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INTRODUCTION 

This report documents the engine cycle simulation and 

detailed thermal analysis f o r  two operating points of the 

Single Cylinder Test Engine. Both the cycle simulation code 

and the detailed heat transfer model are correlated to test 

measurements. Basically, the analytical models are calibrated 

using the test data fo r  one operating point. The input 

parameters are then changed to correspond to the second 

operating point, and the new analytical results are then 

compared to the test data f;r this second operating point. 

The two operating points will be referred to as "Run 659" and 

"Run 6 6 8 " ,  respectively. 

The engine is an air-cooled, direct injection diesel 

operating on a loop-scavenged, two-stroke cycle. The basic 

engine geometry is summarized in Table 1. Figure 1 shows the 

layout of the cylinder, head insert and outer manifold ring. 

The intake air is piped to two openings in the manifold ring, 

each of which feeds three of the six intake ports. A third 

opening in the manifold ring receives the oases from t h e  

three exhaust ports. The exhaust gases are piped to a plenum 

designed to create the back pressure that would be caused by 

an exhaust turbine. A thin shroud covers the cooling fins, so 

that the cooling air flow can be controlled and monitored. In 

order to minimize temperature differences across the diameter 



- 2 -  

of the cylinder, cooling oil is circulated around the exhaust 

ports through a passage in the cylinder wall. 

The cycle analysis is carried out using the Benson cycle 

simulation code developed at the University of Manchester 

Institute of Science ana TPchnology (UMIST) .  

The detailed heat transfer analysis is carried out using an 

AKSYS three-dimensional finite element model. 
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2.0 ENCINE CYCLE SIMULATION 

The Benson code consists of a flow model, a combustion model, 

and an associated heat transfer model. Heat is added to the 

cylinder in accordance with the specified fuel burned 

schedule. Heat transfer to the walls of the combustion 

chamber is represented by the Annand correlation. The flow 

model includes the air pipes leading from the intcke plenum, 

the ports with measured flow coefficient values, the 

cylinder, and the exhaust piping extending to the exhaust 

plenum. 

The key engine operating variables represented in the Benson 

code are separated into various ca ogories of input para- 

meters, output parameters and calibration parameters as shown 

by the following outline: 

Geometric Inputs 

Bore, Stroke, Connecting Rod Length 

Port Widths, T>rt Timing 

Compression Ratio 

Intake and Exhaust Piping 

Inputs from Test Data 

Engine Speed 

Supercharge Temperature and Pressure 

Fuel Flow 
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Pus1 Calorific Value 

Fuel Burned Schedule 

Instantaneous Port Flow Coefficients 

Heat Loss Inputs 

!hiand Correlation Constants 

Surface Areas and Temperatures for , Pi~ton, 
Cy1 inder 

Output Parameters (for comparison to test data) 

Engine Power Oiltput 

Indicated Specific Fuel Consumption ( I S F C )  

Air Flow 

Exhaust Temperature 

Cylinder Pressure 

Heat Loss 

Calibration Parameters 

Annand Constants (adjusted to match measured heat l o s s !  

Back Pressure (adjusted to iliatch measured air flow1 

Charge Purity 

Ratio of Specific Heats for Intake Air ( y , )  

Ratio of Specific Heats fJr Exhaust Gases (ye) 
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T h e  key o u t p u t  p a r a m e t e r s  were n o t  found t o  be s ens i t i ve  t o  

small  v a r i a t i o n s  i n  c h a r g e  p u r i t y  or s p e c i f i c  heat  r a t i o s .  

For a l l  cans s u b s e q u e n t  t o  t h e  s e n s i t i v i t y  s t u d y ,  , I  C C P  

p u r i t y  is a s s i g n e d  a v a l u e  of 0 .8 ,  and t h e  s , : e c i f i c  h e a t  

r a t i o s  a r e  a s s i g n e d  t h e  values: y c  = 1 . 3 9 0 ,  and y e  = 1.290. 

Because  t h e  model ing of t h e  e x h a u s t  system d i f f e r s  from I : , ?  

a c t u a l  test  set  up i n  c e r t a i n  r e s p e c t s ,  t1.e back p r e s s u r e  i s  

a d j u s t e d  i n  t h e  cycle s i m u l a t i o n  i n  o r d e r  t o  match t h e  

measurt;... a i r  f l ow.  As shown i n  T a b l e s  6 and 7 ,  a r e a s o n a b l y  

good c o r r e l a t i o n  w i t h  t h e  t e s t  d a t a  was o b t a i n e d  f o r  bo th  a i r  

f l ow and t h e  p r e s s u r e  r a t i o  a c r o s s  t h e  e n g i n e  ( i n t a k e / e x -  

h a u s t  I .  

I n  t h e  Benson code ,  t h e  i n s t a n t a n e o u s  r a t e  of h e a t  t r a n s f e r  

from t h e  g a s  t o  t h e  s u r f a c e  of t h e  combust ion  chamber i s  

r e p r e s e n t e d  by t h e  Annand c o r r e l a t i o n :  

where,  

q = h e a t  t r a n s f e r  r a t e ,  r(W 

k = t h e r m a l  c o n d u c t i v i t y  of f l u i d ,  K W . / M - O K  

D = c y l i n d e r  b o r e ,  M 

Re = R e y n o l d s  Number = pVD/w 

o = d e n s i t y  of f l l r i u ,  R G M / M  3 
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V = mean piston speed, W S E C  

IJ = dynamic viscosity of fluid, K G M / M - S E C  

T f gas temperature, remote from wall, O K  

T, = surface temperature, O K  

a,b = Annrnd coefficients tor convective term 
4 c = Annand coefficient for radiative term, KW/M'  - O X  

The Annand coefficients a and b are constant for the entire 

cycle. The radin+ive coefficient, c, is constant for the 

combustion and expansion stages, and is set equal to zero for 

the com2ression stroke. 

Based on previous studies on two-stroke engines, the initial 

values for the Annand coefficients were: 

a = 0.400 

b = 0.700 

C = 0.327E-10, K W / M 2  - O K  
4 

Only Annand coefficient was treated as a calibration 

parameter in matching the measured heat l o s s .  T h e  measured 

heat loss for Run 659 was matched using a revised value of 

0.480 fcr Annand "a". This value was left unchanged f o r  

Run 6 6 3 .  



The heat loss  calculated by the Benscn code is partially a 

function of the combustion chamber surface temperature 

distribution. Area-averaged constant temperatures are input 

fo r  the head, the piston cap, and several zones on the 

cylinder bore. The program checks which cylinder zones are 

exposed to the gas on a crank-angle-by-crank-angle  basis. T h e  

surface temperatures must be guessed for the initial fcw 

runs. The Annand contstant ran is adjusted until the 

calculated heat l o s s  matches the measured heat l o s s .  7 5 c  

results of the cycle simulation are then used to derive t h e  

cycle-average boundary conditions for the detailed ANSYS 

finite element heat transfer model. The finite element model 

is then run in order to determine the detailed temperatxre 

distribution, which is then compared to the measured data. If 

necessary, some of the heat sink boundary conditions, suck as 

the cooling air heat transfer coefficient, are adjustec! to 

achieve better correlation. The heat l o s s  predicted by the 

ANSYS model is then compared to the measured value. T h e  

area-average surface temperatures are also compared to those 

used i n  the latest cycle simulation. If the V a l - a s  do n o t  

-ompare sat rsfactorr ly, the s u r f a c e  temperatures , i s ed  lr, t h e  

Benson code cycle analysis are updated, the Annand const3nz 

is readjusted, and the entire process is repeated unEii 

satisfactory agreement of both models and test 5 a t a  is 
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achieved. In this process, the heat losses to specific heat 

sipks predicted by the ANSYS model are also compared to test 

data. 

Th= key output pztrameters of the cycle simulation are 

compared to measured data for the calibration run (Run 6 5 9 )  

in Table 6 .  The correlation is judged to be satisfaccory for 

all parameters except peak cylinder pressure, which is found 

to be Gver-predicted by 2 7 . 4  percent. ( A  somewnat better 

correlation is found on Run 668, where tl.e peak pressure is 

over-predicted by 9.1 percent.) Assuming the measured value 

is correctc the calculated pressure may reflect an over-pre- 

diction of trapped mass by the Beqson code. The over-predic- 

tion of tragped nass could be caused by inaccuracies In 

modeling the exhaust system, including t h e  effect of delayed 

port closing due to the t o p  rin? land clearance. Another 

possible cause would be that t h e  fuel burned schedule (also 

experimental) overpredicts the burn rate near TDC. 

The key Benson code output parameters are compared to 

measured data for Run 668 in Table 7 .  The R u n  6 6 a  dac: aze 

used to test the model calrbratlon perfcrnea for R u n  6 5 3 .  

Therefore, only one iteration is run with no adjustmenr of 

Annand ccnstants to match measured heat l o s s .  As shcwr, i n  

Table 7 ,  the Benson code predicts a s l i g h t  increjse in heat 
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loss and exhaust temperature, whe:eas the measured data show 

a larger increase in exhaust temperature and d very large 

reduction in heat l o s s .  Hence, based on the test data, the 

Annand constants have not been successfully correlated. 

However, the reduction in experimental heat loss is saspecr 

for the following reasons: (1) a drastic drop in the absolute 

rate of heat loss as the result of changing to an operating 

point with higher engine speed, fuel flow and power output is 

not consistent with general oper3ting experience: ( 2 )  a larqe 

drop in the heat deposited in the combustion chamber s h o u l d  

lead to a drop in measured heat loss tnratigh the coolin? 

fins: however, there is essentially no measured znangcl in the 

rate of heat removal by the cooiing air. 

As previously discussed, the modeling of the exhaust s y s : m  

differs from the actual test setup in certain respects. A 

number of different time-average “exhaust temperatures” are 

found as a function of location in the exhaust piping portion 

of the Benson model. Therefore, it was decided that the 

calczlated exhaust tergcratures as pr?sentod in ~ a b l e s  5 and 

7 s h o u l d  be derived from an overall energy balance on the 

Benson model. The details of the energy balance calcolation 

are given in the Appendix. 
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3.0 DETAILED THERHAL ANALYSIS 

3.1 Description of Thermal Model 

3.2 

The detailed finite element thermal mcdel is depicted in 

Figures 1 through 5 .  T k  cylinder, head insert and manifold 

ring are modeled using three-dimensicca: solid c:r-.-ents 

(ANSYS STIF70). The cooling fins are noL directly modeled, 

but are represented by effective heat transfer coefficients. 

A layer of solid aluminum at the base of the fins is included 

in the model, as indicated in Figure 1. A s  shown in Figure 5, 

the piston, piston cap and piston rings are represented by an 

axisymmetric model using two-dimensional solid elements 

(ANSYS STIF55). Surface contact resistances, and radiative 

and convective heat transfer in the enclosed spaces and 

narrow annuli are modeled using convection link elements 

(ANSYS STIF34). Convection link elements are also used to 

model the thermal communication between the piston and the 

cylinder. 

Derivation of Thermal Boundary Conditions 

The instantaneous gas temperatures and heat transfer coeffi- 

cients produced by the cycle simulation code must be 

converted to equivalent steady thermal boundary conditions 

for purposes of the finite elenent analysis. The equivalent 
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steady thermal boundary conditions are referred to as the 

"cycle-average temperature," and the 'cycle-average heat 

transfer coefficient.' For a surface which is at all times 

during the cycle exposed to the combustion gas, the cycle 

average values (T,h) can be calculated from the instantaneous 

values (T(o),h(@)) by the following relations: 

- -  

where, 

o = crank advance (degrees) 

For elements of surface area on the cylinder bore, the above 

equations must be modified to account for sliding contact 

with the piston and/or exposure to crankcase oil on a 

crank-angle-by-crank-angle basis. For intervals corresponding 

to sliding contact with the piston, h(@) is equated to ze ro ,  

because heat input from the piston is accounted f o r  by other 

means (see below). Figures 3 and 4 show the values of h' and 7 

as a function of axial location on the cylipder bore. 
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The heat flowing from the piston and rings to the cylinder 

bore is represented by the use of convection link elements. 

The governing equation for each convection link is: 

q = hA (Ti-T.) 
3 

where, 

j q = average rate of heat transfer from Ti to 

h = heat transfer coefficient 

T 

A = itrat transfer surface area 

Ti = temperature of node on piston where convection 
link originates 

T = temperature of node on cylinder bore where 
1 convection link terminates 

The heat transfer area for each convection link is computed 

from the following relation: 

where, 

4rrn = Total heat transfer surface area associated 
with piston node where link originates 

= Crank angle interval during whlch the piston 
node is thermally linked to the cylinder 
node where the link terminates 
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The factor (ol-@2)/180 represents the fraction of cycle time 

that the piston node is linked to a particular cylinder node. 

The heat transfer coefficient represents the resistance to 

heat flow across the oil film between the piston and cylinder 

(excluding friccion effects, which are handled separacely). 

The numerical values used in the model are shown in Figure 5. 

Since the head and the piston cap are always exposed to the 

gas, their forced convection cycle-average boundary condi- 

tions are computed using the relations for ? and given 

above, with T(4) and h(4) being provided by the cycle 

simulation code. T(4) and h(4) are shown in Figures 14, 15, 

22 and 23. VaLues of T(6) and h(6) for the intake and exhaust 

ports are developed w i n g  a supplementary program which 

post-processes the port gas data provided by the Benson code. 

The port gas temperatures, mass flow rates :nd average 

velocities are shown in Figures 16 through 21, and 24 through 

29. The cycle-average bcmdary conditicns for the head 

insert, intake and exhaust ports, and manifold are given in 

Table 9. 

T3e total heat load due to piston ring friction is shown for 

the two operating points in Table 9. The data represent 

experimental values obtained by motoring the engine. The 

friction heat load is represented in the model by specified 
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heat generation rates at the nodes on the surface of the 

piston rings and cylinder bore. In loading the model, the 

friction heat is apportioned in the following manner: 

Cylinder bore 50% 

Oil ring 25% 

Top ring 12 1/2% 

Other rings 12 1/2% 

The exhaust port oil cooling is represented in the model as 

illustrated in Figures 2A and 2C. The cooling rates, as shown 

in Table 9, are derived from measured data. In the final 

analytical runs, only 75% of the measured cooling rate was 

used, because the full values consistently caused an 

underprediction of measured temperature data near the exhaust 

ports. The exact reason for this lack of correlation is not 

known. There is a possibility that the cycle average heat 

transfer coefficients in the exhaust ports are too low. The 

heat transfer coefficients are developed using correlations 

for turbulent high speed flow near the leading edge of a flat 

plate. For portions of t h ?  cyle where the ports are partially 

open, the heat transfer coefficients for che lower port 

surfaces are developed from correlations for heat transfer in 

the wake region behind a flat plate. 
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The effective heat transfer coefficients for the circumferen- 

tial cooling fins are given in Table 10. Heat dissipated from 

the wall area occupied by the fin is given by: 

q = e h S (T,-TA) 

where, 

q = heat flow rate 

e = fin efficiency 

h = heat transfer coefficient between cooling air and 
fin surface 

S = total fin surface area 

Tw = temperature of wall area occupied by fin 

TA = temperature of cooling air 

Since the fins are spaced one thickness apart, an effective 

heat transfer coefficient to represent the fins in the finite 

element rtiodel can be calculated from the following relation: 

= e h S/Aw, heff 

with A w  equal to twice the wall area occupied by the fin. The 

fin efficiency, e, is calculated by means of the following 

relation (Reference I): 
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3 . 3  

where, 

rt = outer fin radius 

r l  * inner fin radius 

L V t -  

l i l =  dxir 
k = thermal conductivity of fin material 

t = fin thickness 

In,Kn = nth order modified Bessel functions of the first 
and second kind, respectively 

A supplementary program was developed to calculate the 

effective heat transfer coefficients. The actual heat 

transfer coefficient, h, is assumed to be constant for all 

the fins. Its value was adjusted as part of the overall 

iterative process in order to match the measured heat flow 

rate to the cooling air. The value used in the final runs is 

0.405 Etu/in*-Hr-OF. 

Thermal Analysis Results 

The overall heat balance for the detailed heat transfer model 

is given in Table 8. It is noted that the total friction heat 
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load is dissipated by both the piston and the cylinder, with 

the piston taking a somewhat larger share. It is also noted 

that more than fifty percent of the total heat dissipated by 

the piston is caused by ring friction. This is due largely to 

the insulatinq effect of the air cavities under the piston 

cap, which suppress heat loss from the combustion gases. 

