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Abstract 
 
Piston engines are effective solution for providing general aviation aircrafts with a small power at acceptable 
operating and maintenance costs. However, they lack the reliability of turbine engines. Graphic engine monitors 
may increase operational reliability of piston engines by providing necessary data for the proper engine operation 
and maintenance. They display and record numerous engine parameters including cylinder head temperatures 
(CHTs), exhaust gas temperatures (EGTs) and Turbine Inlet Temperatures (TITs). It is difficult to devise an 
adequate fault detection method due to lack of sufficient number of examples of faulty engine data. Piston 
engine, aside from common elements, is composed of several cylinders that contribute uniformly to engine 
operation. When engine is operating correctly large degree of uniformity is present among values of CHTs, 
EGTs and TITs (if two turbochargers are present). Method suitable for detection of engine problems is presented 
that exploits this uniformity and detects departure from it. 
 
Keywords: aircraft piston engine, engine monitor, fault detection 
 
1. Introduction 
 
General aviation aircrafts (popularly known as small private aircrafts) are piston airplanes that 
have one or more piston-powered engines connected to the propeller(s), which provide 
necessary thrust to move the aircraft on the ground and through the air. Piston engines are 
about seven times less reliable then a turbine engine. However, acceptable purchase price, 
operating and maintenance costs make them popular choice for propulsion of general aviation 
aircrafts. Modern graphic engine monitor, [1], by providing timely and accurate information 
for preventive maintenance, may improve engine operational reliability and by helping 
performing accurate leaning even further reduce engine operating costs. Interpreting data 
from graphic engine monitor is not easy and requires considerable experience. Engine monitor 
helps this process at the very basic level by providing alarm limits for particular engine 
parameters, but these limits correspond to more serious problems. More subtle analysis would 
require interpreting patterns on graphic engine monitor display. Most of these diagnostic 
patterns that are usually documented in graphic engine monitor manuals have a property that 
engine parameters are not uniform across all cylinders or turbochargers. Departure from 
expected uniformity may also be used for fault detection. 
 
2. Aircraft Piston Engine 
 
Piston engine is a heat engine designed to convert energy contained in a fuel into rotational 
mechanical motion. It uses reciprocating pistons to convert pressure first into a linear motion 
and later into a rotational motion. Internal combustion engines can contain any number of 
combustion chambers (cylinders), with numbers between one and twelve being common. 
Most aircraft piston engines consist of four or six cylinders. Turbochargers are also frequently 
used in aircraft engines. It is a forced induction system with a compressor powered by a gas 
turbine running off the engine exhaust gases. Turbochargers are particularly useful at high 
altitudes with lower atmospheric pressure. Some aircrafts use engines with two turbochargers  
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Figure 1. Uniformity of temperatures among separate elements of an engine 
 
(twin turbo). Engine consists of common elements (for the whole engine) like block, oil 
sump, crankshaft, carburetor, part of fuel injection system, part of exhaust system, 
turbocharger, engine accessories etc. and separate elements (multiple per engine), like 
cylinders and turbochargers in case of twin turbo configuration, Figure 1. Energy conversion 
in an engine is performed in cylinders. Each cylinder is small engine itself. It consists of 
cylinder liner, piston, valves, spark plugs and connecting rods. Important engine parameters 
related to cylinder are Cylinder Head Temperature (CHT) and Exhaust Gas Temperature 
(EGT). CHT measures heat energy wasted during the power stroke, when the cylinder is 
under maximum stress from high internal pressures and temperatures, [2]. On the other hand 
EGT measures heat energy wasted during the exhaust stroke, when the cylinder is under 
relatively low stress. If engine is operating correctly great deal of uniformity is expected 
among engine parameters corresponding to temperatures of each cylinder. Similar values of 
temperatures are expected among all cylinders and among turbochargers (if two are present).  
 
