial motion of the helical gear through a 
thrust piston permits the loop torque to be changed during facility 
operation. The shafting that is connected to the helical gears is also 
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driven at the same rotational speed as the gear member of the spiral 
bevel mesh. The right side of the test stand (slave side) operates 
with the gear driving the pinion and the left side operates in the 
normal manner with the pinion driving the gear. Both sides of the 
test stand however have contact on the n o d y  contacting sides of 
the gear mesh, when the concave side of the pinion meshes with 
the convex side of the gear. The regenerative torque loop is closed 
through shafting and an in-the-loop, commercially available 
torquemeter. The operational capabilities of the test stand are given 
in Table 1 and the basic spiral bevel gear design specifications are 
provided in Table 2. 

Thermal Measurement Instrumentation: Two methods 
to measure temperature were used in this study. The first type of 
measurement system involved the use of thermocouples that were 
imbedded or attached using an adhesive in four locations on the 
pinion member. An example of this is shown in Fig. 5. The four 
locations were the tooth top, root, toe, and heel. In all  but the root 
locations the thermocouples were located approximately 0.76 mm 
(0.03 in.) below the machined boundaries. The thermocouple wir- 
ing was then connected to siip rings which transferred the signal to 
a laboratory computer. These measurements were for the bulk ther- 
mal properiies of the pinion. As will be described later, in the analy- 
sis section, these locations are only exposed to steady state condi- 
tions once equilibrium is reached. 

The second method used to investigate the thermal behav- 
ior of the pinion was the use of au infrared microscope system. A 
schematic of the system used is shown in Fig. 6. The infrared 
microscope has a sensor thai responds to infrared radiation in the 1 
to 10 mm range. The resulîant voltage output of the sensor in the 
transient mode is relawl to the temperature diffemce of the sur- 
face under study, the surface emissivity, and the insrnunent calibra- 
tion factor. 

A clear lint of sight is required to make this measumment 
and therefore must be made, in the study described herein, about 
1200 after îhe pinion had finished engagement with the gear. Also 
usedwiththismcasurcmcntsystemisaproximityprobethattrackerl 
the pinion tooth location. Both of these signais were fed into a dual 
channel oscilioscope. This permitted the proper locating of the pin- 
ion active profile in the transient signal. 

Thennocoupled pinion: Three variations of test operat- 
ing condition and arrangements for a number of conditions will 
now be described 19,131. The effects of transmitted load, oil inlet 
temperature, and jet position (jet pnssun) will be presented. Au 
test data were taken after the measurements had stabiiizui with no 
change in temperature magnitude for a period of time, typically 
lasting 5 min. 

First the effect of load at full speed on the four measured 
locations is shown in Fig. 7. The tooth top was always at a higher 
temperanin than the tooth mot, toe, and heel. The effect of going 
from approximately 50 to 100 percent load was a linear rise in the 
temperatures measured. The tooth top however increased at a higher 
rate than the other locations. 

The second effect investigated was the effect of oil inlet tem- 
peraaire on the same four locations as was desaibcà earlier. Speed 

and load were both held constant at the 100 percent conditions of 
the facility while the oil inlet temperature was varied. Increasing 
the oil inlet temperature caused a nearly linear temperature increase 
in the four measurement locations as shown in Fig. 8. Note th---'- -.. 
increase in the measured temperature was not as great as the ci 
in the oil inlet temperam. Obviously the ambient convectim __- 
ditions and the heat capacity of the attachment stnicture limited the 
response of the measured temperature to a fraction of the oil inlet 
temper- change. 

The last set of data that will be discussed using the instru- 
mented pinion wili be the effect of jet orientation on the four meas- 
mment locations. The jet orientations are shown in Fig. 9. Five 
different positions of the lubricating jet were tested at two different 
lubricant jet flow rates (jet pressures). One jet position was tested at 
a time. Two locations of the lubricating jet produced similar and the 
lowest measured temperatures. Position 4 is the into-mesh position 
and Position 5 is the out-of-mesh position. Either of these produced 
the lowest indicated temperatures. Based on this, the out-of-mesh 
position would be chosen to maintain the highest system efficiency. 