The temperature results are presented in the form of 

color-coded temperature contour plots in Figures 6 - 8 for 

Run 659, and Figures 9 - 11 for Run 668. A comparison of 

calculated versus measured temperatures is presented in 

Figures 12 and 13 for Runs 659 and 668 respectively. The 

correlation between calculated and measured temperatures is 

judged to be generally satisfactory, since almost all of the 

calculated temperatures are within the expecte+ range of 

accuracy of the thermocouple readings. The largest deviations 

occur for the thermocouples located near the interface 

between the heat insert and the cylinder. However, the steep 

thermal gradients in this area adverseiy affect the accuracy 

of the temperature measurements. It is noted that the three 

thermocouple readings nearest the manifold on the intake side 

of the cylinder dropped significantly for Run 668. This 

temperature drop is not predicted by the analytical model, 

and no physical explanation could be found other than 

experimental error. 
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* . O  CONCLUSION 

The correlation of the cycle simulation results to experi- 

mental data is considered to be very good with respect to 

indicated power and airflow. T’le correlations for exhaust 

temperature and peak cyclinder prr?ssure are not unreasonable, 

but do allow some room for improvement in the analytical 

model, assuming that the test measurements are correct. The 

heat loss was matched with the experimental value on Run 659 

by adjusting the heat transfer correlation (Annand correla- 

tion). But the correlation did not then predict the drop in 

measured heat loss for Run 668. Some inaccuracy in the 

experimental heat loss !slues is suspected. Normally, the 

absolute rate of heat loss (not the rate of heat loss 

expressed as a fraction of fuel energy) is expected to go up 

for a higher power operating point. The experimental heat 

loss is subject to inaccuracy due to the fact that it is a 

relatively small percentage of the total energy, and its 

valuc is indirectly determined by subtracting the exhaust 

energy and indkated power output from the total energy. 

Finally, a large drop in the heat deposited in the combustion 

chamber should lead to a drop in measured heat loss to the 

cooling a i r :  however, there is essentially no measured change 

in the rate of heat removed by the cooling air for Run 668. 
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The measured r i . 2  of heat removal by the cooling air was 

matched within five percent bv the detailed thermal model 

for both Runs 659 and 668. 

The correlation of calculated temperatures to experimentdl 

data is considered to be generally within the range of 

experimental error. 
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Fiqure  1 4  Cylinder Gas TempeKatUKeS 
Run 659 
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Figure 15 Cylinder Gas Heat Transfer Coefficient 
Run 6 5 9  
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Figure 16 Intake Port Gas Temperatures 

Run 6 5 9  
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Figure 17 Intake  Port Mass Flow Rate 
Run 659  
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Figure 18 Intake Port Gas Average Veloc.ty 
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Fiqure 19 Exhaust Port Gas Temperatures 
Run 6 5 9  
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Figure 20 Exhaust Port Mass Flow Rate 
Run 6 5 9  
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Figure 21 Exhaust Port Gas Average Velocity 
Run 6 5 9  
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Fiuure 22 CylinCar Gas Temperatures 
Run 668 
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Figure  2 3  Cytinde: Gas Heat Transfer Coefficient 
Run 663 
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Figure 24 Intake Port Gas Temperatures 
Run 668 
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Figure 25 Intake  Port Mass Flow Rate 
Run 668 
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Figure 26 Intake Port Gas Average Velocity 
Run 668 
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Figure 27 Exhaust Port Gas Temperatures 
Run 668 
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Figure 28 Exhaust Port  Mass Flow Rate 
Run 668 
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F i g u r e  29 Exhaust Por t  Gas Average V e l o c i t y  
Run 6 6 8  
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Figure 30 Cylinder Pressure 
Benson Code Analysis 
Run 659 

Crank Angle (degrees) 
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Figure 31 Cylinder Pressure 
Benson Code Analysis 
Run 668 

C r a n k  Angle (degrees) 
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Table 1 Basic Engine Configuration 

Engine t y p e  

Cyl inder  bore  

S t r o k e  

Connecting rod l e n g t h  

Nominal compression r a t i o  

Height i n t a k e  p o r t s  

Height exhaust  p o r t s  

Exhaust p o r t s  open 

Exhaust p o r t s  close 

Intake  p o r t s  open 

Intake  ports close 

S i n g l e  p i s t o n  two 

108 nun 

110 mm 
220 mm 

17.85  

31 nun 

4 3  mm 

85O BBDC ( C . A .  = 

s t r o k e  d i e s 1  

5 ' 1  

85O ABDC ( C . A .  = 265OI 

71°  BBDC ( C . A .  = logo) 

71O ABDC ( C . A .  = 251OI 
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Table  2 Summary of SCTE Test Data 
Run 6 5 9  

Parameter :Units1 

Engine Speed (RPMI 

Intake Temperature (OF) 

Exhaust Temperature ( O F )  

Intake PressUte (In-Hg) 

Exhaust Pressure (In-Hgl 

Air Flow (Lb/Hr) 
Fuel €low (Lb/Hr) 

Cooling Air (Lb/Hr) 

Temp. Cooling Art in (OF) 

Temp. Cooling Air out 'F) 

Port Oil Flow (Lb/Hr) 

Temp. Port Oil in [ O F )  

Temp. Port Oil Out ( O F  

I HP 

BHP 

ISFC (Lb/IHP-Hrl 

Peak Cylinder Pressure [psi) 

Value 

3004.00 

222.00 

957.00 

77.10 

72 .00  

846.00 

20.66 

~ 4 0 3 . 1 9  

104 .00  

234.00 

398.46 

178.00 

201.00 

64.14 

46.26 

0.322 

1550.0 
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Table 3 Summary of SCTE Test Data 
Run 6 6 8  

Parameter (Units1 

Engine Speed (RPMI 

Intake Temperature ( O F )  

Exhaust Temperature ( O F 1  

Intake Pressure (In-Hgl 

Exhaust Pressure (In-Hg) 

A i r  Flow (Lb/Hr) 

Fuel Flow (Lb/Hrl 

Cooling A i r  (Lb/Hrl 
Temp. Cooling Air in ( O F )  

Temp. Cooling Air out (OF) 
Port Oil Flow (Lb/Hrl 

Temp. Port Oil in ( O F )  

Temp. Port Oil out ( O F )  

I HP 
BHP 

ISFC (Lb/IHP-Hr) 

Peak Cylinder Pressure (pail 

Value 

3501.00 

215.00 

1006.00 

78.00 

70.00 

974.48 

23.62 

1416.06 

108.00 

238.00 

382.31 

169.00 

197.00 

76.15 

52.34 

0.310 

1750.0 



- 61 - 

RUN 659 

Table 4 SCTE Energy Balance Der ived  from Test Data 

RUN 668 
r 

Cooling A i r  

E x h a u s t  

0 HP 

..ZAT RATE AS A PERCENT O F  FUEL E!'ERCY 

ITEM RUN 659 RUN 668 

I HP 42.72 44.37 
E x h a u s t  43 * 97 47.80 
Heat Loss 13.31 7.a3 - ,-u 

8.94 

0.23 

1.24 

11.65 

43.97 

30.81 

7.98 

0.27 

1.26 

10.28 

47.80 

30.48 

I I I Unaccounted 3.17 1.93 

TOTAL 100.00 100.00 
I 

T a b l e  5 I n d i c a t e d  Heat Loss Der ived  from Test  Data 
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Table 6 Comparison of Key Engine Parameters 
Benson Cycle Code Versus Test Data 
Run 659 

IRP 

IS 2 (LWIiiP-RRl 

Airf  low ( LB/fiR 1 

Exhaust Temperature i OF; 
Peak L y l i n d e t  Pteasuce 

( p s i )  
Beat Loss 

(BtU/tI? 1 

Pressure Re 
( Intake/Ei.- . I 

BENSON CODE 

67 .02  

0.308 

846.2 

921 .0  

1975 

50910 

1 .104  

TEST DATA 

64.14 

0 .322  

846.0 

957 .0  

1550 

50872 

1.07 
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ITEM 

IHP 
ISFC (Lb/IBP/Rr 1 
Airflow (Lb/Er) 

Exhaust Temperature ('€'I 

Table 7 Comparison of Key Engine Parameters 
Benson Cycle Code Versus Test Data 
Run 668 

BENSON CODE TEST DATA 

77.60 76.15 

0.304 0.310 

959.2 974.48 

933 1006 

1910 
Peak Cylinder Pressure 

(psi) 1750 

Rea t Loss I tBtu/Rrl 

Pressure Ratio 
1.15 (Intake/Exhaustl 

I 52174 I 34215 

1.11 
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Table 8 Heat Balance for Finite Element Model 

SoRPAce OR REGION 

Head 

Cylinde- 
( Combup t ion 
Cbeaber 6 Gases) 

Piston (Cap) 

Piston (Oil Spray) 

Piston (Ring Friction1 

Cylinder (Ring Friction) 

Cylinder and Uanifold 
( Exhaust Gases 1 

Cylinder and Uanifold 
(Intake Ports1 

Cylinder and Uanifold 
(External Environment) 

Cylinder (Cooling Air1 

Cylinder (Splash Oil) 

Cylinder (Exhaust Port 
Cooling Oil) 

mAL 

€EAT RATE 

RUN 659 

21446 

20664 

10460 

-22176 

-1716 

8984 

3058 

1?14 

-5 18 

-3540 

0 

ltu/iir 1 

RUN 668 

21450 

22516 

10388 

-23966 

13578 

10422 

3372 

1384 

-530 

-47302 

-7200 

-4112 

0 

Note: Negative sign indicates he-t flow out of surface. - 
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=ION 

Bead Insect and 
Piston Cap (Combustion 
Side 1 

Exhaust Port: Top 

Sides 

Bottom 

Intake Port: Top 

Sides 

Bottom 

Table 9 Forced Convection Boundary Conditions 
and Specified Beat Rates 

RON 659 RON 663 

T = 2230.9 T = 2153.5 
R = 1.620 B = 1.792 

T = 1018: H = 0.510 T = 1024: H = 0.560 
T = 975: H - 0.400 T = 989: H = 0.435 

T = 1020: H = 0.293 T = 1032: H = 0.316 

T = 660: H = 0.323 T = 665: E = 0.350 

T = 583: H = 0.265 T = 590: !I = 0.288 

T = 661: H = 0.187 T = 672: H = 0.200 

Manifold: Exhaust 

Intake 

Piston Ring Friction 

T = 856: H = 0.206 

T = 438: H = 0.108 

20760 Btu/Hr 

Natural Convection and 
badlation to F f 70: H = 0.018 

24000 Btu/Hr I 
-4130 Btu/Hr 

T = 188: H = 5.27  

1 

Note: T = Bulk Flu-2 Temperature (OF) 
H = Heat Transfer Coefficrtnr fBtu/fnz-Hr-O?) 
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Table 10 Effective Heat Transfer Coefficient 

for Circumferential Fins 

Pin 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

0.331 
0.387 
0.774 
0.719 
0.719 
0.719 
0.719 
0.719 
0.719 
0.719 
0.719 
0.719 
0.710 
0.701 
0.692 
0.683 
0.674 
0.665 
0.656 
0.656 
0.656 
0.656 
0.683 
0.747 
0.811 
0.846 

Pin 
Efficiency 

0.334 (1.01 
1.01 
1-01 
1.01 

Effective Reat Transfer Coefficient 
tBtu/In2-8r-oP1 

6.179 (0.4051 
5.862 (0.405 
5.377 (0.405 
3.514 (0.405 
3.845 
3.845 
3.845 
3.845 
3.845 
3.845 
3.845 
3.845 
3 * 845 
3.897 
3.949 
3.998 
4.046 
4.093 

4.182 
4.182 
r.182 
4 .;2 
4.046 
3.679 
3.233 
2.942 

4.138 

Note: The effectxve heat transfer coefflcrent is based on the 
actual heat transfer Coefficient, the actual fin sur- 
face area, the fin efficiency, and a fin spacing of 
one thickness. The top four fins were broken off prior 
to the test, so the actual heat transfer coefficient 
is used with an efficiency of 1.0 in the finite element 
model for fins 1 thtouqh 4. This value is shown in 
parentheses. Based on the test data, an averaqe coolinq 
air temperature of 169OF is used in the model 
fGt Run 659 and Run 668. 

- 
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Table 11 Free Convection, Radiation and Surface 

Contact Heat Transfer Coefficients 

REGION OR 
INTERFACE 

Enclosed Space 
between Cylinder 
and Manifold Ring 

~~ 

Read Inser t/Cy 1 inder : 

Slots 

Lands 

Head Insert/Ring: 

Upper Land 

Lower Land 

RingKylinder 

Piston Cap/Piston: 

Air Cavities 

Lands 

Shank Portion of Cap 

PRIMARY MODE OF 
HEAT TRANSFER 

Free Convect ion 

Radiation and Conduction 
across Air Gap 

Radiation and Conduction 
across Contact Resistance 

Radiation and Conduction 
across Air Gap 
Radiation and Conduction 
across Contact Resistance 

Assumed coupled at 
interface due to 
interference fit 

Radiation 

Surface Contact 

Conduction/Radiation in Air 
Gaps 

- 

BEAT TRANSFER 
COEFFICIENT 

(BTU/INZ-RR-oPI 

0.011 

0.1124 

3.0 

0.384 

3 . 0  

0.106 

3 .0  

0.093 
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Table 1 2  Values of Thermal Conductivity Used in 
Detailed Heat transfer Model 

PART 

Cylinder 

Fins 

Piston 

Piston Press in Plug 

Piston Cap 

Piston Rings 

Bead Insert 

Ring Insert 

Manifcld Ring 

UTERIAL 

1040 Steel 

Cast Aluminum Alloy 

Ductile Iron 

304SS 

3 2 1SS 

Ductile Iron 

3 2 1SS 

'4340 Steel 

Mild Steel 

CONDUCTIVITY 
(Bt~/Rr-1n-~F1 

2.25 

7.50 

2.07 

1.03 

0.708 

2.07 

0 - 708 

1-81 

2.08 
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APP ENGIX 

Benson Code Exhaust Temperature 

C a l c u l a t i o n  by Energy Account ing  



The following calculations assume 100% energy balance, and 

then derive the resulting exhaust temperature. 

1.0 Benson Code Energy Balance Calculation for Run 659 

Fuel Heating Value = 18500 BTU/LB 

Fuel Flow = 20.66 LB/€IR: Fuel Temperature = 70°F 

Intake Air Flow = 846 LB/HR*; Intake A i r  Temperature=222"F 

Heat Loss = 13.32% of Fuel Energy* 

IHP = 57.02* 

Energy Added - (18500 BTWLBl(20.66 LB/HR) = 382210 BTU/HR 

Indicated Power = (67.02 HPl(2545.2 BTU/BP-HR)=170579 BTWBR 

Heat Loss = (0.1332)(382210 BTU/HR) = 50910 BTU/HR 

Exhaust = 382210 - 170579 - 50910 * 160721 BTU/HR 
TE = Exhaust Temperature 

Exhaust = 160721 BTU/HR = 

(0.264 BTU/LB-"F)[(846 LB/HR)(TE-222)+20.66 LB/HR)(TE-70)] 

TE = 921°F 

*Indicates value calculated by Benson Code 
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2.0 Benson Code Energy Balance Calculation fo r  R u n  668 

Fue l  Heat V a l u e  = 18500 BTU/LB 

Fue l  Flow = 23.62 LB/ElR; F u e l  Tempera tu re  = 700F 

I n t a k e  Air Flow = 959.2 LB/HR*; I n t a k e  Air T e r n p e r a t 1 ~ r e = 2 1 5 ~ F  

Heat Loss  = 11.94% of F u e l  Energy 

IHP = 77.60* 

Energy Added = (18500 BTU/LB)(23.62 LB/HR) = 436970 BTU/HR 

I n d i c a t e d  Power = (77.60 HPl(2545.2 BTU/HP-€iR)=197507 BTU/HR 

Heat Loss = ( . 1194) (436970  BTU/HR) = 52174 BTU/HR 

Exhaust  = 436970 - 197507 - 52174 = 187289 BTU/HR 

TE = Exhaust  Temperacure 

Exhaust  = 187289 BTU/HR = 

( 0.264 8TU/LB- OF) [ ( 959.2 LB/HR 1 (TE-215 1 +(  23.62 LB/HR 1 (TE-70 1 ] 

TE = 933OF 

* I n d i c a t e s  v a l u e  c a l c u l a t e d  by Benson Code 
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1.0 INTRODUCTION 

T h i s  report documents t h e  s t r u c t u r a l  a n a l y s i s  of  t h e  S i n g l e  

C y l i n d e r  T e s t  Engine  (S.C.T.E.) for  ti:, o p e r a t i n g  c o n d i t i o n s  

r e p r e s a n t e d  by "Run 668" i n  R e f e r e n c e  1. For p u r p o s e s  of t h e  

stress a n a l y s i s ,  t h e  f i n i t e  e l emen t  hea t  t r a n s f e r  model of 

R e f e r e n c e  1 is c o n v e r t e d  to  a s t r u c t u r a l  model by c h a n g i n g  

khe t h e r m a l  cont inuum e l e m e n t s  t o  s t r u c t u r a l  cont inuum 

e l e m e n t s ,  and i n t r o d u c i n g  t h e  a p p r o p r i a t e  s t r u c t u r a l  boundary  

c o n d i t i o n s .  As i n d i c a t e d  i n  F i g u r e  1, t h e  boundary  c o n d i t i o n s  

i n c l u d e  t h e  peak c y l i n d e r  p r e s s u r e  (1910 p s i )  a s  c a l c u l a t e d  

by t h e  Benson c y c l e  s i m u l a t i o n  code. The t e m p e r a t u r e  

d i s t r i b u t i o n  ( n o d a l  t e m p e r a t u r e s )  is o b t a i n e d  from t h e  hea t  

t r a n s f e r  a n a l y s i s  o f  R e f e r e n c e  1. The i n t e r f a c e  between t h e  

head i n s e r t  and t h e  c y l i n d e r  is "double-noded" so t h a t  the 

ma t ing  s u r f a c e s  may move i n  and  o u t  of c o n t a c t .  The s o l u t i o n  

of t h e  c o n t a c t  problem r e q u i r e s  t h e  USC o f  b i l i n e a r  c o n t a c t  

e l e m e n t s  i n  an  i t e r a t i v e  p r o c e s s .  As i n d i c a t e d  i n  F i g u r e  2 ,  

t he  c o n t a c t  e l e m e n t s  are d e f i n e d  on n o d a l  circles r e p r e s e n t -  

i n g  t h e  loads where c o n t a c t  may o c c u r .  Each i n d i v i d u a l  

c o n t a c t  e l emen t  is one -d imens iona l  i n  t h a t  it o p e r a t e s  i n  

e i t h e r  a ve r t i ca l  or a r a d i a l  s e n s e .  The i n i t i a l  a s - f a b r i c a -  

t e d  c l e a r a n c e ,  if any ,  is  i n c l u d e d  i n  t h e  f o r m u l a t i o n  of  t h e  

c o n t a c t  erGments.  The stresses i n  t h e  v a r i o u s  p a r t s  are 

c a u s e d  by t h e  i n t e r a c t i o n ,  or i n t e - f e r e n c e ,  due t o  r e l a t i v e  

thermal e x p a n s i o n , .  t h e  i n t e r n a l  t e m p e r a t u r e  g r a d i e n t s ,  and 



(PASA-CB- 1749 23-Pcl-i j L f 6 8 T U B I 6 E T  1186- 13330- 
SUO-STBOUE CXCLP AIBCBAPP DIESEL EllGXlB 

P h a l  Report, Dec. 1979 - Aug. 1985 Uncla s 
4'Peledyne Contiaeatal Uotoss, Lloskegoa, 63/07 04793 

4BCBblOLO61 BLYABLECIBIIT PBOGBACI, WCL088 3 



A P P E N D I X  I1 

STRUCTURAL ANALYSIS 
OF THE 

SINGLE CYLINDER TEST ENGINE 



ReDOr t 2 6-0 2-00 2 iidapco Apiil 12, 1985 
~~ 

ANALYSIS 8 DESIGN APPLICATION CO., LTD. 