3. Graphic Engine Monitor 
 
Traditional multicylinder exhaust gas and cylinder temperature head systems are today often 
replaced with graphic engine monitor. Graphic Engine Monitor (GEM), [1, 3-6] sometimes 
also called Engine Data Management (EDM) system, presents a clear concise, graphic picture 
of all cylinder temperatures simultaneously that is invaluable for detecting and diagnosing a 
wide variety of engine problems. It is advanced and accurate piston engine-monitoring 
instrument that helps pilots to better manage engine operation and detect engine problems. 
Digital bar graph and numeric display is capable of displaying simultaneously exact EGT and 
CHT for each cylinder with the addition of Turbine Inlet Temperature (TIT) on turbocharged 
engines in form of vertical bars on the engine monitor’s display. Engine monitors use two 
styles of displaying engine parameters. Some monitors use full bar for EGT and missing bar 
for CHT, shown in Figure 2. Others use separate bars for EGT and CHT, shown in Figure 3. 
 

 
 

Figure 2. Graphic Engine Monitor (GEM) - Insight 
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Figure 3. Engine monitor with separate bars for EGT and CHT (JPI EDM 830) 
 

Table 1. Monitored engine parameters 
 

Parameter Description 
EGT Exhaust Gas Temperature 
CHT Cylinder Head temperature 
OIL TEMP Oil Temperature 1

OIL PRES Oil Pressure 1

TIT1 Turbine Inlet Temperature 11

TIT2 Turbine Inlet Temperature 2 1

OAT Outside Air Temperature 
CDT Compressor Discharge Temperature 1

IAT Intercooler Air Temperature 1

CRB Carburetor Air Temperature 1

CDT - IAT Intercooler cooling 
RPM Rotations Per Minute 
MAP Manifold Pressure 
%HP % Horse Power 
CLD CHT cooling rate 2

DIF EGT span 3

FF Fuel Flow 1

1optional, 2fastest cooling cylinder, 3difference between the hottest and coolest EGT 
 

These vertical bars form various CHT-EGT patterns reflect engine operation and can be used 
for detection of abnormal engine conditions, [1-6]. For example, the quality of the combustion 
process can be assessed by monitoring the EGTs. Diminished efficiency of the combustion 
process points to various engine problems like low compression, nonuniform fuel distribution, 
faulty ignition, and clogged injectors, [5, 6]. The EDM monitors engine temperatures and 
voltages, assist in adjusting fuel/air mixture, and help diagnose engine malfunctions. 
Temperatures are acquired using separate temperature probe for each cylinder head, gas 
exhaust and turbocharger. Engine monitors operate in two modes: Lean Mode and Monitor 
Mode. Lean Mode is used for adjusting fuel mixture at altitude, all other times Monitor Mode 
is used, with parameter update typically every 6 seconds (adjustable). Monitored parameters 
are listed in Table 1. The data-log files can be easily retrieved by the pilot, in-flight or post-
flight, for instant viewing or permanent record keeping. There are 16 diagnostic patterns 
covered in JPI engine monitor documentation, [5, 6]. Example of normal engine pattern is 
shown in Figure 4 (black bar is EGT, missing or shaded bar is CHT). In Figures 5-8 four 
examples of diagnostic patterns corresponding to abnormal engine operation are shown (in 
two engine monitor display styles), each pointing to a different engine problem. 



1. Example of pattern corresponding to normal engine operation 
 

 
Figure 4. CHTs and EGTs have similar values 

 
2. Example of patterns corresponding to abnormal engine operation 
 

− 75° to 100° EGT rise for one cylinder during flight 
 

 

 
 

Figure 5. Faulty spark plug, plug, wire or distributor 
 

− Loss of EGT for one cylinder 
 
 

 
Figure 6. Stuck valve 

 
− Decrease of EGT for one cylinder 

 

 
Figure 7. Faulty valve lifter, low EGT for cylinder 4 

 
− Slow rise in EGT, low CHT 

 

 
Figure 8. Burned exhaust valve 

 
Engine fault patterns could be recognized using various approaches from statistical pattern 
recognition. However, application of statistical pattern recognition requires large sample of 
normal and abnormal (faulty) patterns that are difficult to acquire. Aircraft piston engines are 
still very reliable (MTBF values of an order of 5,000-30,000 hours depending on engine 
complexity, operation and maintenance) and there is limited number of available recorded 
engine faults (and particularly various types of faults). To build reliable pattern recognition 
system each fault should be represented with at least several fault samples. Collecting large 
sample base would require collaboration of large owner base of aircrafts equipped with engine 
monitors and willing to share such data from engine logs. Another approach could be building 
expert system for interpretation of engine log patterns that would include knowledge about 
patterns and corresponding engine faults. This is also can be a complex and tedious task. 