Lubricant jet flow rate had less of an effect at jet locations 1 
to 3, but had a significant effect on temperature at locations 4 and 
5. Therefore a substantial overail pinion operating temperature de- 
crease could be produced at these locations (4 and 5 )  by increasing 
the lubricant flow rate. 

Infrared Microscope Measurements: Measurements us- 
ing an infrared micmscope are very difficult to make in a gearbox 
because of the turbdent windage caused by the lubricant interact- 
ing with the meshing gear teeth.'This windage permitted the meas- 
urement to be made at only a few jet positions. The results des< 
in this report had the jet oriented 90' on the gear at either the 
or out-of-mesh position. The infrand microscope monitond the 
pinion under study. 

When the infrared microscope is positioned, a single sta- 
tionary region is examined with a diameter of approximately 
0.25 mm (0.01 in.). As the pinion rotates by, the measurement io- 
cation varied as shown in Fig. 1qa) on a once per tooth basis. For 
the tests of the study described herein, the measurement location 
was approximatdy ln of the distance fiom the heel to tfie toe. Shown 
in Fig. lo@) are actuai infrared microscope and proximity probe 
outputs taken from a digital storage oscilloscope. As mentioned 
eariier the proximity probe was used to estabiish a rtfmnce loca- 
tion of the infnucd mi- output with resped to a l d o n  on 
the pinion tooth profile. 

Alsothisinsrnunen tation requires a clear line-of-sight, there- 
fore this measurement was made at a rotational distance of approxi- 
mately 120° out-of-mesh. All infrartd microscope signais had a 
repetitive form similar to that shown in Fig. lo@) with the voltage 
differential dependent on the loading conditions that were applied 
Thecaicuiations made on the raw datam expiaincd in detail in 
Ref. 9. From the transient infrared oscilioscope data, the tooth tip 
always produced the highest voltage and the tooth root region the 
lowest as shown in Fig. lo@). The sharp decrease in the infrared 
output (Fig. lo@)) at points 1.7 and 2 arc believed to be due to the, 
pinion top laud edge passing in front of the measurement loc 

Tht results found via the infrared microscope will now be 
discussed. First the variation of speed and load are shown in 
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Table 3. The thermocouple at the root region was used as the refer- 
ence temperature to make the calculation from the infrared micro- 
scope raw data to the values shown. The temperature difference via 
the infrared microscope compared fairly weil to the temperature 
differential found via the root and tooth top thermocouples. At the 
conditions tested speed and load had little effect on the measured 
values until the full load condition was applied at full speed. 

The other set of infrared microscope results to be discussed 
involved the effect of flow (pressure) and lubricating jet position 
(Table 4). The infrared microscope data was treated as mentioned 
above. All the tests were conducted at full load and speed. The in- 
frared microscope produced the same trends as the thermocouples. 
Lubricating the gear 90” out-of-mesh produced higher pinion 
operating temptures  than did lubricating the gear 90” before 
mesh. The infrared microscope temperature difíerential data when 
compared to the thermocouples were at the most 1 1  OC (20 OF) 
different. 

Analytical Mode I Develomnerit: 

The spiral bevel gear geometry to be modelled in this study 
is the face-milled type. This type of system is used for most spiral 
bevel and hypoid gear meshes manufactured in the United States at 
this time. A more indepth explanation of the geometry and opera- 
tion of spiral bevel gears can be found in Refs. 14-22. In this sec- 
tion a brief overview of how a finite element analysis was con- 
ducted on the same gear system tested in the prior section will now 
be made. 

Determination of Surface Coordioates: The development 
of a finite element model for any gear system requires the knowl- 
edge of the surface boundaries. The case of face-died spiral bevel 
gears requires a kinematic description of the manufacturing pro- 
cess. The process begins by examining the machine tool used in 
manufacture shown in Fig. 11. 