STRUCTURAL ANALYSIS 
OF TEE 

SINGLE CYLINDER TEST ENGINE 

Prepared for: : 

TELEDYNE CONTINENTAL MOTORS 

Prepared by: 

Analysis and Design Application Company, Ltd. 

A 

Da rd J. Purneli Y 

Approved by : &&>/p-- AGe4Z 
Peter S. MacDonald 

60 BROADHOLLOW ROAD, MELVILLE, NEW YOAK 11747 5 1 0 .549-2300 



TABLE OF CONTENTS 

1.0 INTRODUCTION 

2.0 STRUCTURAL MODEL DESCRIPTION 

3.0 STRUCTURAL ANALYSIS RESULTS 

4.0 PISTON RING TEMPERATURE DISTRIBUTIONS 

5.0 CONCLUSION 

6.0 REFERENCES 

TABLES 

FIGURES 

Page 
1 

3 

5 

8 

9 

10 

11 

12 



- 1 -  

1 .0  INTRODUCTION 

T h i s  r e p o r t  documents t h e  s t r u c t u r a l  a n a l y s i s  of t h e  S i n g l e  

C y l i n d e r  T e s t  Engine  ( S . C . T . E . )  fo r  t h e  o p e r a t i n g  c o n d i t i o n s  

r e p r e s e n t t d  by "Run 668" i n  P : f e r e n c e  1. For p u r p o s e s  o f  t h e  

stress a n a l y s i s ,  t h e  f i n i t e  e l e m e n t  h e a t  t r a n s f e r  model of 

R c f e r e n c c  1 is  c o n v e r t e d  t o  a s t r u c t u r a l  model by  c h i n g i n g  

t h e  t h e r m a l  cont inuum e l e m e n t s  t o  s t r u c t u r a l  cont inuum 

e l e m e n t s ,  and i n t r o d u c i n g  t h e  a p p r o p r i a t e  s t r u c t u r a l  boundary 

c o n d i t i o n s .  As i n d i c a t e d  i n  F i g u r e  1, t h e  boundary c o n d i t i o n s  

i n c l u d e  t h e  peak c y l i n d e r  p r e s s u r e  (1910  p s i )  as calccllated 

by t h e  Benson c y c l e  s i m u l a t i o n  code. The t e m p e r a t u r e  

d i s t r i b u t i o n  ( n o d a l  t e m p e r a t u r e s )  i s  o b t a i n e d  from t h e  h e a t  

t r a n s f e r  a n a l y s i :  J€ R e f e r e n c e  1. The i n t e r f a c e  between t h e  

head i n s e r t  and t h e  c y l i n d e r  is "doub'e-noded.. so t h a t  t h e  

mat ing  s u r f a c e s  may move i n  and  o u t  o f  c o n t a c t .  The s o l u t i o n  

of t h e  c o n t a c t  problem r e q u i r e s  t h e  u s e  of  b i l i n e a r  c o n t a c t  

e l e m e n t s  i n  an i t e r a t i v e  p r o c e s s .  As i n d i c a t e d  i n  F i g u r e  2 ,  

t h e  c o n t a c t  e l e m e n t s  a r e  d e f i n e d  on nodal circles r e p r e s e n t -  

ing t h e  loads where c o n t a c t  may o c c u r .  Each i n d i v i d u a l  

c m t a c t  e l e m e n t  is one-d imens iona l  i n  t h a t  i t  o p e r a t e s  i n  

e i t h e r  a v e r t i c a l  a r  a r a d i a l  s e n s e .  The i n i t i a l  a s - f a b r i c a -  

t e d  c l e a r a n c e ,  i f  a n y ,  i s  i n c l u d e d  i n  t h e  f o r m u l a t i o n  of t h e  

c o n t a c t  e l e m e n t s .  The stresses i n  t h e  r a r i o u s  p a r t s  a r e  

c a u s e d  by t h e  i n t e r a c t i o n ,  o r  i n t e r f e r e n c e ,  due t o  r e l a t i v e  

t h e r m a l  e x p m s i o n , .  t h e  i n t e r n a l  t o m p e r a t u r e  g r a d i e n t s ,  dnd 
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the applied cylinder pressure. The assembly loads (bolt 

preload) are not considered in this analysis. 

A structural interaction mcdel, similar to that describe? 

above, is also defined €or the piston and piston cap. This 

w d e 1  is depicted in Figure 3. 
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2.0 STRUCTURAL MODEL D E S C R I P T I O N  

The cylinder, combustion dome insert, insert ring and 

manifold ring are modeled using three-dimensional solid 

elements ( A N S Y S  STIF45). The material properties for each 

part are shown in Table 1. The cooling fins are represented 

by thin shell elements ( A N S Y S  STIF631 with effective material 

properties. Contact elements ( A N S Y S  STIF401 are used for the 

surface interaction effects. The piston and piston cap are 

modeled using axisymmetric solid elements ( A N S Y S  STIF42). 

The effective material properties for t:?e thin shell elements 

representing the fins consist of the etfecstlve coefficient of 

thermal expansion (dased on the wall temperature), and the 

effective elastic modulus (based on the thickness of the 

shell element and the stiffness of the fin). The mean fin 

temperature ( T I  is related to the air temperature ( T A ) ,  the 

wall temperature (Tw), and the fin thermal efficiency (e) 

through the following relation: 

- 
T = e !Tw - TA) + TA 

The effective coefficient of thermal expansion ( a e )  is 

related to the wtual material coefficient of thermai 

expansion (a) by the following formula: 
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e T, + (1-e) TA - 70 
a I Tw - 70 

In t h e  above r e l a t i o n ,  TA a n d  e are  o b t a i n e d  from R e f e r e n c e  

1, and Tw is o b t a i n e d  from t h e  A N S Y S  t e m p e r a t u r e s  on t h e  w a l l  

o u t e r  s u r f a c e  where t h e  t h i n  s h e l l  e l e m e n t s  are d e f i n e d .  The 

rad ia l  s t i f f n e s s  o f  t h e  c i r c u m f e r e n t i a l  f i n s  is c a l c u l a t e d  

u s i n g  e q u a t i o n s  ( 4 4 )  o f  R e f e r e n c e  2. The e f f e c t i v e  modulus is 

t h e n  c a l c u l a t e d  based upon t h e  t h i c k n e s s  o f  t h e  she l l  

elements and  t h e  € i n  s p a c i n g .  T h i s  e f f e c t i v e  modulus is 

s p e c i f i e d  i n  t h e  c i r c u m f e r e n t i a l  s e n s e  only. The s h e l l  

e l e m e n t s  are g i v e n  a n e g l i g i b l y  low modulus i n  t h e  m e r i d i o n a l  

d i r e c t i o n .  The Poisson 's  r a t i o  is a s s i g n e d  a v a l u e  of zero. 

The s u r f a c e  c o n t a c t  e l e m e n t s  are a s s i g n e d  i n i t i a l  g a p s  

r e p r e s e n t i n g  t h e  as -manufac tured  c l e a r a n c e s  between t h e  h e a d  

i n s e r t  and t h e  c y l i n d e r .  The i n i t i a l  gap sizes ( f r o m  

Reference  3 )  a r e  as f o l l o w s :  

Vertical clearance between l a n d s  on 0.001 i n .  
h e a d  i n s e r t  u p p e r  s u r f a c e  and  c y l i n d -  
er. 

D i a m e t r a l  c l e a r a n c e  between head  i n -  0 . 0 2 5  i n .  
sert u p p e r  l a n d  and  r i n g  i n s e + t  u p p e r  
l a n d .  

0.010 i n .  Diametral c l e a r a n c e  between head  i n -  
sert lower l a n d  and  ring i n s e r t  lower 
l a n d .  
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3.0 STRUCTURAL ANALYSIS RESULTS 

Stress d i s t r i b u t i o n s  for t h e  c y l i n d e r  a n d  head i n s e r t  are 

o b t a i n e d  fo r  t w o  l o a d i n g  c o n d i t i o n s .  The first l o a d i n g  

c o n d i t i o n  r e p r e s e n t s  t h e  effects o f  t h e  peak  c y l i n d e r  

p r e s s u r e ,  t h e  t e m p e r a t u r e  d i s t r i b u t i o n s  of "Run 6 6 8 " ,  a n d  t h e  

head i n s e r t - c y l i n d e r  i n t e r a c t i o n .  The s e c o n d  load case 

r e p r e s e n t s  a "free thermal" c o n d i t i o n .  The stresses for  t h e  

s e c o n d  case are c a u s e d  by  thermal g r a d i e n t s  o n l y ,  a n d  do n o t  

i n c l u d e  t h e  effects of i n t e r a c t i o n  ( i n t e r f e r e n c e )  due  t o  

r e l a t i v e  thermal e x p a n s i o n  o f  m a t i n g  p a r t s .  The second load 

case is r u n  f o r  c o m p a r a t i v e  p u r p o s e s  o n l y .  

The stress r e s u l t s  are summarized i n  t h e  form of color-code? 

stress c o n t o u r  p l o t s  ( F i g u r e s  4 t h r o u g h  1 2 ) .  The von Mises 

effective stress d i s t r i b u t i o n  is shown for  t h e  c y l i n d e r ,  

i n s e r t  r i n g ,  combust ion dome i n s e r t  and  m a n i f o l d  r i n g  i n  

F i g u r e s  4 ,  5 and 6 .  Comparison of these r e s u l t s  w i t h  t h e  free 

thermal stresses, as  shown i n  F i g u r e s  8 a n d  9 ,  r e v e a l s  t h a t  

t h e  t o t a l  stresses are l a r g e l y  assoc ia ted  w i t h  t e m p e r a t u r e  

g r a d i e n t s .  The thermal stresses i n  t h e  combust ion dome i n s e r t  

a r e  p a r t i c u l a r l y  h i g h  due t o  large t e m p e r a t u r e  d i f f e r e n c e s  

t h r o u g h  t h e  t h i c k n e s s .  In add i t ion ,  a s t r o n g  r a d i a l  i n t e r a c -  

t i o n  o c c u r s  between t h e  head i n s e r t  and t h e  i n s e r t  r i n g  on 

t h e i r  lower l a n d  s u r f a c e s , .  T h e  effect  o f  t h i s  i n t e r a c t i o n  on 

t h e  stresses c a n  be s e e n  by comparing F i g u r e s  7 and 1 0 .  As 
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shown i n  F i g u r e  10, t h e  t h e r m a l  g r a d i e n t s  c a u s e  a free 

t h e r m a l  compressive stress o f  a b o u t  -160 k s i  n e a r  t h e  t o p  of 

t h e  combust ion dome. As shown i n  F i g u r e  7 ,  t h e  i n t e r a c t i o n  

w i t h  t h e  i n s e r t  r i n g  i n c r e a s e s  t h e  c o m p r e s s i v e  stresses over 

t h e  e n t i r e  i n s i d e  s u r f a c e  o f  t h e  head,  t h e  largest  v a l u e  

b e i n g  -232  k s i  n e a r  t h e  lower i n s i d e  edge o f  t h e  dome. 

The h e a d - i n s e r t  r i n g  i n t e r a c t i o n  a n a l y s i s  shows t h a t  there is 

a r a d i a l  i n t e r a c t i o n  cn t h e  lower l a n d ,  b u t  n o t  on t h e  u p p e r  

l a n d ,  except a t  t h e  extreme upper  c o r n e r .  T h i s  c o n t a c t  s t a t u s  

is  c o n s i s t e n t  w i t h  t h e  modeling a s s u m p t i o n s  of t h e  h e a t  

t r a n s f e r  a n a l y s i s  of R e f e r e n c e  1. R e f e r e n c e  1 a s s u r e d  a n  a i r  

gap  on t h e  u p p e r  l a n d ,  a n d  u s e d  a c o n t a c t  r e s i s t a n c e  on t h e  

lower l and .  In t h e  ve r t i ca l  s e n s e ,  o n l y  t h e  i n n e r  t w o  r i n g s  

of c o n t a c t  e l e m e n t s  on t h e  head u p p e r  s u r f a c e  a t e  closed. 

T h i s  c o n t a c t  s t a t u s  is a l so  b a s i c a l l y  c o n s i s t e n t  w i t h  t h e  

thermz: a n a l y s i s  o f  R e f e r e n c e  1, b e c a u s e  c o n t a c t  on t h e  o u t e r  

r i n g s  c o u l d  o c c u r  o n l y  on t he  s u r f a c e s  of t h e  v e r y  nar row 

lands  between t h e  s l o t s  c u t  i n  t h e  t o p  of t h e  head  i n s e r t .  

Bolt clamp-up c o u l d  b r i n g  t h e s e  o u t e r  l a n d s  i n t o  c o n t a c t  w i t h  

t h e  c y l i n d e r :  however, bo l t  p r e l o a d  is not c o n s i d e r e d  i n  t h e  

c u r r e n t  a n a l y s i s .  

The piston and p i s t o n  c a p  stresses a r e  shown i n  F i g u r e s  11 

and 12. The l a r g e s t  stresses o c c u r  i n  t h e  outer l a n d  of  t h e  

p i s t o n  c a p .  As shown by F i g u r e  12, these stresses a r e  caused  

by hoop t e n s i o n  due to  t h e  f a c t  t h a t  t h e  o u t e r  l a n d  is 
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re la t ive ly  cold. The shank p o r t i o n  of t h e  p i s t o n  cap is also 

re la t ive ly  cold: however i n  t h i s  r e g i o n ,  t h e  t e n s i l e  stresses 

are pa r t i a l ly  relieved by the c o n t a c t  i n t e r a c t i o n  between t h e  

cap shank a n d  p i s t o n .  The i n t e r a c t i o n  a n a l y s i s  shows t h a t  a l l  

r a d i a l l y  a c t i n g  g a p  e l e m e n t s  are closed on t h e  c a p  shank. In 

t h e  ve r t i ca l  s e n s e ,  o n l y  the  gap e l e m e n t s  on t h e  o u t e r  l a n d  

are closed. P r e l o a d  i n t r o d u c e d  by  t i g h t e n i n g  of t he  r e t a i n i n g  

n u t  may keep t h e  i n n e r  load i n  c o n t a c t :  however,  t h i s  e e f e c t  

is n o t  c o n s i d e r e d  i n  t h e  c u r r e n t  a n a l y s i s .  
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4.0 PISTON RING TEMPERATURE DISTRIBUTIONS 

The temperature distributions in the piston rings are shown 

in Figures 13 and 14 for "RON 668" and "RUN 659" respective- 

ly. The temperatures, as shown on each ring cross-section, do 

not vary around the circumference because they are modeled 

using axisymmetric elements. It is noted that the relative 

temperatures of the five rings are a strJng function of the 

ring friction heat generation apportionment as given i n  

Reference 1. 
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5.0 CONCLUSION 

A t h ree -d imens iona l  f i n i t e  e l e m e n t  stress a n a l y s i s  of t h e  

S i n g l e  C y l i n d e r  Test Engine h a s  been  per formed €or ;-.he 

p r e s s u r e  and t e m p e r a t u r e  l o a d i n g s  of "Run 668" i n  R e f e r e n c e  

1. The a n a l y s i s  shows t h a t  t h e  h i g h e s t  stresses o c c u r  i n  t h e  

head  i n s e r t  and  t h e  p i s t o n  c a p ,  and  t h a t  t h e s e  stresses are  

l a r g e l y  a s s o c i a t e d  w i t h  thermal g r a d i e n t s .  S i g n i f i c a n t  

amounts o f  p l a s t i c i t y  and  c r e e p  r e l a x a t i o n  c a n  be expected i n  

t h e s e  t w o  p a r t s .  A s t r o n g  rad ia l  i n t e r f e r e n c e  loading o c c u r s  

on t h e  lower land o€ t h e  head i n s e r t ,  w h i c h  c o u l d  be 

e l i m i n a t e d  by  i n c r e a s i n g  t h e  clearance between t h e  head  and 

t h e  r i n g  i n s e r t .  The a n a l y s i s  shows t h a t  stresses i n  t h e  

de fo rma t ion  s e n s i t i v e  p o r t i o n  of t h e  c y l i n d e r  (below t h e  

i n s e r t  r i n g )  are  g e n e r a l l y  less t h a n  16000 psi. S i n c e  t h e  

t e m p e r a t u r e s  i n  t h i s  region of t h e  c y l i n d e r  a r e  less t h a n  

700 OF, p l a s t i c i t y  and c r e e p  e f f e c t s  w i l l  n o t  be i m p o r t a n t .  



- 10 - 

6.0 REFERENCES 

1. adapco Report 26-02-001; "Engine Cycle Simulation And 

Detailed Beat Transfer Analysis of the Single Cylinder 

Test Engine with Correlation to Test Measurements", 

March 21, 1985. 