However, if one takes a careful look at examples of engine fault patterns depicted in Figures 
5-8, it is possible to note that diagnostic patters show significant lack of uniformity (bar 
heights) among CHTs and EGTs. This appears in 14 (or even 15) of 16 diagnostic patterns 
documented in [5, 6]. To detect lack of uniformity in EGTs among cylinders, EGT span (DIF, 
EGT Differential Limit) is already provided in engine monitor. Most engine monitors already 
calculate EGT span between the highest and lowest EGT among all of cylinders. There is also 
an alarm if that difference gets too high. This is useful for detecting if a cylinder has gone 
cold, into heavy detonation or pre-ignition. Nonuniform turbocharger temperatures TIT1 and 
TIT2 point for example to misbalanced wastegates, however TIT span is not incorporated in 
monitors. Engine monitors are equipped with presettable alarm limits for many engine 
parameters. Default values of alarm limits for JPI 830 engine monitor are shown in Table 2. 
These limits are suitable for detection of more severe engine problems (and remaining one or 
two patterns not recognized by nonuniformity of CHTs, EGTs or TITs). 
 

Table 2. Default Engine Monitor Alarm Limits 
 

Measurement Low Limit High Limit 
CHT  450 °F   230 °C 
EGT 1  1550 °F  843 °C 2

OIL TEMP 90 °F 32 °C 230 °F   110 °C 
TIT  1650 °F   900 °C 
CLD  -60 °F/min -33 °C/min 
DIF  500 °F   280 °C 

1many engine monitors (e.g. JPI) don’t have EGT alarm limit but DIF alarm limit instead, upper normal EGT 
value shown here, 2on high performance aircraft, 1350 °F (732 °C) on engines with less than 200 HP 
 
Most airplanes have oil temperature gauges that have a green arc running from 75°F to 240°F, 
with a red-line at 240°F. Beside CHT and EGT limits engine monitor is also equipped with 
the limit for TIT. The purpose of the TIT limit is to protect the fast-spinning turbine wheel in 
a turbocharger from thermal blade stretch and damage. Values for limits are with very small 
variations based on engine manufacturer recommendations, [5-7], shown in Table 2 
(extremes, minimal and maximal values). Please note that listed parameters with the 
exception of Oil Temperature have only upper limits. Lower limit is included for Oil 
Temperature due to high viscosity of oil at low temperatures (engine has to warm up). 
 
4. Method for Fault Detection 
 
Method exploits departure from uniformity of CHTs, EGTs and TITs is illustrated in Figure 9. 
Statistical analysis of available engine logs was used to derive acceptable parameter 
uniformity during normal engine operation. It preserves already available presettable alarm 
limits listed in Table 2, common in most engine monitors. More severe engine problems are 
detected by these alarm levels, and the less severe problems are detected by detection of lack 
of uniformity in temperatures among cylinders and turbochargers. Separation of engine 
operations in regimes is included providing more accurate uniformity limits corresponding to 
various engine operating regimes. 
 
4.1. Variables Under Consideration 
 
Method is making use of parameters and corresponding variables listed in Table 3. These are 
EGTs and CHTs for each cylinder, OIL TEMP, TIT1 and TIT2, DIF, CLD and %HP. 



 
Figure 9. Method for fault detection 

 

Table 3. Parameters considered in method for fault detection 
 

Limit Parameter Variable Description Low High 
EGT Ei Exhaust Gas Temperature  EH
CHT Ci Cylinder Head temperature  CH
OIL TEMP OT Oil Temperature OT,L OT,H
TIT1 T1 Turbine Inlet Temperature 1  TH
TIT2 T2 Turbine Inlet Temperature 2  TH
%HP PH % Horse Power   
EGT SPAN - DIF ES EGT span  ES,H
CHT SPAN CS CHT span  CS,H
CLD TC CHT cooling rate  TC,H
TIT SPAN TS Span between TIT 1 and TIT 2  TS,H

 
4.2. Presettable Alarm Limits Already Present in Engine Monitor 
 
Problems of common engine elements are detected with presettable alarm limits imposed on 
engine parameters from Table 2. Warning alert (indication of critical condition that requires 
immediate action) is implemented using simple limit checkers, (1), [8]. 
 

iHiiL LpL ,, <<      (1) 
where 
  LL,i  is low limit for parameter pi
  LH,i  is high limit for parameter pi
  pi     is engine parameter i 
 

Relations (2)-(8) have to be fulfilled during engine operation, NC is the number of cylinders. 
 