The gear manufacturing machine depicted in Fig. 11 will be 
used to describe the most important features. First the head cutter, 
which contains the cutting blades or a grinding wheel, has conical 
cutting surfaces. The head cutter rotates about it’s axis to remove 
material in the most efficient manner and it’s speed is not related to 
the gear geometry produced. The head cutter orbits about the ma- 
chine center at a predetennined distance. This location and orienta- 
tion are dependent on the workpiece basic design data and cutter 
size. The head cutter and workpiece are respectively rotated about 
the cradle and axis of rotation of the workpiece in a timed relation- 
ship known as the ratio of roll. Typically in aerospace applications 
the pinion is cut (ground) one side of the tooth profile at a time 
whereas the gear is simultaneously cut (ground) on both sides. There- 
fore many machine settings will differ from one side to the other 
for the pinion. 

From the differential geometry approach of Ref. 16, a de- 
scription of the relationship between the head cutter and the 
workpiece can be found and is called the “equation of meshing.” 
For the profile coordinates of a spiral bevel gear three unknown 
parameters from the differential geometry description along with 
the basic machine settings and gear design data are combined to 
produce a system of three nonlinear algebraic equations that are 
solved numerically. Once these coordinates are found for the pin- 

ion or gear under study, a finite element model can be produced as 
shown in Fig. 12. 

nalvsis. Three -Dimensional Contact. H eat 
Generation. an d -er Coe fficients: 
Tooth Contacî A 

The next part of the analysis to be described is how the 
finite element model boundary conditions are determined and a p  
plied. The boundary conditions are found using a three step ap- 
proach. First tooth contact analysis from the gear tooth surface ge- 
ometry is needed to describe the interacting surfaces. Secondly a 
three-dimensional Herizian contact analysis on the geometry of the 
contacting points is conducted. Based on the toothcontact and Hert- 
zian analysis the frictional heat generation can be determined. 
Finally the heat transfer coefficients are determined from empirical 
results where possible. 

Tooth Contact Analysis: First the tooth contact analysis 
described in Ref. 16 is used. The machine tool settings and gear 
mesh operating conditions are used as input to this analysis. Based 
on the input provided the program determines the unloaded trans- 
mission error as a function of roil angle, location of the instanta- 
neous point of contact, the principal curvanires and orientations, 
the sliding and mihg velocity, and the normal force assuming a 
single pair of teeth are in contact. 

The transmission error as a function of roll angle is used to 
determine the level of load that is to be applied at any point of con- 
tact. Where there is an overiap of the parabolic transmission error 
curves the load is assumed to be equally shared between two pairs 
of te th  [9-lo]. 

Three-Dimensional Contact: The other geometrical prop 
erties of the contacting points are used in a three-dimensional con- 
tact analysis [23,24]. From the principal curvatures, orientations, 
material properties, and load the contact region is determined. The 
contact region for any particular ellipse is the found on the finite 
element model by determining which surface grid points from the 
tooth profile are contained within the eliipse [9]. 

Heat GeneraGon: in this study only the heat generated 
due to the relative sliding of the meshing teeth is assumed to exist. 
The heat flux can be described as the product of the friction coeffi- 
cient, sliding velocity, and load. The friction coefficient as a func- 
tion of roiling velocity, sliding velocity, oil inlet temperature, and 
maximum contact pressure was described for a turbine engine oil 
in Refs. 9,25. The sliding and rolling velocity are found using tooth 
contact analysis, the inlet lubricant temperature is known, and the 
maximum contact pressure is detexmined by the three-dimensional 
contact analysis. Therefore the heat flux as a function of contact 
location for the model is now avaiiable. 