2. Timoshenko and Goodier; "Theory of Elasticity", McGraw- 

Hill Book Co., 1970. 

3. Drawings and sketches of S.C.T.E. Configuration provided 

by Teledyne. 
* 

. 



Table 1 Material Property Values Used in Structural Models 

PART 

Cy 1 i nder 

Pins 

Piston 

Piston Press in Plug 

Piston Cap 

Piston Rings 

Bead insert 

Ring Insert 

Manifold Ring 

MATERIAL 

1040 Steel 

Cast Aluminum Alloy 

Ductile Iron 

304SS 

321SS 

Ducti.e Iron 

321SS 

4340 Steel 

Mild Steel 

~~ ~ 

ELASTIC 
MODULUS 
(psi) 

29000000 

10300000 

17000000 

22500000 

28000000 

17000000 

28000000 

29000000 

29000000 

COEFFICIENT 
OF THERMAL 
EXPANSION 
(IN/IN-OP) 

0.0000083 

0.0000130 

0.0000058 

0.0000090 

0.0000093 

0.0000058 

0.0000093 

0.0000081 

0.0000075 

Note: All materials are assumed to have a Poisson's ratio 
of 0.3 



Figure 1 Aircraft Diesel S i n g l e  Cyl inder  Test Engine 
Cy l inder ,  Head, Manifold Ring Assembly 
Three-Dimensional S t r u c t u r a l  F i n i t e  Element Model 

I Cylinder (1040 Steel1 

Equivalent peak 
pressure thrust 
injector head 
applied here 
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pres 
psi I 
to r 
bowl 

cylinder I 
;sure (1910 
app 1 ied 
ing and 

, insects 

Exhaust port 
[total of \ 
3 ports) 

'ft 
nless 

Rrnq 
!el I 

id 

Note: The structure is shown cut on a vertical plane 
of symmetry. One-half of the engine is 
modeled. Symmecry boundary conditions are 
imposed on the cut plane. 
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SECOND GENERATION SINGLE CYLINDER TEST ENGINE 
PARTS LISTS 



APPENDIX I11 

SECOND GENERATSON SINGLE CYLINDER TEST ENGINE 

PARX LIST (INSULATED VERSION) 

1. AIRCRAFT DIESEL ASSEMBLY SINGLE 

CYLINDER TEST 

2. INJECTOR NOZZLE & HOLDER ASSEMBLY 

3. CYLINDER H E A D  

4. CYLINDER BARREL 

S .  CYLINDER LINER 

6. PLATE, ENGINE TOP DECK 

7.  INSERT8 CYLINDER HEAD 

8. PISTON CAP 

9. INSULATIVE DISC, CYLINDER HEAD 

10. IHSULATION RIYG, CYLINDER HEAD 

11. INSULATION DISC, PISTON CAP 

12. NUT, INJECTOR NOZZLE HOLDER 

13. PLATE, INJECT03 NOZZLE BOLD DOWN 

14. COHE'ORHABLE SHIM8 PISTON CAP 

is. 12 POINT 3/8-24 (24 REQUIRED) 

16. GASKET, CYLINDER BEAD 

17.  PIN^ LINER ALIGNMENT TO CYL. BARREL 

* ALSO USED ON 

K 

*B 

*F 

F 

F 

*F 

D 

D 

*C 

*C 

c 

*D 

'C 

B 

*A 

*D 

B 

EACD104L-002 

EACD100-001 

EACD101-007 

EACD101-008 

EACD101-009 

EACD101-010 

EACD101-011 

EACD101. '112 

EACD101-013 

EACDlOl-014 

EACD101-015 

EACD101-016 

EAC910 1-0 17 

EACD101-018 

EACD101-019 

EACD101-020 

EACD101-023 

COOLED VERSION 



L 

PAGE 2 

18. CONNECTING ROD ASSEMBLY 

19. PISTON 

20. STUD, 3/8 X 4.00 LG. (12 REQUIRED) 

21. STUD? 3/8 X 2.25 LG. (12 REQUIRED) 

22. PISTON REWORK 

23. WASHER? PLAT 

24. BOLT (SCREW) (PISTON CAP) 

25. DISC SPRING (BELLVILLE WASHER) 

26. NUT, JAM 3/3-34 

27. SCREW 3/8-16 (2 REQUIRED! 

28. O'RING, INJECTOR TO NUT (2 REQUIRED) 

29. O'RING, PLATE TO CRANKCASE 

*D 

*C 

*B 

B 

B 

B 

B 

* 
* 
* 

EACD102-009 

EACD102-010 

EACD102-018 

EACP102-019 

EACDlll2- 020 

EACD104-010 

EACDl 0 4-0 1 1 

EACD104-012 

EACD104-013 

MS90725-73 

m5938 8-0 16 

m59 3 8 8-168 

30. CT'RING, CYLINDER LINER TO SARREL (LOWER) * MS9388-248 

31. O'RING, CYLINDER BARREL TO PLATE * MS9388-255 

* ALSO USED ON COOLED VERSION 



J 

APPENDIX I11 

SECOND GENERATION SINGLE CYLINDER TE’T ENGINE 

PARTS LIST (COOLED VERSION) 

1. AIRCRAFT DIESEL ASSEMBLY SINGLE 

CYLINDER TEST 

2. INJECTOR NOZZLE & HOLDER ASSEMBLY 

3 .  CYLINDER EEAC 

4. PLATE, ENGINE TOP DECK 

5. INSULATION DISC, CYLINDER HEAD 

6. INSULATION RING, CYLINDER HEAD 

7. NUT, INJECTOR NOZZLE BOLDER 

8. PLATE, INJECTOR NOZZLE HOLD DOWN 

9,  NUT, 12 POINT 3/8-24 (24 REQ3IRED) 

10. GASKET, CYLINDER BRAE 

11. CYLINDEL dARREL 

12. CYLINDER LIKZR 

13. PIN, LINER ALIGNMENT TG CYL. BARREL 

14 .  INSERT, CYLINDER HEAD 

15. JACKET, CYLINDER HEAD COOLING 

16. PISTON 

17. CONNECTING ROD ASSEMBLY 

K 

fB 

*F 

*F 

*C 

*C 

*D 

*C 

*A 

*D 

F 

P 

*B 

D 

F 

*C 

*D 

EACD104L-003 

EACD100-001 

EACD101-007 

EACD101-010 

EACD101-013 

EACD101-014 

EACD101-016 

EACD101-017 

EACDlO 1-3 13 

EACD101-020 

EACD101-021 

EACD101-022 

EACD101-G23 

EACD101-024 

EACClCl-025 

EACD102-010 

EP CDl 0 2 -0 0 5 

* ALSO USED ON CERAMIC VERSION 



TI'IZE 

PAGE 2 

u!uLAuE 

18. STUD, 3/8 X 4.00 LG. (12 REQUIRED) 

l?. STUD, 3/8 X 2.25 LG. (12 REQUIRED) 

20. PISTGN CAP 

21. PISTON REWORK 

22. DISCI SPRING (BELLVILLE WASHE2) 

!4 REquIr.?a) 

23. NUT, JAM 1/2-13 UNC-28 

24. SPACER (PISTON C A P )  

25. INSULATION DISC, PISTON CAP 

26. SCREW, 3/8-16 X 3.75 LG. (2 REQUIRED) 

27. O'RIHG, INJECTOR TO NUT (2 REQUIRED) 

28. O'rJNG, PLATE TO CRANKCASE 

*B 

*B 

D 

C 

B 

B 

B 

c 
* 
* 
* 

29. O'RING, CYLINDER LINER TO BARREL (LOWER)* 

30. O'RING, CYLINDER LINER TO BARREL 

( 3  REQUIRED) (UPPER) 

31. O'RING, CYLINDER BARRSL TO PLATE * 
32. O'RING, COOLANT JACKET TO CYLXNZIER HEAD 

EACD102-018 

EXCD102-0 19 

EACDl04-004 

EACD104-OC5 

EACD104-006 

EACD104-007 

EACD104-008 

EACD104-009 

MS90725-73 

MS9388-016 

M9388-168 

MS9388-248 

MS9388-251 

MS9388-255 

MS9388-262 

ALSO USED ON CERAMIC VERSION * 
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1.0 INTRODUCTION 

The objective of the engineering effort reported herein is to 

provide design guidance and feasibility assessment, through 

detailed thermal and structural analysis, in the development 

of a low heat rejection configuration of the Teledyrle 

lightweight diesel engine for aircraft applicati-q. This 

phase of the overall development acti\; i'-f irivolves investiga- 

ting a single cylinder engine which lends itsr.lf to testin? 

of components plus establishing performance and emissions 

data. 

The report presents the insulated single cyLi3der test engine 

configurations investigated followed by detailed descriptions 

of the thermal and stress analyses and presencation of their 

results. In the thermal analysis section, a description of 

the analytical model and the method of analysis is provided 

along with the boundary conditions used. The stress analysis 

section covers the structural assessment of the head, 

cylinder liner, and piston cap. The last section of the 

report addresses conclusions from the analytical results and 

recommendations with respct to a baselino configuration to 

be tested. 
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2.0 INSULATED TEST ENGINE CONFIGURATIONS 

The low heat rejection, monolithic ceramic insulated, single 

cylinder test engine combustion chamber configuration is 

illustrated in Figure 1. As can be seen in the figure, the 

cylinder and head have been significantly changed from the 

air cooled one Fiece design. This was done both to facilitate 

testing of a number of components plus the need to 

accommodate the monolithic ceramic inserts. The metal portion 

of the bolt-on head is relatively massive to provide room for 

the head bolt circle plus sufficient hoop integrity to 

maintain a press fit on the combustion bow insert. The press 

fit is necessary to overcome the thermal induced tensile 

stresses on the back side (cold side) of the ceramic 

combustion bowl insert. The cylinder portion of the engine 

allows for easy replacement of cylinder liner assemblies. The 

outer cylinder block provides a bolting flange for the head 

with the intakeiexhaust manifold torodial structure accommo- 

dated just under the flange. The liner assembly insert 

consists of a metal reinforcing outer cylinder and a ceramic 

inner cylinder. A radial interference between the parts 

provides retention of one to the other while reducing the 

pressure and thermal induced tensile stresses in the ceramic. 

The piston assembly is made up of a two piece ceramic cap and 

a cast iron base. The cap is broken up into twc parts in 

order to reduce the tensile stresses caused by through 
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thickness thermal gradients. The upser mushroom shaped cap is 

retained by a radial press fit at its base. The ceramic disk 

is retained by being trapped between the metal base and upper 

cap. There is a small ledge to keep the disk from moving in 

some radial direction. Note that in this design the piston is 

fully covered by ceramic insulation on its combustion surface 

face. This is typically not the case in the more classical 

low heat rejection diesel with the combustion bowl in the top 

of the piston and valves in the head. Full coverage of the 

top of the piston is important both from a heat loss point of 

view and the need to keep the rings cool. The thermal shield 

under the ceramic cap is optional. It is used to reduce the 

heat loss to the oil lubrication heat sink. 

The configuration illustrated in Figure 1 was assessed using 

zirconia and alumina as the ceramic insulator material. Upon 

turning to silicon rritride as the ceramic, it was necessary 

to face the fact that press fits could not be counted upon 

due to the small thermal expansion coefficient for silicon 

nitride in comparison to metal. Figure 2 illustrate, the 

modified low heat rejection, monolithic ceramic insulated, 

single cylinder test engine combustion chamber configuration. 

As indicated in the figure, the cylinder liner assembly has 

been repleced DY a single piece ceramic cylinder of Zilicon 

nitride. This was done to eliminate an assembly problem. In 
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addition, the metal outer reinforcement structure would not 

be in contact with the cylinder at operating temperatures due 

to coefficient of thermal expansion differences. The upper 

ledge of the cylinder insert was moved up towards the top, 

near the gasketed joint, to reduce problems with maintaining 

preload in the joint. This problem is the result of the axial 

differential growth of the liner versus the block, again due 

to expansion mismatch. The combustion bowl insert was 

increased in outer diameter and an insulating intermediate 

ceramic disk placed above it to help 'reduce the thermal 

induced tension stresses on the bowl's upper surface. The 

thermal shield under the piston cap was again used to reduce 

heat lqss to the lubrication oil, since the silicon nitride 

is a much better conductor than the zirconia. 
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3.0 THERMAL ANALYSIS 

Presentation of the thermal analysis is broken into four 

parts. First, the method of analysis is addressed and it is 

followed by a presentation of the ANSYS based finite element 

models. Next, the detailed boundary conditions used are 

illustrated. Last, the resulting component temperatures for 

three (zirconia, alumina, and silicon nitride! ceramic 

insulation configurations are presented. 

3.1 Analytical Methodology 

In the overall thermal analysis of the single cylinder 

engine, there are two coupled analyses which must be carried 

out. It is important to note that thermal distribution is far 

more important in an insulated engine than in a conventional 

engine since the temperature variation is what fails the 

ceramic. The first of the analyses is a cycle simulation 

which provides the thermodynamics of the combustion chamber 

gas. It is necessary in this cycle simulation to specify the 

combustion chamber wall temperatures. Temperatures to be 

specified are combustion bowl inner surface, piston cap top 

surface, and cylinder liner inner surface. Next, using the 

cycle simulation temperatures of the combustion gas as a 

function of crank angle, a cycle average thermal analysis of 

the overall engine is carried out. The resulting combustion 
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surface temperatures are compared with those which were used 

in the cycle simulation analysis. If there is a significant 

difference, the new surface temperatures are input into the 

cycle simulation and the caspied analysis is repeated. 

The cycle simulation analyses were carried out using the 

Benson program. The cycle simulation converged results were 

made available to Teledyne but are not included in what 

f 01 lows. 

The combustion chamber temperatures car? be calculated on a 

steady state basis provided that the effective steady state 

thermal boundary conditions are represented in the analytical 

model. In the case of the inner surface of the combuztion 

chamber, the effective boundary conditions are called the 

"cycle-average temperature," and tne "cycle-average heat 

transfer coefficient." The cycle-average temperature an< the 

cycle-average heat transfer coeff icieilt are the steady 

boundary values which cause the same total heat to cross the 

inner surface of the combustion chamber as the engine cycle. 

The pistoa also dissipates heat in an unsteady process by 

virtue of its motion in the cylinder. The cylinder bore has a 

large axial thermal gradient, the upp*r portion being heated 

by the combustion gases and the lower portion being cooled by 

the mixture of air and oil in the cran'case. As the piston 

and rings slide up and down in the cylinder, they are 
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alternately exposed to the high and low cylinder tenpera- 

tures. In addition, the thermal boundary conditions on the 

cylinder bore are unsteady by virtue of the piston motion, as 

well as the unsteady conditions in the combustion chamber. 

The purpose of this part of the report is to present the 

theoretical basis and methodology for reduction of the 

combustion chamber heat transfer analysis to fully steady 

state problem. This permits calculation of temperatures in 

the piston, cylinder, head, and other engine components by 

means of steady state three-dimensional finite element 

models. 

Computation of Cycle Average Conditions in the Combustion 
Chamber 

In deriving the effective steady state boundary conditions, 

the basic approach LS to write down the unsteady equations 

governing the physical process and the steady equations 

governing the analytical model, then t o  combine the equations 

so as to conserve the total heat transferred during the 

engine cycle. 

Equations (1) and ( 2 )  below are unsteady and the steady 

forms, respectively, of Newton's convective heat transfer 

equation as applied to the combustion chamber surface. T h e  

steady factors in equation (1) a re  the convection area, A ,  
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and the surface temperature, T,, which we approximate as a 

constant in relation to the extremely unsteady gas tempera- 

ture, Tg ( 9 ) .  The unsteady factors are expressed as functions 

of crank angle, 9, rather than time to make the equations 

independent of engine speed. The rate of heat transfer is 

then measursd per degree of crank angle, CAI rather than per 

un i t t. ime . 

q ( g )  = rate of heat transfer (BTU/CA) 

h(0) = heat transfer coefficient, '3r unit thermal 
conductance (BTU/CA-FtZ - OF) 

A = heat transfer area ( F t 2 )  

T ( a ) =  gas temperature ( OF: 9 
= surface temperature ( O F )  T S  

4 = crank angle (deg.1 

( 2 )  

where, 
- 
q = cycle average rate of heat transfer (BTU/CA) 

= cycle average heat transfer coeEficient 
( BTU/CA-FtZ - OF) 
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A = heat t r ans fe r  a rea  ( F t ' )  

1, = cycle  average temperature ( O F )  

= su r face  temperature (OF) Ts 

I n  order t o  conserve t h e  t o t a l  heat  t r ans fe r r ed  during t h e  

cycle,  Q, we m u s t  s a t i s f y  t h e  following r e l a t i o n :  

( 3 )  0 = 360 - / . q ( o )  do 

Hence, t h e  cycle average r a t e  of heat t r a n s f e r  is def ined by 

equation ( 4 ) .  

360 

0 

360 
( 4 )  

0 

Simi lar ly ,  t h e  cycle  average heat t r a n s f e r  c o e f f i c i e n t  is 

d e f i n e d  by equation ( 5 ) .  

360 - 
( 5 )  

In tegra t ing  equation (1) over the  cyc le ,  and d i v i d i n g  by 360, 

h = 61 h ( 4 )  d Q  

0 

(7) 
0 

Comparing each term i n  equation ( 7 )  w i t h  t h e  corresponding 

term i n  equation ( 2 1 ,  i t  is evident t h a t ,  
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360 - 
( 8  1 

Solving equation ( 8 )  for %, we obtain the definition of the 
cycle avdrage temperature: 

h A Tg = &/h(@) Tg ( 4 )  d4 
0 

0 

By means of equations ( 5 )  and (9) we can calculate the cycle 

average boundary conditions for use ir, tho steady state heat 

transfer model. The unsteady boundary conditions, h($) and 

Tg($), are generated in a tabclar format by ?.he engine cycle 

simulation program. These data aLe then integrated numerical- 

ly according to equations ( 5 )  and (9). Hence, b and P, can be 

calculated on any convection ares, A ,  €or wiiic!c the unsteady 

conditions, 6 ( @ )  and Tg ( 0 1  are given. 

Mode-ing of Piston to Cylinder Heat Transf3L 

The problem of piston-to-cylinder heat transfer is similar in 

that it is an unsteady, cyclic process, which must be 

analytically reduced to an equivalent steady state process. 

However, in the previous case we were concerned only with 

forced cocvection, whereas in this case, we need to thermally 

link the piston (and rings) to the cylinder. In the finite 

element model, this thermal linkage is achieved by means of 

convection link elements. The governing equation for each 
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convection link is as follows: 

(10) q = h A [Ti - Tjl 
Each convection link provides a heat conducLion path of 

thernal conductance, hA, between node i and node j a+ 

temperatures Ti and T respectively. If node i is a node un 

the piston outer surface which slides past a node j on the 

cylinder bore, as the piston travels up and down, then a 

convection link element will need to be defined between nodes 

i and j. In this manner, a set of convection links w i l l  

thermally iink each piston node to an axial line of nodes on 

the cylinder extending from the TDC position of the piston 

node to the BDC position of the piston node. This is 

illustrated in Figure 3. 

j 

If both the piston and cylinder are modeled three-dimension- 

ally, several hundred-if not several thousand--such links 

will be required. The problem then becomes one of finding the 

correct conductance, hA, for  each link. As a matter of 

analytical convenience we separate the total conductance into 

its two factors, h and A ,  and assign each a different 

physical significance. The unit surface conductance, h, is 

treated as a steady factor, a measure of the quality of the 

contact between the piston, or ring, and the cylinder. For 

example, the model will usually have a relatively high h in 



the links originating on the compression rings. The unsteaay 

component of the conductance is embodied in the second 

factor, A .  The derivation of the convection link areas is 

discussed below. 

In order to calculate the correct heat transfer areas for the 

convection links, we adopt the same general approach as in 

the previous part. That is, we write down the unsteady and 

steady forms of the heat transfer equations, and then combine 

the equations so as to conserve the total heat transferred. 

The unsteady form, equation (111, applies to the actuai 

physical process, whereas the steady form, equation (121, 

applies to the analytical model. 

q ( 6 )  = rate of heat transfer out of area A on the 
piston Surface (BTU/CA) 

= temperature of the surface A ( O F )  TP 
Tc(9)= temperature of the cylinder surface to which 

heat is rejected as the piston travels ( O F )  

In equation (111, q(g) and Tc(e) vary with Q by virtue of the 

axial temperature gradient in the cylinder and the motion of 

the piston. 
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(12) 4 = h A1(Tp - TlI h A2(Tp - T,) + ... 
+ h A,(Tp - T,) 

4 = average rate of heat transfer out of area A on 
the piston surface (BTU/CA) 

A = AI + A 2  + ... + A, - piston heat transfer area 
(Ft') 

AltA 2t... A, = areas associated with temperatures T1,T2, ... 
Tn 

Tp = temperature of the surface A (OF) 

TltT2, ... T, = temperatures at discreet points (nodes) on the 
cylinder bore ( O F )  

In combining equations (11) and (12) we need to consider only 

one stroke ( 0 '  5 e 5 180°) instead of both strokes 

( 0 '  S Q, I 360'). The crank advances through the same number 

of degrees as the piston descends from A to B on the 

downstroke as it does when the piston ascends from B to A on 

the upstroke. Furthermore, the piston "sees" the same 

temperature history on the cylinder from A to 0 as it does 

from B to A,  only in reverse sequence. Hence, the cycle- 

average rate of heat transfer can be defined as follows: 

! 80 

(13) = L \ q ( @ l  18 0 d @  

Integratihg equation (11) over one stroke and dividing by 
0 

180, we obtain: 
180 I80 
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Equations (18) a r e  used t o  c a l c u l a t e  t h e  heat t r a n s f e r  a r e a s  

AI, A 2 ,  ... An €or t h e  convection l i n k s .  Examination of 

equations (18) permits a simple physical  i n t e r p r e t a t i o n  of 

t h e  convection a reas .  I f  180' represents  t h e  t o t a l  time t h a t  

i t  takes f o r  t he  p is ton  node assoc ia ted  w i t h  s u r f a c e  a rea  A 

t o  t r a v e l  througl. one s t roke ,  t h e n  each i n t e r v a l  @ i + l  -@-Qi 

represents  t h e  time t h a t  t h e  p i s ton  node is thermally l inked 

t9 cyl inder  node i during the  s t roke .  T h e  r a t i o  Ai/A is the 

f r a c t i o n  of cycle  time t h 3 t  the  p is ton  node is l inked t o  

cylinder node i. 

c c  

The p is ton  nodal a reas  a r e  computed a s  a funct ion of the  

pis ton f i n i t e  element mesh. T h e  sum of the  a reas  assoc ia ted  

w i t h  a l l  the  nodes on the  sur face  of the  p is ton  is equal t o  

the t o t a l  p i s ton  sur face  a rea .  Only  those a reas  and nodes 

which a r e  i n  s l i e i n g  contact  w i t h  the  cyl inder  bore a r e  

included i n  the  convection l i n k  a reas .  
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C The i n t e r v a l s  @i+l 5 0 - oi are  a f u n c t i o n  of t h e  cy l inde r  

f i n i t e  element mesh as  w e l l  a s  t h e  crank r a d i u s  and con- 

nec t ing  rod length.  As t h e  p i s t o n  descends from TDC t o  BDC 

each pis ton node inscribes an imaginary a x i a l  l i n e  on t h e  

cy l inde r  surface. T h i s  l i n e  is broken up i n t o  a ser ies  of 

contiguous segments whose end-points l i e  mid-way between 

consecut ive cy l inder  nodes. Each segment corresponds t o  an 

advance of t h e  crank from Oi  t o  O i + l .  The change i n  crank 

angle  as a func t ion  of p i s ton  t rave l  is c a l c u l a t e d  by t h e  

fol lowing equat ion:  

I * = cos-' [ 1 - ( 2 x 1 / ( 1 + L / 4  - x1 

1 - X I  

( 1 9 )  

where, 

9 = angle  through w h i c h  crank has advanced from TDC 

x = d i s t a n c e  through w h i c h  p i s t o n  has descended 
from TDC 

/t = crank r ad ius  

1 = connecting rod l e n g t h  

xl= f r a c t i o n  of s t r o k e  from commencenent = x/zZ 

P is ton  t ravel  2nd p i s ton  v e l o c i t y  as func t ions  of crank angle  

a r e  i l l u s t r a t e d  i n  Figure 4 for a p i s ton  assembly w i t h  

4 4  = 3 . 5 .  
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Computation of Cycle Average Conditions on the Cylinder Bore 

3.2 

The cycle average heat transfer coefficients and cycle 

average temperatures on the cylinder bore can be calculated 

by equations ( 5 )  and ( 9 ) .  In general, however, the integra- 

tions must be carried out over separate intervals correspond- 

ing to exposure of the particular heat transfer area to 

crankcase conditions, sliding contact with the piston, and 

combustion chamber conditions. For intervals corresponding to 

sliding contact with the piston, Tg(@) and h(e) are set equal 

to zero, because the heat input from the piston is already 

accounted for. Typically, h and fg are computed for each 

element face on the cylinder bore. 

- 

Finite Element Models 

The detailed temperature distribution in the combustion 

chamber components was determined using an ANSYS based finite 

element model. The overall engine model consists of four 

major components: piston, head, block and cylinder assembly 

insert. Each of these components was substructured and used 

in the assembled analysis. Figure 5 presents the pistqn 

assembly which has been treated as axisymmetric. For the 

thermal analysis, the interfaces at A ,  B and C have been 

coupled, which means there is an assumed perfect condition. 

The same piston model was used in all three engine 
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configuration cases considered. These variaus cases involve a 

change in the material properties for the ceramic parts only. 

Table I tabulates the thermal conductivity property for the 

materials of construction considered. Figures 6 A  and 68 

present the axisymmetric model of the two head assemblies 

considered. Again, the interfaces D, E and F were assumed to 

be coupled. The block and insertable liner assembly were both 

modeled fully three dimensionally in order to be able to 

assess what happens in the intake and exhaust ports. Figures 

7 A  and 78 present the inside and outside view of the 

insertable liner assembly, respectively. This assembly 

consists of a stainless steel outer reinforcing cylinder with 

a ceramic inner sleeve. The cylinders are assembled with an 

interference fit. The interference boundary G is assumed to 

be coupled. Figure 8 is an outside view of the solid 

monolithic ceramic liner. From a model standpoint, the solid 

monolothic liner is nothing but the liner of Figure 7 with 

the materials being the same and the upper ledge moved closer 

to the bolted joint. Figures 9 A  and 98 present the fully 

three dimensional ANSYS based thermal and structural model of 

the test engine block. Figure 10 illustrates the modification 

of the block model to accommodate the movcnent of the liner 

support ledge up close to the bolted joint. 



- 19 - 

The four basic structures presented were individually 

developed as substructures and then used in an overall 

thermal analysis. 

3.3 Detailed Thermal Boundary Conditions 

The combustion surface gas temperatures and associated forced 

convection heat transfer coefficient were obtained using the 

procedure set forth in section 3.1. For an all zirconia 

insulated engine, the cycle average film coefficient a l m g  

the cylinder wall and the cycle averaged gas temperature are 

illustrated in Figures 1 1 A  and llB, respectively. In 

developing this information it was also necessary to have a 

convection coefficient on the crank case side of the engine. 

The value used for zirconia and alumina is 7 BTU/HR-FTZ-OF 

with an oil mist temperature of 300 OF. For the silicon 

nitride engine a value of 423 BTU/HR-FT2-OF was used with an 

oil mist temperature of 300 OF. The significant change in 

this boundary condition relates to shifting from an adiabatic 

concept to a low heat rejection concept with conventional 

lubricated rings. Figures 1 2 A  ind  12B illustrate the 

convection coefficient and gas temperature, respectively, for 

alumina. Figures 13A and 13B present the same information for 

silicon nitride. 
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The convection coefficient and cycle average gas temperature 

which applies to the combustion bowl surface and top surface 

of the piston cap are the values presented in Figures 11 

through 13 at top dead center. The conduction coefficients 

between the piston side walls and cylinder and the ring/ring 

groove interface were developed based upon information 

presented in the public domain literature. Figure 14 shows 

the values used in all three configurations. The conduction 

coefficient is highest between the piston rings and cylinder. 

Also note that for a given ring the conduction is highest on 

the lower interface. This is due to the gas pressure forcing 

the ring against the lower ring groove face. As noted in 

Section 3.1, these conduction coefficients which pass between 

the piston and cylinder must be distributed due to movement 

of one surface relative to the other during the cycle. Figure 

15 illustrates the time weighting function values for one of 

the points on the piston relative to the cylinder wall. Note 

that the ring to ring groove conduction is not time weighted 

because they are always in contact. 

The effect of heat generation at the rings was included in 

the analysis. A power loss of 7 horsepower (SBTU/SEC) was 

considered. The top ring generated thirty percent of the heat 

and the rest was evenly distributed to the remaining fou r  

rings. The air gaps between the piston cap and metal portion 

of the piston plus the combustion bowl and metal portion of 
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the head were treated considering both conductior and 

radiation. The conduction accounted for the air conductivity. 

Radiation was modeled using the ANSYS radiation, so it was 

directly calculated in the overall solution. As noted 

earlier, all contacting interfaces between ceramic and metal 

parts were coupled. This means zero contact resistance was 

used. 

The head was thermslly coupled to the cylinder insert and 

block at the contact surfaces. Conduc+.ion and radiation was 

accounded for between the head and injector. An air gap of 

0.075 inches used with conduction and radiation modeled. The 

injector coolant was assumed to be at 55 OF. The convection 

and radiation to test cell ambient was determined for both 

the head and block. The convection coefficient was computed 

using the vertical cylinder correlation 

k t hc = 0.555 (Gr Pr) . 

A surface temperature of 1000 OF was used for the engine. 

Radiation was added to the convection. 

The heat transfer across the gap between the insert cylinder 

liner and the block was modeled as conduction with an air gap 

of 0.010 inches. In the area of the ports the two structures 

were coupled. The exhaust and intake ports gas temperatures 



- 2 2  - 

were developed from the cyle simulation data. The heat 

transfer coefficient for the ports was computed using the 

mass flow rate, port temperatures, and pressure data with a 

correlation for turbulent tube flow: 

( 2 0 )  - 6 0 . 2  eoea -0.53 0.8 h =  V 

Nu 
Re ‘a8 

c = -  

D = effective port diameter 

T = gas temperature 

V = gas velocity 

P = gas pressure 

3.4 Temperature Distribution Results 

For the three different ceramic insulation configurations of 

the basic test engine, the converged cycle averaged tempera- 

tures in the entire engine have been found. As noted earlier, 

this required an iterative process between the cycle 

simulation and the detailed engine temperature analysis. 

Figures 1 6 A ,  168 and 16C present the temperature fields in 

the head assembly for zirconia, alumina, and silicon nitride, 

respectively. From these illustrations of the temperatures, 

it can be seen that the maximuo ceramic temperature is 

dropping as the ceramic materials conductivity increases. The 
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2059 OF for the zirconia is outside the hmperature range 

which this material can withstand for an extensive service 

time. That r m g e  is about 1800 OF. The silicon nitride is 

losing more heat than one would like, but this can be 

adjusted in two ways. First, the intermediate disk can be 

replaced vith zirconia and second, the outer surface of the 

head asscmbly can be insulated as needed. 

Figures 1 7 A ,  170 and 17C provide the detailed temperature 

distribution for the piston assembly for zirconia, alumina, 

and silicon nitride. Again, the zirconia is for hotter than 

the material can withstand. The maximum temperature for all 

three materials is greater on the piston than the head 

because the piston ceramic has been isolated more from the 

heat sinks. In all three cases the rings are running for 

hotter than any lubrication will allow. In the future, the 

crank case oil must be allowed to cool the ring area by 

:.@moving the thermal shield (see Figures 1 and 2 1 .  Note that 

the stress in the ceramic will increase because the gradient 

in the material will significantly increase. The target for 

ring and adjacent metal temperature should be 600 O F to 

800 F. 

Figures 1 8 A  and 188 present the ceramic liner temperatures, 

Figures 19A and 198 present the metal reinforcing cylinder 
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temperatures, and Figures 2 0 A  and 209 present the block 

temperatures for the zirconia insulated engine. Figures 21, 

22 and 23, respectively, do the same for the alumina 

insulated engine. For tbs solid ceramic (silicon nitride) 

cylinder insert configuration, Figures 2 4 A  and 2 4 6  present 

the detailed temperature distribution. The associated block 

temperatures are provided in Figures . S A  and 258.  
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4.0 STRESS ANALYSIS 

Based upon experience with a number of ceramic lined 

(insulated) diesel engines, the significant loading condition 

to - sider in assessing the feasibility of a given design 

configuration is assembly plus thermal plus peak cylinder 

pressure, all applied at one time. The finite element models 

used to establish the stresses are the same as those used in 

the thermal analysis (see Figures 5 through 10). While the 

overall thermal analysis was carried out us 19 a complete 

combined model, the stress analyses were carried out using 

the various individual assemblies. From a screening analysis 

standpoint this is acceptable, but when working on a baseline 

final type design, it would be highly desirable to carry out 

an overall structural interaction analyses. 