Heat ’hnsfer Coefficients: The last boundary conditions 
necessary for a thermai analysis are the heat transfer coefficients 
for the pinion under consideration. In the study conducted herein a 
one-tooth sector model was used (Fig. 12). Where the model was 
cut between adjacent teeth the boundary was assumed to be insu- 
lated or no heat transfer takes place. On the other exposed surfaces 
the heat transfer forced convection boundaries were treated as flat 
plates, or rotating disks, or the coefficients were estimated where 
no empirical data was applicable. 
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cai Results: 

Based on the methods mentioned previously, a thermal 
finite element analysis of an in-house test specimen was developed 
[ 101. The m&l developed is that shown in Fig. 12. This model has 
20 250 elements, and 22 586 grid points, with 874 of these grid 
points on the active profile. The geometric model was created using 
the program developed in Ref. 18 that outputs a file that can be 
dmctly read into a geomemc modeiiing package [26]. The finite 
element model used the fuil load and speed conditions as shown in 
Table 1. Fifteen contact (eilipsc) locations over the entire meshing 
cycle for one pair of teeth were used. The sliding velocity based on 
these conditions and the lubricant friction coefficient as a function 
of meshing location arc shown in Fig. 13. The load applied at each 
of the contact locations, based on the load sharing already men- 
tioned, and the resultant heat flux are also shown as a function of 
meshing location in Fig. 14. The maximum heat flux for this model 
occurs at the highest point of single tooth pair contact. 

During meshing for this model (pinion), the grid points 
exposed to the heat flux on the active profiie change for each mesh- 
ing position. Figure 15 shows an example of one of the meshing 
locations (number 9 of 15 total). The entire active profle is pro- 
jected on an axiai-radial plane. The filled circles are the ones that 
have heat flux applied for this meshing location. The composite of 
all meshing positions for a i l  ellipses would predict the contact pat- 
tem for the loaded gear system. Therefore the heat flux locations 
with respect to meshing position are very important to the time- 
and position-varying boundary conditions that n d  to be estab- 
lished. 

The nonlinear finite element code used for the analysis [27] 
permits time- and position-varying boundary conditions to be ap 
plied through the use of "user submtincs." User subroutines were 
written for a rime averaged set of boundary conditions and.for a 
time- and position-vaxying boundary conditions. T i  averaging of 
the boundary conditions were needed to move the anaiysis out to a 
point in time where the overall model behaves in a thermal quilib 
num state. This is very useful for models that have very small time 
step increments in the transient mode and would required miiiions 
of tirne steps to reach steady state. Using the time averaged bound- 
ary conditions to move Out in elapsed time and then switching user 
subroutines to the time- and position-varying conditions saves a 
monumentai amount of super computer B U  time. 

This procedure was implemented for this study. Figurc 16 
showsthetempenitlirchistoryafterchaugingfromthetime-averaged 
to the W e -  and position-varying boundary conditions for a grid 
point on the active profde. Each time the heat flux passes over the 
grid point, a temperature change of approximakly 37 O C  (67 OF) 
occurs. This flash of tmiptraturt is then followed by the forced 
convection cooling that follows until the next meshing period. Note 
that in Fig. 16 that the rime-varying temperahire is very repeatable 
even after just a couple of revolutions. An example of the full 
three-dimensional tempuanue field is shown in Fig. 17. This par- 
ticular figure is from heat flux eiiipse #13. The maximum tempera- 
ture predicted at this point during the meshing process is 200 O C  

(392 OF). 
At locations away from the. active proñìe no change in tem- 

peratureisin~catedwhenchangingfromthetimtaveragedtotran- 
sient boundary conditions. only locations in close proximity to the 
moving heat flux are affected during the transient operation. 

: 

A comparison of the experimental and analytical results will 
now be made. The data taken via themmouples will be COP*-- ' 
with the same locations on the finite element model. The i 
microscope data wiil be compared to the muits from the tr _--____ 
model at the same out-of-mesh location where the data was taken. 

The comparison between the thermocouples and the anaiy- 
sis is shown in Fig. 18. Two experimentally different lubrication 
effects were compared to the steady state results of the analysis 
with some minor changes to the heat transfer coefficients and am- 
bient conditions. As shown in the figure, theanalysis did bracket 
the temperature found at the four locations. As mentioned earlier, 
available heat transfer coefficients for gears are nonexistent and the 
assumed ambient conditions could be adjusted to duplicate the re- 
sults found through experiments. Fine tuning of the model via the 
boundary conditions could be u t i l i  to develop a range of heat 
transfer coefficients based on flow rate, lubricant jet location, rota- 
tional speed, and other effects. 