For the head assembly stress analysis, Figure 26 depicts the 

mechanical boundary conditions used. The contact elements 

noteC in the figure transmit compressive loads across 

structural interfaces but unhook for tension. Friction has 

been set to zero on all contact surfaces. Figures 2 7 A ,  278 

and 27C present the radial axial ana hoop stress for the 

ceramic combustion bowl in, respectigeli. the zirconia, 

alumina, and silicon nitride insulated engines. In Figcre 27A 

the large radial and hoop tensile stresses on the top surface 

of the bowl insert (cold side) are a direct result of the 
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large through thickness temperature gradient in the part (see 

Figure 16A). The radial press fit (0.010 inches diametral) 

between the bowl and head reduces this tensile stress. It is 

important to note that increasing the press fit is good for 

the ceramic, but hard on the metal head. This is especially 

true when creep relaxation of the press fit is considered. 

The tensile stresses in the axial direction along with the 

press fit boundary are thermal induced. The large compressive 

stress in the same area is a passions effect. The large 

compressive stresses on the combustion surfaces are a result 

of press fit and thermal adding. This surface a l s o  sees a 

temperature change over the cycle, but at no time does the 

surface experience tension while operating. The peak pressure 

ter.ds to increase the radial tensile stress 3n the upper 

surface of the bowl because it forces the bowl to contact the 

head. This contact reduces the amount of curling up the bowl 

can do, which in turn increases the radial tensile stress. 

A l l  the same things can be said for the alumina insulated. 

engine head assembly (see Figure 2 7 8 ) .  When movina to the 

silicon nitride head assembly, two modifications to the 

design occurred. First, an intermediate disk was placed 

between the bowl and heal. The reason for this was to reduce 

the through thickness gradient in the bowl, which in t u r n  
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reduces the radial and hoop tensile stresses on the bowl to,) 

surface. Second involved increasing the diameter of the bowl 

insert and having it sit on the cylinder liner. This was 

necessary because the radial press fit is lost at temperature 

due to the large thermal expansion difference between 410 

stainless steel and silicon nitride (see Table I). From 

Figure 27C, it can be seen that the significant tensile 

stresses on the top surface of the bowl have been eliminated. 

This is due to both the design change and the material 

properties of silicon nitride. Note that the head tempera- 

tures have increased significantly (see Figure 16C). Figure 

28 illustrates the radial, axial and hoop stress in the 

intermediate disk for the silicon nitride insulation con- 

figuration. 

Figures 29A, 298 and 29C present the stresses for the metal 

portion of the head for the loading condition noted above. 

The large stresses at the press fit boundary are relieved by 

plasticity. The vertical lines in the hoop stress figures are 

due to the modeling of the bolt holes. This was done by 

setting the hoop elastic modulus to zero in the area of the 

bolt hole and adjusting the axial and radial modulus on an 

area basis. 
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The structural boundary conditions applied to the piston 

assembly are illustrated in Figure 30. The axial restraint of 

the bottom of the piston is necessary to carry the axial 

pressure induced load which actually passes out through the 

rod. This modeling is acceptable, since it is only the upper 

portion of the assembly, which is being assessed from a 

feasibility standpoint. Figures 31A, 318 ,  and 31C present the 

radial, axial and hoop stresses in the piston cap for the 

zirconia, alumina and silicon nitride, respectively. The 

large tensile stresses, both radial and axial, on the 

underside of the cap are similar in nature to those on the 

cold side of the combustion bowl. Axial retention of the cap 

is provided by the press fit on the cap stem. In the case of 

silicon nitride, this is not possible because of thermal 

expansion differences. A l s o ,  if the silicon nitride cap is 

retained axially on the stem, there is a large axial stress 

induced due to expansion mismatch. A prcperly tapered surface 

on the stem will reduce these problems. Figures 32A, 32B and 

32C present the stresses in the piston intermediate insula- 

tion disk. The large stresses at the inside of the disks are 

a result of interaction with the centering l i p  on the metal 

piston. By providing a small initial clearance between the 

two parts, these stresses will be significantly reduced. 

Figures 33A, 338 and 33C provide the stresses in the upper 
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region of the metal part of the piston assembly. These 

figures also show large stresses at the centering lip which 

will be eliminated with an easy design modification. The 

nominal stresses in the cast iron piston are important 

because of the relatively high temperature seen at operating 

conditions. 

Figures 34 and 35 present the maximum and minimum principal 

stress in the zirconia cylinder liner for maximum power 

thermal induced loading and 0.010 inches of diametral 

interference. From these stress contour results it can be 

seen that the stresses around the intake and exhaust ports 

are relatively low. Even though the finite element model is 

coarse with respect to identifying peak stresses in the 

ports, it is adapco's opinion that the low stress level 

predictions are representative of what is happening. The 

large tensile stresses at the top of the ceramic liner are 

due to through thickness temperature gradients. The hoop 

tensile stresses at the top are countered by the press fit. 

The axial tensile stresses on the cold side are largest some 

distance down the cylinder due to the free edge at the top of 

the ceramic. Figures 36 and 37 provide the same information 

for the alumina inserted ceramic liner. The silicon nitride 

cylinder is not a liner backed up by a metal cyclinder and a 

press fit. It is basically a free standing solid ceramic 
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cylinder which has sufficient thickness to carry the pressure 

loads.  Figures 38 and 39 provide the maximum and minimum 

principal stress contours in the silicon nitride cylinder for 

maximum power induced thermal loads. 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

From the thermal and stress analysis results presented above 

plus adapco's experience on other low heat rejection concepts 

involving monolithic ceramics, it is adapco's opinion that 

the insulation of the Teledyne lightweight diesel has a high 

probability of success. To date, the major problem in 

insulating low heat rejection engines has been the piston. In 

the case of the Teledyne engine, the elimination of the 

combustion bowl and giving it a spherical domed shape 

prcvides a cot!figuration which has a high probability of not 

failing. In addition, the entire surface is covered. This is 

important from both a heac loss standpoint and beinq able to 

keep the rings cool. 

The one problem identified in the thermal analysis is the 

high temperature (above 1750 OF) at which the zirconia 

insulated engine configuration is operating. This problem is 

important, since it is adapco's opinion that zirconia should 

be used as the insulator due to its high thermal expansion. 

Present zirconia cannot be used at temperatures above 17003 

to 1800 OF. To provido some cooling while at the same time 

reducing cost, it has been recommended by Teledyne that the 

cylinder be metal. adapco agrees with this approach. 
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F i g u r e  3 Piston to Cylinder Thermal Linkage 

Piston 
Mode 1 

Ai/A = 
( e i + l  - a t i ) / l O O  = 

- 91 = 0.0' 
- Q~ = 2 5 . 6 '  

0.142 

0.112 

0 . 0 8 4  - - 6 0 . 9 '  
94 - 

0 . 0 7 8  

0 . 0 7 7  

0.083 
at, = 103.7' 
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F i q u r e  28 Head Intermediate Insulating Disk Stresses - 

Maximum Power - All Silicon Nitride Insulated 

ORIGIM4L PA:: :; w Po02 Qe;;lLIVY 

Radial Stress Flax 
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Cc:atou: I n t e r v a l  - 203c psi 

n 

Maximum Stresc = 453:. p s i  
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OF POOR QbALITY 

t o  the TCM cyl inder head and t o  provide a passage f o r  needle l i f t  
measurement. The advantages o f  ' t h i s  u d t  over the CCTE design, which i s  
funct ional ly equivalent, were t h a t  outsource vendors were already i n  

> 

SUBJECT 

This i s  a f i n a l  pro ject  report  sumnariring the work which was done under 
Contract 70410 t o  b u i l d  and t e s t  e lect ron ica l ly  control led fue l  in jec t ion  
systems f o r  use by Teledyne Continental Motors, General Products Div is ion 
(TCM-GPO). The project  was i n i t i a t e d  t o  support work being done by TCM-GPO 
i n  t h e i r  NASA Lewis Research Center Contract NAS3-22218, "Two-Stroke Diesel, 
Sing 1 e-Cy1 i nder Techno1 ogy Enabl ement" . 
I .  BACKGROUND 

The o r ig ina l  technical proposal, EP007, May 1, 1981, (Ref. 1) proposed a 
high pressure, i n t e n s i f i e r  type, e lect ron ica l ly  control led fuel  
in jec t ion  system f o r  use on the TCM-GPD single-cyl inder technology 
demonstration diesel a i rc ra f t  engine. The in jec to r  design was t o  be a 
modif icat ion o f  the Garrett AiResearch CCTE uni t ,  scaled up t o  i n j e c t  
the required 90 mn3 per stroke. Table 1 shows a comparison between the 
engine specif icat ions o f  the CCTE and TCM-GPD diesel engines. The need 
for such an in jec to r  i n  .the TCM program was c l e a r l y  established: 
conventional mechanical diesel fuel  in jec t ion  systems d i d  not have the 
f l e x i b i l i t y  t o  optimize engine performance by varying ip jec t ion  t iming 
and duration during operation. 

The o r ig ina l  project  plan out l ined i n  report  4045, REV. 1, February 5, 
1982, ( P m C .  2) ca l led for  the new u n i t  t o  be manufactured i n  the 
Experimental Machining Department i n  Sidney wi th  a 44-week del ivery 
af ter  receipt  o f  order (Fig. 1). Communications wi th  TCM showed t h e i r  
displeasure wi th  the projected del ivery time. They were requesting a 
26-week del ivery period. Concern w8s also expressed over the 
s u i t a b i l i t y  o f  the Garrett CCTE design in jectors  i n  view of the problems 
which were encountered during development. 

As a resu l t  o f  the l a t t e r  concern, report  4071, May 12, 1982 (Ref. 3) 
was wr i t ten t o  address each problem and the subsequent solutions. A 
l i t e r a t u r e  survey o f  the Garrett contract reports was made along wi th  
personal contacts wi th  the Garrett pro ject  people and M. Gage o f  Bendix. 
The survey showed tha t  the reasons for a l l  of the problems were 
understood and satisfactory solutions were found. 

In regard t o  the objectionable 44-week del ivery period, the en t i re  plan 
to  design a higher capacity version of the CCTE u n i t  was rethought. The 
r i s k  o f  get t ing involved i n  a development program a f te r  the u n i t  was 
designed and b u i l t  seemed great. Even if the u n i t  were merely scaled up 
there would be some r isk ,  but because of the configuration o f  the 
air-cooled cyl inder head more design changes would have t o  be made t o  
the compact in jec to r  t o  adapt it. 
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place t o  manufacture a l l  the component parts, no great amoupt of design 
time would be needed, the "John Deere" u n i t  had undergone'hundreds of 
hours o f  t es t i ng  on t e s t  benches and mul t i -cy l inder  engines a t  D.E.C. 
under Ted Watson's group, and was capable o f  performing t o  the TCM 
diesel  ' 5  fue l  de l ivery  and speed speci f icat ions.  

P r i o r  t o  suggesting the use o f  the "John Deere" u n i t  as a too l  for  ti 
104-GPO development program, one o f  the o r i g i n a l  in jectors ,  w i th  a 
one-piece p r imary l i n tens i f i e r  p is ton assembly t h a t  had been used as a 
display model, was taken t o  the lab  and operated a t  speeds up t o  9,600 
in ject ions per minute t o  prove tha t  speed was not a l i m i t i n g  factor 
(Fig. 4). That, and reassurances f r o m  D.E.C. t h a t  they saw no reason 
why the u n i t  would not be sat is factory  f o r  the j o b  i n  i t s  present s ta te 
of design, led  us t o  propose i t s  use wi th  what turned out t o  be a great 
degree of overconfidence. 

I n  fact, most of the O.E.C. operation had been on a four-stroke-cycle 
engine a t  considerably slower speeds (one i n j e c t i o n  per two engine 
revolut ions) than required f o r  the two-stroke a i r c r a f t  d iesel .  

As t o  the 
a n t i  c i  pa ted. 
d i s t i l l a t i o n  

operation on J e t  A fue l ,  no p a r t i c u l a r  problems were 
As a straight-run middle d i s t i l l a t e  w i th  an even narrower 

curve temperature range than diesel  #1, one would not have 
suspected there would be any more d i f f i c u l t y  i n  operation on J e t  A than 
on diesel b l .  Past experience has shown tha t  J e t  A fue l  would run 
successfully wi th  conventional mechanical fue l  i n j e c t i o n  equipment, as 
does diesel W1. 

EP021 was submitted t o  TCM i n  June, 1982, as an unsol ic i ted proposal 
wi th  a t o t a l  program cos t  o f  381,000, a l l  of which was t o  be paid by 
TCM. The delive-v time o f  44 weeks was reduced t o  12 weeks based on 
vendor quotes for the parts. 

On December 3,  1983, we received approval t o  go ahead w i th  the revised 
proposal work out l ined i n  EP021. See Table 2 f o r  an h i s t o r i c a l  summary 
of events leading up t o  contract  award. 

THE PROGRAM PLAN 

f igure 1 shows the revised program pldn. Had the program gone according 
tu plan, the f i r s t  u n i t  would have been del ivered i n  mid-March o f  1983. 

A l l  purchase orders were prepared and sent out on time (12!8/82) but 
even by mid-March a l l  the parts s t i l l  had not been received. P a r t s  
inspection delays i n  Sidney and the need t o  rework parts pushed tes t i ng  
out t o  mid-May. 

I I I .  THE DEVELOPMENT PROGRAM 

There wasn't supposed t o  be a development program on t h i s  project ,  and 
tha t ' s  the reason the work was eventual ly halted i n  June, 1984. A t  the 
outset, careful invest igat ion o f  h is top ica l  t es t i ng  including problems 
that  had cropped up wi th  the "John Oeere" i n jec to rs  seemed t o  ind icate 
tha t  there would be no problem wi th  the u n i t s  as supplied by the 



vendors. Final ly,  when the parts d i d  a r r i v e  and were, i n  some case, 
reworked t o  p r i n t ,  we encountered a series of vexing problems. 

Bottom I n t e n s i f i e r  Body Fai lures - The f i r s t  prcblem encountered 
involved the cracking o f  the bottom i n t e n s i f i e r  bodies a t  the b a l l  check 
valve hole which allowed high pressure f u e l  t o  leak from the un i t .  A 
check with Ted Watson and h i s  people a t  D.E.C. showed they had never had 
t h i s  problem before. (The i n j e c t o r  was o r i g i n a l l y  designed i n  Sidney 
and D.E.C. had maoe many changes i n  design and mater ia ls since then). 
Reducing b a l l  check l i f t t o  reduce seating stresses and retempering the 
body d i d  not work. The material was analyzed and found t o  be correct  
per the p r i n t  (although d i f f e r e n t  than the o r i g i n a l  Sidney design 
mater ia l  1. 

Eventually, the probable cause o f  these fa i lures was traced t o  a 
combination of improper heat t r e a t  and a poor design tolerance s r z c i f i e d  
on the drawing which permitted two in tersect ing holes t o  hc d r i l l e d  
beyond the point  of in tersect ion thereby weakening the area under the 
b a l l  check seat as shown i n  Figures 2 and 3. ,The o r i g i n a l  Sidney design 
had a very t h i c k  sect ion between the b a l l  check seat and the 
in tersect ing fuel supply holes. The redesigned D.E.C. version reduced 
t h i s  sect ion considerably t o  reduce i n j e c t o r  length. The drawing was 
changed t o  prevent o v e r d r i l l i n g  of the in tersect ing holes, the seat 
section was thickened by 0.10 inches, the mater ia l  was changed from the 
A2 t o  the A M ,  Type 03 tool steel  wi th  a heat t r e a t  spec i f icat ion t o  
give maximum toughness a t  some small s a c r i f i c e  i n  hardness. That solve) 
the problem. 

Piston Seizures - One o f  the requirements of the TCM statement of work 
was tha t  the un i t s  be capable o f  operating on Je t  A fuel. Now that  we 
had a runnable uni t ,  w t  switched from operation on VISCOR t e s t  f l u i d  t o  
J e t  A fuel. On J e t  A, there was almost immediate seizure of the 
i n t e n s i f i e r  p is ton i n  i t s  bore. 

I n  several consultat ions w i th  two au tho r i t i es  on the subject, one from 
General Motors Research Labs and one from Kodak, we learned tha t  the 
problem stemmed from the poor compat ib i l i ty  of the 03 too l  steel  running 
against i t s e l f  under condit ions of marginal boundary lubr icat ion,  Je t  A 
being a poorer lubr icant  than VISCOR o r  %2 diesel  fuel. A t  the same 
time, i n  a conversation with Ted Watson o f  D.E.C., he revealed tha t  they 
had j u s t  received a set  o f  seized pistons from Volvo i n  Sweden who had 
been t e s t i n g  a se t  of i den t i ca l  in jectors .  It turned out a f te r  a l a t e r  
i nqu i r y  that they had been using a less viscous fuel as well-something 
s im i la r  t o  #l diesel fuel.  

The suggested s o l u t i m  t o  the problem was t o  change one o f  the mater ia ls 
t o  something more compatible with the high chromium (12%) D3. It was 
decided t o  make the pistons from SA€ 52100 steel  ( 2% C r )  and t o  p la te  
them w i th  a copper f l ash  followed by 10-mil l ionths of an inch of s i l ve r .  
This solved the problem 50 we could concentrate on endurance and 
performance test ing. An agreemect w i th  TCM was reached t o  the effect 
t ha t  10 hours of d u r a b i l i t y  on each u o i t  would be su f f i c i en t ,  if the 
disassembled parts showed no sign o f  d istress afterwards. 

a 
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Cavitation Erosion - Further endurance running  uncovered a t h i r d  
problem-cavitation erosion of the spool valve. The debris from the 
erosion would cause the operation of the injector t o  cease as a result 
of the spool valve hanging up. Once disassembled and cleaned, however, 
the varve would again function normally. The cavitation was simnetric 
and confined to a t h i n  annular ring qear the edge of the valve land t h a t  
controls supply pressure flow to the t o p  of the primary pis ton .  
Although the magnified area appears t o  be cavitation erosion, there is  
some doubt ,  no other cause being apparent i n  explaining the damage while 
running on Jet  A fuel. 

Needle Seat fatigue - The nozzles designed for  this u n i t  are of the low 
sac volume type, the nozzle holes being located on the needle seat area 
just  downstream of the needle seat contact area instead of i n  a large 
sac volume. This provides a sharper start and end of injection w i t h  
l i t t l e  afterspray. What appears t o  be surface fatigue occurred on the 
needle seat after extended r u n n i n g  on Jet  A fuel. 

Needle End Fatigue - The hemispherical end of the needle where i t  
contacts the spring but ton  showed signs of surface fatigue. This migh t  
be due t o  a combination of h i g h  Herzian contact stress and poor 
lubrication since no force reversals are ava i lab le  t o  permit fuel t o  
enter the area and provide a squeeze film t o  protect the parts. The 
hemispherical needle end also may not provide enough surface area t o  
reduce the contact stresses t o  an acceptable value. 

Coil Epoxy Swelling - A -henomenon called "runout"  had plagued the 
program from the beginning. A t  higher speeds and loads the operation of 
the u n i t  would cease i n  an exponentially decreasing manner over a period 
of a couple o f  seconds or  less. The problem was avoided a t  f i r s t  by 
running a t  low speeds. Eventually, when enough of the problems 
described earlier had been solved t o  run  for longer periods a t  higher 
speeds and loads, the problem could no longer be avoided. The problem 
was tracked to a heat bui ldup  i n  the coil. A l t h o u g h  the coil i s  fuel 
cooled w i t h  the residual fuel used t o  move one end of the spool valve, 
a t  higher loads the increased temperatures caused the epoxy t o  swell, 
decreasing the gap between the coil and armature. Several suggestions 
were proposed t o  provide either temporary or permanent solutions. Among 
the solutions were plans t o  externally l i q u i d  cool the coil ,  increase 
the coil-to-armature gap, reduce the co i l  current and recec' the epoxy 
by 1/32" from the face of the coil. A coil redesign was also proposed 
for a more permanent long term f i x .  The redesign m i g h t  include 
integrated external cooling means and a coil w i t h  smaller gauge wire and 
more turns. Don Louden was studying the problem and was t o  prepare a 
report on the subject. 

CONCLUSIONS AND RECOMMENDATIONS 

The latest version of the "John Deere" injector, t h a t  had been used 
during the strobe testing work t o  further characterize the q u a l i t y  of 
the spray, had come a long way toward meeting the TCM objectives. Some 
problems w i t h  the u n i t  had been solvecl and the remainder were clearly 
identified as t o  cause, and changes were suggested necessary ro permit 
the u n i t  t o  opcrate successfully as or ig ina l ly  intended. 
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fuei (and tnereiore, presumably, on diesel =i as we i l ) .  .Also, ? t  i z  --.e 
ccnsiderea coinion of the engineers wno Dart ic ioated ;n f ~ i l ~  tz:i!Rs 
t b a t  :he remaining proolems are amenaole ;a engineering soiut iocs. 

-. 

-. 

-. 

-. 

- 
5 .  

6. 

- 
i .  

a. 

- 
. x n n i c a l  Pronosal ?to. E?@G7, "E?ec:rcnic Control 7ca Siesei Fuel 
:?r:oction System for L i y c  A i r c r a f t  Siesei :', :.lay ;. 1,281. 

,:!:neering i7eDort 140. 4G45, W. 7 -. II:? , .ect tcn ica l iy  Contrc;lea Ciesei 
?*lei  I n jec to r  f o r  Teledyne i cn t i nen ta l  Hotors.", ;:. Gage, February 5 ,  
:%z. 
fngineering Report :io. 4i271, "Analysis of Eefects ana Froolems w i th  the 
3enaix i i e c t r o n i c a l l y  C o x r c l l e a  Fuel I n j e c t i o n  System from Testing 
3ur'ty tne Garrett AiResearcn CCTE Program.", K. Stuckas, ;lay 12, 1952. 

T x k n i c a l  Prooosal 140. EP021, "ETectronicai l y  C m t r a l  led fue l  in jec t fc r ;  
i ys ten  for General Av iat ion Diesel Engine," ;.la;: 24, 3 8 2 .  

Engineering Report :lo. SC85, "Fai lure Analysis ni IJcttom I n t e n s i f i e r  
Body (P/N 2195138) from E lec t ron ica l l y  Control led  Fuel I n jec t i on  System 
(P/N nCX-3028) for General Av iat ion Diesel Engine," K. Stuckas, June 13, 
19E3. 

Engineering Report No. 4086, "Progress Report on E lec t ron i ca l l y  
Controlled Diesel Fuel In jec to rs  fo r  Teledync Coritinental Motors, 
General Products Division," K. Stuckas, August 10, 1983. 

Engineering ReDor: No. 4087, "Progress Reoort on E lec t ron ica l l y  
C o n t r o l  led Diesel Fuel ;njectors f o r  Teieayns L n t i n e n t a l  Motcrs, 
Genera? Products Division," K. Stuckas, October 27,  1583. 

Enoiceering Report !lo. JER0060, "Progress Report on E lec t ron i ca l l y  
Control led Giescl Fuel In jec to rs  f o r  Teledyne Continental Motors," !'. 
Morton, Ap r i l  3,  1824. 
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TaBLE 1 
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Scawenging tilrtiss , x 3  

3isplacement Per Cul inder ( in3) 16.64 

7 =a Sore i inches) -. - 
?mke i inches) 2.95 

::;mression Ration, 3ominal 
Effectlve 

.- .3.00 

Stavenqe Ratio 1.352 

Rsximum Gated Sotea ( r p )  3000.0 

Xean Piston Speed ( i t /nin) 330.0 

Xaximum Indicateb' HP Per Cyl. 

IEP (psi) 332.0 

&timum Cy1 inder Pressure (psia) 4500.0 

17.0 Fuel Voluma Per Injection (nm ) 
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TABLE 2 

.6/80 

.11/80 

.12/8@ 

.1/81 

.2/81 

.3/81 

.5/81 

.6/81 

. i l i a 1  

.3/82 

- 6  fa2 

.12/82 
I 

- History o f  Bendix EnPD/TCU-6PD/NASA Involvement Pr io r  t o  Contract 

I n i t i a l  contact by Tc# indicat ing in te res t  i n  Bendix fuel in jec t ion  
system s i s i l a r  t o  that  developed f o r  Qrrett/AiResearch. 

Jo in t  Bendix/Tc)I/NAsA m e t i n g  i n  Sidney t o  discuss Bendix' 
capabil i t ies. Received preliminary copy of fuel in jec t ion  spec. 

td - 

TCM requested 'Ball Park" quote of e lectronic fuel in jec t ion  system 
for s inqle cyl inder diesel engine. 

Bendix quoted budgetary p r ice  estimate of $64,000, 6-8 months ARO for 
2 e lect ron ica l ly  control led fue l  in jectors  and system support 
equiplllent. Total cost o f  program $87,000 ($23,000 absoded by 
Bendi x) . 
Bendix prepared Project Plan .per Engineering Report dr4045. 

TCH requested a f i r m  quotation, 

Bendix Technical proposal EP007 was prepared and dated 5/1/81. 

Disclosure agreement between Bendix and T I 3  was negotiated. 

F inn  quotation fo r  work covered by EP007 was given t o  TCM - quoted 
$82,000 and 44 weeks delivery. Progress payments t o  be negotiated a t  
tfme of order. 

TCM advised NASA i s  on .verge of approving 2 1/2 year program t o  
continue work on a i r c r a f t  diesel engine program. 

Bendix submitted revised proposal EP021 based on use of ex is t ing 
"John Deere" design in jector.  Program t o t a l  cost reduced t o  $81,q87 
and t ime t o  12 weeks. 

Go-ahead received from TCM. 
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INTRODUCTION: 

A 4.252" 6 p i s ton  r i n g  set w a s  received f o r  eva lua t ion  when scu f f ing  occurred after 
runaing at  f u l l  load  for 1/2 hour in Teledyne's two-cycle a i r c r a f t  d i e s e l  test engine 
In Muskegan, Michigan. 
hours at p a r t i a l  load. 
second compression r i n g s  are plasma coated with K-1OOOF. 
cons is ted  of the following: 

P r i o r  t o  scuf f ing ,  t h e  engihe ran success fu l ly  f o r  12-1/2 
The cy l inde r  liner su r face  is chrome p la t ed  and t h e  tnp  and 

The f i v e  r i n g  p i s t o n  set  

TOP RING: 

SECOND RING: 

Crown Plasma K-1000F Keystone Compression Ring Bevel Back 

Plasma Coated K-1000F Crown Face Bevel Back K-28 Compression 
Riag, P/N B-7794. 

K-28, P/N 8-7792. 

THIRD 6 FOURTI RINGS: 
OIL RING: 

CroM Face Bevel Back K-Iron Compression Rirg, P/N E-7793. 
Conformable K-28 O i l  Ring, P/N B-7796. 

Teledyne's end c learance  and f r e e  gap measure-.;nts before  and a f t e r  t h e  test are 
documented on Attached Sheet  B. 

OBJECT: 

Document t h e  conditior.  of t h e  r i n g  set and, i f  poss ib l e  determine t h e  cause of 
scuff ing.  

CONCLUSIONS : 

1. 

2. 

3. 

4. 

An end clearance of ( .024")  on t h e  top  compression r i n g  apparent ly  w a s  too 
t i g h t  t o  accomodate  t h e  high temperatures of  a f u l l  load operat ion.  
t h e  top  compression r i n g  r e s u l t e d  in scu f f ing  and an end c learanca  change of 
.02 9". 

Bu t t ing  of  

Distress on t h e  r i n g  j o i n t s  of t h e  second and t h i r d  compression r i n g s  i n d i c a t e s  
Gontact with t h e  liner intake/exhaust  ports. 
s p e c i f i c a t i o n  f o r  t hese  r i n g s  is +.0007 t o  - .0005. 

The cur ren t  po in t  p ro t rus ion  

The f o u r t h  compression ring had a AEC of .002" as compared t o  a AEC of  .014" 
f o r  t h e  t h i r d  compression r ing .  Although both r i n g s  are manufactured from 
K-Iron material, t h e  d i f f e r e n c e  i n  w e a r  is a t t r i b u t e d  t o  t h e  f a c t  that t;.? 
four th  r i n g  is always below t h e  intalce/exhaust po r t s  and t h e r e f o r e  is n o t  gas 
loaded. 

The IC-28 d u c t i l e  i ron  oil ring experienced extremely heavy O.D. wear r e s u l t i n g  
In a AEC .040" and l o c a l i z e d  heavy wear a t  t h e  j o i n t s .  The cause of t h e  heavy 
oil r ing  wear is suspected as being t h e  -,very t i g h t  end c learance  of .014" which 
may have caused r i n g  but t ing .  

RECOMMENDATIONS: 

1. Inc rease  r i n g  end c learances  as indica ted  below: 

Top Ring 
Second Ping 
Third Ring 
Fourth Ring 
Oil Ring 

PART NUMBER 
0-7792 
B-7794 
E-7793 
B-7793 
8-7796 

END CLEARANCE 
.040 - .050 
.030 - -040 
.030 - .040 
-030 - e040 
-025 - ,035 

2. Increase  t h e  amount o f  nega t ive  point  pro t rus ion  on the  second and t h i r d  
compression rings t o  0.000 t o  -.0017. 

3 -  Reduce U n i t  Pressure on oil r i n g  from 225 p s i  t o  175 Psi- 
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SUMMARY OF RESULTS: 

1. 

2. 

3. 

4. 

5 .  

6 .  

7. 

A l l  f i v e  r i n g s  show varying degrees of abrasive 'wear  a c r o s s  t h e  O.D. su r f ace .  
The heav ie s t  w e a r  is noted on t h e  plasma coated top  compression r i n g  (AEC .029") 
and t h e  f i f t h  K-28 o i l  r i n g  (AEC .040"). 
pression r i n g  is seve re ly  scuffed and pu l l ed  out .  
of coa t ing  pul lout .  Heavy abras ive  face wear due t o  metal-to-metal con tac t  
caused sharp edges and bu r r s  along topjbottom O.D. rails. 
coated second compression r i n g  is similar t o  (but not  as severe a s )  t h a t  of  
t h e  top r i n g  with evidence of po r t  c l ipp ing  a t  t h e  r i n g  j o i n t  areas. 
t h e  plasma coa t ing  has not  chipped o r  s p a l l e d  in t h i s  l oca t ion .  
compression tiag had .003" AEC. 
(AEC .014") aad f o u r t h  (AEC .002") K-Iron compression r i n g s  and t h e  K-28 o i l  
r i n g  (AEC .040"). All t h r e e  r i n g s  exh ib i t  varying degrees  of l o c a l i z e d  wear 
a t  t h e  j o i n t  areas. 
Sheet B shows Teledyne's f r e e  gap and end c l ea rance  measurements before  and 
a f t e r  engine test. 

The plasma c o a t h g  on t h e  top com- 
Carbon is noted in t h e  areas 

Wear on t h e  plasma 

However, 

Abrasive vear p a t t e r n s  are noted on t h e  t h i r d  
Second 

Reference Sheet A documents t h e  cond i t ion  o f  t h e  r i n g  set. 

Photographs on Sheet C are bel ieved t o  be t y p i c a l  of t h e  wear experienced by 
t h i s  r i n g  set. 

A c l o s e  examination of the  top compression r i n g  r e v e a l s  a build-up of heav i ly  
packed carbon a t  t h e  l e f t  j o i n t  end which i n d i c a t e s  that t h e  r i n g  but ted and 
caused t h e  coa t ing  t o  scuff  and p u l l  out .  (Sheet D). 

Port c l ipp ing  is evident  on t h e  second compression r i n g  being most prominent 
on t h e  top O.D. surface.  I t  is i n t e r e s t i n g  t o  no te  t h a t  t h e  c o a t i n g  has not  
chipped o r  spa l l ed  as a r e s u l t  of j o i n t  c l ipp ing .  
burnished areas t h a t  i n d i c a t e  a r ing b u t t i n g  condi t ion,  Sheet E. 

J o i n t  ends of r i n g  show 

Heavy loca l i zed  w e a r  a t  t he  j o i n t  area of t h e  t h i r d  (K-Iron) compression r i n g  
is bel ieved t o  be  due t o  porc cl ipping.  
i n d i c a t e  wear t o  be more pronounced along the  top O.D. su r f ace .  
O.D. wear (AEC .014") on t h i s  t h i r d  compression r i n g  may be a t t r i b u t e d  t o  t h e  
s o f t e r  K-Iron material wearing aga ins t  t h e  d i s t r e s s e d  l i n e r  s u r f a c e  caused by 
top r i n g  scuff ing.  

Photographs presented on Sheet F 
The heavy 

The f o u r t h  K-Iron compression r i n g  (AEC .002") shows only s l i g h t  evidence of 
l oca l i zed  wear a t  t h e  j o i n t  areas; however, burnished s p o t s  on j o i n t  ends 
i n d i c a t e s  t h a t  t h e  r i n g  may have but ted,  Sheet G. 

The K-28 o i l  ring shows evidence of very heavy ab ras ive  wear around O.D. 
circumference (AEC .040") and heavy loca l i zed  bear a t  t he  j o i n t  areas. A 
photograph of t h e  r i n g  near 180' i nd ica t e s  t h a t  wear was heavy enough t o  
cause bu r r s  on t h e  edges of the  O.D. rails, being most prominent on t h e  
bottom rail, Sheet 8. Since the  motion of t h e  p i s t o n  i s  such t h a t  t h e  o i l  
r i n g  does not t r a v e r s e  the  intakelexhaust  p o r t s ,  t h e  heavy d i s t r e s s  noted 
a t  t h e  j o i n t  cannot be a t t r i b u t e d  to  po r t  c l ipping.  Therefore,  i t  is 
believed that t h e  heavy O.D. w e a r  may have been caused by t h e  t i g h t  o r i g i n a l  
end clearance of .014" t h a t  could not accommodate t h e  thermal expansion of  
t he  r ing.  It should be  noted t h a t  a t  f u l l  load t h e  exhaust temperatures 
were reported t o  be approximately 1000°F and the  top turn-around point  of 
t h e  o i l  r i n g  is c l o s e  t o  t h e  v i c i n i t y  of t h e  exhaust p o r t s .  
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SIBMARY OF RESULTS - CONT'D. 

8. 

9. 

10. 

11. 

12. 