The other comparison to be made is that of the infrared 
microscope and the transient numerical finite element solution. in 
Fig. 19 the path of the infrared microscope superimposed on the 
thermai model at the 120" out-of-mesh position is shown. Note 
that due to alignment of the infrared microscope the hottest loca- 
tions of the active profile of the pinion were not traversed. The 
resultant rransient measurement and anaiytical result are shown in 
Fig. 20. The transient anaiyticd solution was fixed at one location 
at the 120' out-of-mesh position. The model could have been 
checked at each time step increment during the period of time it 
takes the infrared microscope to traverse one tooth cycle. The 
showed a temperature variation of approximately 30 OC (3 
the region that the infrared microscope traversed. 

The infrared microscope data shown in Fig. 20 wiii bt fur- 
ther explained The inûarcd microscope in the transient mode re- 
quires a reference ternpcmme to perform the caicuìations on the 
raw äata gathered durhg the experiment. Since a dirtct compari- 
son to the analysis was to be made, the aoalytical prediction forthe 
region at the rootwhere the infrared microscope traversed the root 
(start of active profle) was used as tbe refmnce te-. The 
oniy other effect factored into the calculation of ternpaatwe differ- 
ential from the raw data was the attenuating effect of the lens sys- 
tem between the infnirtd microscope and the test specimn as ex- 
plained in Ref. 9. Other effects on the raw data such as orientation 
of the infrared microscope with nsptct to the surface and gear edge 
effects weic not considered. Therefore aminimum of spechi treat- 
ment to the raw data was used for the comparison shown in 
Fig. 20. The d y t i c a i  and experimental results showed similar 
mnds except at the lucation where the pinion active profde and 
tooth top comer is traversed. The mt of the results were within 
10 percent of each other at the other locations. 

An experirnental and analytical study have been connducted 
with respect to the thermai behavior of spirai bevel gears. The ex--_ 
perimentai effort was conducted on aerospace quality spira 
gears at rotationai speads to 14 400 rpm a d  537 k W  (720 hi 
experimtntai resuits indicated that load, jet location, flow rate, and 
oil inlet temperature ail can affect the steady state operating tem- 
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perature of the spiral bevel pinions that were instrumented. Also an 
analytical modeiling method was developed to analyze the thermai 
behavior via the finite element method. 

Based on the study conducted the following conclusions can 
be drawn: 

(1) The experimental study found that: (i) Bulk tempera- 
tures varied nearly linearly with increasing load and oil inlet tem- 
perature; (ii) Lubricant jet placement at either the into- or 
out-of-mesh positions produced the lowest operating temperatures; 
and (iU) Infrared measurements indicated that there are substantial 
temperature differences across the active profile, and at the loca- 
tion where the instrument measured the transient temperature the 
tooth top was the highest temperature which is the same pattern 
found in the thermocouple measured data. 

(2) A finite element based, three-dimensional, thermai analy- 
sis of spiral bevel gears was developed. The model predicts the en- 
tire temperature distribution of the spiral bevel gear. From this model 
regions located a distance from the active profile do not experience 
rapid transient temperature changes as was found on the active pro- 
fde (up to 37 OC). These regions stay essentially at their final steady 
state solution temperature throughout the once per revolution heat 
flux/ convection cooling cycle. 

(3) Comparisons between the experimental and analytical 
results generally were in agreement. At locations where bulk tem- 
perature (steady state) measurements using thermocouples were 
made the results found analytically bracketed the experimental 
results. Across the active profile where the heat flux is imparted to 
the test hardware and analytical model, the trends agreed between 
an infrared microscope and the time varying transient solution at 
the measurement location of approximately 1243” after meshing had 
occurred. 
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