A c l o s e  examination of  t h e  o i l  r i n g  i n d i c a t e s  that t h e  top rail  width varies 
around t h e  r i n g  circumference due t o  off-centered vent ing opera t ion ,  Shee t  I. 

The micros t ruc ture  of the plasma coated top  aad second comression r i n g s  is 
presented on Sheets  J and IC. 
plasma coa t ing  e x h i b i t s  good adhesion along t h e  base metal i n t e r f a c e .  
is wi th in  acceptab le  limits. 
to le rance  of ,004" - .009" f o r  P/N B7792 and PIN B-7794. 

Despi te  t h e  heavy w e a r  experienced, t h e  K-1OOOF 

Coating th ickness  is a l s o  wi th in  a s p e c i f i e d  
Poros i ty  

Microstructure  of r i n g  base material c o n s i s t s  of sphero ida l  g r a p h i t e  (100% 
types 1 and 2) in a matr ix  of  tempered martensi te .  
is 43.5 - 43.8 and f o r  t h e  second r i n g  44.6 - 44.8 HRC wi th in  a s p e c i f i e d  
to le rance  of  40 - 46 HRC. 
s idered  t o  be manufactured from good d u c t i l e  i ron  mater ia l .  

Hardness of t h e  top  r i n g  

Both t h e  top  and second compression r i n g s  are con- 

The micros t ruc ture  of t he  t h i r d  and fou r th  K-Iron compression r i n g s  c o n s i s t s  
pr imar i ly  of f l a k e  type g raph i t e  (100% type  AC*), S izes  6,7 and 8. 
matrix is p e a r l i t e  with a non-continuous network of s t e a d i t e .  
both r i n g s  ranges from 80 - 82 HRG and is wi th in  manufacturing s p e c i f i c a t i o n  
of 77.5 - 91 HRG according t o  t h e i r  r i n g  dimensions. (See Sheet L). 

The 
Hardness of  

Photomicrographs presented on Sheet M, f u r t h e r  confirm t h e  heavy a b r a s i v e  O.D. 
wear that caused p l a s t i c  deformation on t h e  oil r i n g  rails. 
mlcroscructure c o n s i s t s  of sphero ida l  g raph i t e  (100% types 1 and 2) i n  a 
matr ix  of tempered mar tens i te  with a hardness of  42 - 43 HRC wi th in  a s p e c i f i e d  
range of 60 - 46 HRC f o r  K-28 d u c t i l e  i ron.  

The r i n g ' s  

O.D. p r o f i l e  traces were obtained on t h e  compression r ings  ( p a r t i c u l a r l y  top  
.and second r ings )  
s h o w  c.hP t 3 p  r i n g  t o  have a wear p r o f i l e  exh ib i t i ng  top  edge bear ing wi th  a 
lo t apa t  nn rhe top  s ide  near  270° from t h e  r i g h t  j o i n t .  

in an a rea  where t h e  f ace  wear was not too  severe. Sheet  N 

The second compression r ing  shows a wear p r o f i l e  ind ica t ing  s l i g h t  wear toward 
the  bottom s i d e  near  90'. 

A t  180°, both t h e  t h i r d  and fou r th  compression r i n g s  have a wear p r o f i l e  exh ib i t -  
ing bottom edge bearing. 

DISCUSSION: 

An end clearance of (.024") which was too t i g h t  t o  accommodate t h e  high temperatures  
of a f u l l  load operat ion,  apparent ly  caused t h e  top compression r i n g  t o  b u t t  r e s u l t -  
ing in scuff  ing and heavy wear (. 029" AEC) . 
Distress on t h e  r i n g  j o i n t s  of t h e  second and t h i r d  compression r i n g s  i n d i c a t e  
contact  with the  l i n e r  intake/exhaust  po r t s .  
ca t ion  f o r  these  r i n g s  is +.0007 t o  -.0005. Burnished areas on t h e  j o i n t  ends 
of these  r ings  i n d i c a t e  evidence of a bu t t ing  condi t ion.  

The cur ren t  point p ro t rus ion  spec i f  i- 

The fou r th  compression r i n g  had a AEC of .002" as compared t o  a AEC of  .014" 
f o r  t h e  t h i r d  compression r ing .  
K-Iron mater ia l ,  t h e  d i f f e rence  i n  wear is a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  f o u r t h  
r ing  does not  t r a v e r s e  t h e  intake/exhaust  por t s .  

Although both r ings  are manufactured from 
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DISCUSSION - CONT'D. 
The K-28 d u c t i l e  i r o n  o i l  r i n g  experienced extremeli heavy O.D. wear r e s u l t i n g  i n  
a AEC of .040" and l o c a l i z e d  heavy wear a t  the j o i n t s .  
r i n g  wear is be l ieved  t o  be r e l a t e d  t o  t h e  very t i g h t  end c l ea rance  of .014' which 
may have caused r i n g  but t ing.  
run a test with a top r i n g  end c learance  of .045". This test ran success fu l ly  f o r  
35 hours u n t i l  another  component f a i l u r e  shu t  t h e  engine down. For any f u t u r e  tests 
it is recommended t h a t  t h e  minimum allowable end clearance be increased  t o  .040" for 
t h e  top r ing ,  P/N B-7792, .030" f o r  t h e  second, t h i r d  and f o u r t h  r i n g s ,  PIN 8-7794, 
P/N 8-7793 and .025" f o r  o i l  r ing ,  P/N B-7796. 

The cause of heavy n i l  

S ince  t h e  manufacture of t h e s e  rings Teledyne has  
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Sheet B 

FREE GAP AND END CLEARANCE ME.'SUREMENTS BEFORE AND AFTER TEST 
W U R E M E N T S  AS REPORTED BY T E U W N E  

TOP, PIN B-7792 .547 .406 .0;., 

Secoad, PIN 8-7794 .390 343 .021 

Third, P/N B-7793 ,546 .531 .020 

Fourth, P I N  B-7793 .547 *. 640 .017 

Oil, ?IN 8-7796 .266 .234 .Ol5 

KOPPERS SPECIFICATIONS 

P/N B-7792 .50 Approx. 

P/N B-7794 .42 AQprOX. 

P I N  8-7793 . 7 3  Approx. 

PIN 8-7793 .73 A Q ~ ~ Q X .  

PIN B-7796 432 1%~. 

.053 

e 024 

.034 

,019 

.055 

.010/.023 

.010/. 020 

.010/. 020 

.010/ .020 

.010/.025 

*Increase in Free Cap is believed to  be due to an error in recording. 



ORlGIPIaF k'f,?' :: RM 1652 
OF POOR QUALITY Sheet  C 

-- K-IOOOF PLASK4 COATED R I N G S E T  

PHOTOGRAPHS _I_ APPROX. 3.4X 

RICRT JOINT LEFT JOINT 

180" 

E n t i r e  ring set  S ~ . O W S  t h e  e f f ec t s  of heavy wear. 
K-IOOOF p l a ~ m a  coated top and second compression rings.  
the  areas of p u l l o u t .  
oil r i n g  a l l  show heavy abras ive  wear. 

Scuff ing  is evident en t k e  
Carbon is packed in 

The t h i r d  and fourth K-Tron compressfon rings and the K-28 

























A P P E N D I X  V I 1  

EVALUATION OF TELEOYNE 4.2S2" DfAMETER 
RINGS AND PISTON WITH STEEZ CROWN AND ALUMINUM SKIRT 



EI9GINEERaG REPCRT #I50 
December 2, 1989 

EVALUATION OF TELEDYNE 4.252" 3IAMETZR 
RI3GS AND 2ISTON V I T X  STEEL CROWN AND ALiJhfNUM S K Z T  

INTRODUCTION 

A recant tes t  o f  Teldyae Continental  Motor's 4.252" diameter two cyc le  diesel 
engine rcUifed &ter just e u h t  hours o f  nurclng 8t hlf  load (45 Bp) and 3SOO 
RPM. The canpressfan r h g r  were coated 
with Bagger K-1OOOt gk- coating. The ring ret consisted of part number 
B7792 h thr tog (poon, prt m m b u  87791 la t h e  2nd aad 3rd grooves, part 
aumber 87793 frr the 4 t h  groova, aad prt number 87795 Lo t h e  o l l  ring groove. 

Th. cylinder bora uas chraae plated. 

PURPOSE 

To determine the  cause of scuffag. 

I. 

2. 

A "pbcbing in" e f fec t  of t h e  top  tinti groove vhen hot r s u l t e d  i n  t k e  t o ?  
riag staading "proud" causing it t o  scuff. 
caused by the high rate of thermal expansion of t h e  aluminum skirt forcing 
',he bottom s ide  o f  t he  steel groove up while at t h e  same tine t h e  t h e r m 1  
u p a s i o n  of the  steel c r a m  is forclnq t h e  top  of the  groove down (HLg~re 
7 ) .  

'=he p i n o n  lands bclov t h e  2nd r ing  and bclov t h e  hth r ing  U J  distressed 
reflecting contact  r i t h  t h e  cyl inder  l i n e r .  This 3aj h v e  contr ibuted t o  
the scuffing o f  t h e  rings by rmoving t h e  lub r i ca t ing  o i l  f i h s  from the 
cylinder liner. 

This "pinchi3g in" cffccs is 

If the aLu0inum skirted pis tan  is dsed again, t h e  to9  r ing  s ide  c l e a r a x e  sho?sl i  
be i z c r e a s 4  and the  pis ton lands belov the 2ad snd b t h  r ings  should ba cs: back. 

The scuffLng appQsrs t o  have or ig ina ted  with the t a p  comprcssioo r ing.  %is is 
indicated by the  f a c t  that t h e  top r ing  has t he  heaviest  amount o f  c o a t a s  ?ILL 
out and th. v e u  me-ents shov that it experienced t h e  heaviest  'ear of alL 
th. r w  (Table 1). Thue i s  d s o  evidence that the top  r ing  vas aot  precers- 

This i s  reflected by t h e  very loca l ized  carbon stain- 
h g  oa tha piston had balm t h e  top  ring (Figure 1) c8used by t h e  top r ing  end 
cf.moc0 dwelling la oae place. In  addition, t h e  O.D. surface of the r i n g  has 
r.lhr&l wry d i s t h c t  areas a r e  there i s  no coating pull-out (Figure 2). The 

freely in f t s  g-a. 

1 
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vidth of these areas (approximaely .2?0") correspond t o  the i d t h  sf ::ha 3 0 5  
b r a e s  fn t h e  liner. This ef fec t ,  more cammonly referred t. LS ?or? = i l l>g ,  
r l s o  iadi=rter thrt tw t op  ring wsa't precessiag free4 L3 the groo*re. 
t w h  the tog rh# W n ' t  stuck in i t s  groove viaen remved frum the engine, i': 
appears that uba tb gfstoo is hot the rfae bee-$ stuck in i t s  groove. 
uinatiao or th. tap .rd bottm rides of the top rw reflect localized w e a s  
of umauaUy huv mar mer just ei@t hauro of runaing. 
the s e v m a  aUay spots ktveen 180° (m the j o i n t  notch) aaa 2f0° are 
bUc8tiva oi cuntact w i t h  t he  top side of the 
tcr side, a ahiay war b.od tr e r i d a d  8t the O.D. w e  of the ring for 3 6 0 O .  

a froat alga bear- cooditfca.- B a m a r ,  exmimtioa of the bot ta  s i d e  wear 
p.t%m under mtgalfic8tian la th. same region correspoadlng t o  the  localized 
vear wed ;o the top ride of the rlag shows t ha t  there YIS heavy p l a s t i c  de- 
formation .nd v e u  or  the r a  ~ ~ r f a ~ 8  (?igure b) .  Thss i s  clearly iuustrateci 
by the profile 
.OOObS" depth ci v e u  near t h e  0.3, ls uctremely heavy Cor Just e igkt  hours of 
ruania&. A profLle trace of the bettm side auay frum t t e  regioa of heavy voar 
i s  qhova fa Figure 6 ulb i s  more typical  of vhat is n o d y  seeu after e i g k t  
hours. The p i n o a  top r fng  groom was inspected aad found to b e  v i ta i3  t h e  ii- 
wnsions &owed by the specification. 
checked aad found to be s l i g h t l y  thin in several places (Table 2 ) .  3 i s  i s  3:- 
tributed t o  the fact tht the vLdth of the  ttnS vas checked b the r rg ion  of 
war a m  the 0.0. o f  the rfoe. 
a c e  of the rfng fa the piston groove uas not m y  Less tbaa -hat ?as alloved 3y 
the desfdn. The calctJated ma0 side clearance accordfng to the nomiza l  *ralzes 
of the des- is -0065 .nd is t y p i c a l l y  ruiflcfent side c l c w c e  f a t  a ireystcno 
top riag ia a tM cycle 8pplfcatfon. 
vith a steel cmua threaded oat0 an a.Lunia= skirt r e a t s  in tha top =* ~ , Y C V ~  
CloSW UP vim8 ha. 
&~um skirt  srpnds it  forces the bottao side if the top gzooph up wiaU$ at :he 
same tim the  expasion o f  the  c l o ~  causes the top side of t h e  m o v e  SO close 
down. 
t h a t  as the piston rocks over fmm Combustion, the  r-bg could stand "?r?1;c" 2 
the groove causb scuffing. 

a- 
2- 

OB the top side of 

(Figure 3) .  a0 the bot- 

Thh  f S  8 d0-U. C a n d i t i m  Lndi28tkrg good bottm Side seal U d  

of the bottoP slde of the ring shoun ifa F igure  5 .  T3t 

Also, the width o f  t h e  tap riag * a s  

&'hare m e a s r e m n t s  shov that t&e s ide  c l e s -  

It is suagacted tha t  f b e  piston &ai33  

It i s  thought, as i l lustrated fn F- 7 ,  that as the L a -  

This coaditioa would result in a reduction of t h e  ring side clertacct sdc.:: 















FIGURE 7 

Illustration shoving the closing 
do- of the top ring groove due 
t o  the- expasion. 



3rd Rlne m* .03k .Ob3 .go9 

kth R l a g  m93 .020 .025 ,005 

Oil R- BY796 .025 .03& .009 





Bngine testing was conducted at the Teledyne Contintental 
Hotorr engine laboratories over a period of years. Numerous 
batch88 of fuel and oil were used over that time period, and 
detailed fuel analysis for each batch is not available. 
Specifications for the fuel and o i l s  used throughout the 
program include: 

1. Military diesel fuel W-P-8 0 OB 

2. Commercial jet fuel Jet A 
(Similar to military) JP-5 

1. Military lubricating oil MIL-L-2104C 

2. Stauffer Oil Company Propritary 
Lubricant 

The following tables are included for these specifications. 



W-F-8008 

TABU I. Physical and chemical rsQui remats 

1.2 t o  20s 1.4 to 3.0 2.0 t o  4.3 1.8 t o  9.5 

R v  
550 (288) 
626 (350) 

m= 
640 (338) 
700 (571) 

fwo- 
67s (351) 
700 (S71) 

stO(2ea) 
sn(so0) 

O.tO 
0.2S 

0.1s 
0.50 

0.3s 
0.50 

0.20 
0.70 

3 
0.01 
0.01. 

3 
0.01 
0.01 

3 
0.01 
0.01 

1 
0.02 
0.01 

1.5 1.s 1.5 1.s 

0. os 0.10 00 

8 
60 

8 
45 

8 
43 

8 
05 

1/ %a Appedix f for limiting teaperatwe value. 
11 O F 4  b r t i n e d  for Europe and S. Korea shall have a 

For other OCOMJS mas, the limit mwt be specified by the procuring 
activity. 

SJ OF-2 dostiaed for Europe and S. Korea shall  haw a asxi- limit o f  0°F(-180C). 
pat 0th- OooMIS m-, the eaximm 1-t mast be specified by the p r e d n g  
activity. 

4/ Sea AppaUx X I .  Ths subam limits do not q p 1 y  for ramles containing cetane - 4.rwe~s. In those h t j n c e s ,  the tost mst be perfomad on the base &el 
blond. - S/ %s rsquiremont fs applicable only for ailftary b d k  cialiveries intended for 
Ucti-1, OCONUS, or long tern stcrage (mater than six months) applications 
(Lo.,  d e p t s ,  etc.). 

I*: of 9.F (-15.C). 
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TABLE IV. CBEPIICAL AND PHYSICAL REQUIREHKNTS AND TEST METHODS 

5,253 4,500 I Dl405 

rest >!etbod 
i G - 2 1  

0.015 
.2s .O 
5.0 
0.00; 

0.40 

a/' 
Tf 
790 (143) 
37c (1598) 
470 (243) - 41 
1.5 
1.5 
41 - 
0 0  - -  
4S.O 

S t a n d a r i s  

0.01s 
25.0 
5.0 
0.001 

0.40 

- J/ 
400 (204) 
a/ 
4,' 
z/ 
I .f 
1.3 

5@ 
110 (53) 
36.0 

s o  <2SS) 

0 -  

3374 I/ 
01319 
01319 
D121S or 
01323 
DE56 OY 
02622 
086 3/ - 

s/ - 
C93 
0297 

3287 

0323 c 
D23S l 
0323 or 
DtSSl 
02386 
3435 

57.0 

2.0 
(0.75 1) 

(140.6) 

S8.U 
(0.758) 
0 -  

L8 , a00 

- 0  

52.J 
Lb 

18 , 500 

19.C 

lb 
0 -  
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