Hi EE <  i = 1, ... , Nc    (2) 

Hi CC <  i = 1, ... , Nc    (3) 

HTTLT OOO ,, <<             (4) 

HTT <1       (5) 

HTT <2       (6) 

HSS EE ,<       (7) 

HCC TT ,<       (8) 



4.3. Uniformity of Temperatures 
 
Problems present in multiple engine elements are detected by nonuniformity of CHTs and 
EGTs among cylinders and TITs between turbochargers. Within the engine there always exist 
small temperature differences between cylinders due to cylinder position (different air 
cooling), differences in distance traveled by the air from the intake and differences among 
injectors. However, greater discrepancies may be used for detection of engine problems. In 
the same way as engine monitor already calculate EGT span it is possible to additionally 
calculate CHT span and TIT span from available CHTs, EGTs and TITs with variables, (9)-
(15): 

)min(min iCC =  i = 1, ... , Nc      (9)
)max(max iCC =  i = 1, ... , Nc    (10)

)min(min iEE =  i = 1, ... , Nc    (11) 
)max(max iEE =  i = 1, ... , Nc    (12) 

minmax CCCS −=       (13) 
 minmax EEES −=       (14) 

In case of twin turbo 
( )21 TTabsTS −=       (15) 

where NC is the number of cylinders. 
 
4.4. Statistical  Analysis 
 
Statistical analysis was performed on available engine monitor log files. Engine log files 
belong to Mooney 20TN Acclaim aircraft with Continental TSIO-550G engine. This is 280 hp 
(209 kW) engine at 2500 rpm with dual turbochargers and dual intercoolers. There were three 
engine log files available that were included with EzTrends2 software, [9]: Flt#49 of duration 
2.57 hours, Flt#56 of duration 0.43 hours and Flt#61 of duration 0.45 hours. Statistical 
distributions for CHT SPAN (variable CS), EGT SPAN (variable ES) and TIT SPAN (variable 
TS) are shown in Figures 10-12. As can be seen from figures, statistical distributions depicted 
by frequency histograms are not simple and would be difficult to fit to common distributions. 
Statistical summary in form of percentiles may be used instead (Table 4). Percentile is used in 
statistics as a measure indicating the value below which a given percentage of observations in 
a group of observations fall. The 1th percentile is the value below which 1 percent of the 
observations may be found. Similarly, the 99th percentile is the value below which 99 percent 
of the observations may be found. Percentiles are easily calculated by most statistical 
software. Statistical summaries for all regimes are shown in Table 4. 
 

   
Figure 10. CS histogram  Figure 11. ES histogram  Figure 12. TS histogram 



Table 4. Statistical summaries for all regimes 
 

All regimes 
var min max P1 P99
CS 195 372 215 368
ES 977 1610 1072 1587
TS 1 228 13 137

 
4.5. Engine Operating Regimes 
 
Engine during a flight operates in various regimes. Different values of CHT and EGT are 
present during various phases of flight. It may be beneficial to separately analyze temperature 
spans for various engine regimes. There are few ways of separating engine operation into 
regimes mentioned in [10-12]: engine rotational speed RPM, percent of maximal horse power 
%HP and flight phase. Percent of maximal Horse Power (%HP) is chosen here for engine 
regime separation. %HP is a better choice than RPM because it more closely reflects the 
power engine produce, [10-12]. It is also much easier to obtain %HP than GPS derived flight 
phase. Particular implementation varies among different engine monitors, but better monitors 
when calculating %HP consider Revolutions Per Minute (RPM), Manifold pressure (MAP), 
fuel flow (FF), Outside Air Temperature (OAT) and sometimes pressure altitude. Inclusion of 
MAP makes it is suitable for use on aircrafts with constant speed propeller. %HP is not 
perfect solution, but just an approximation of real situation. Some engine monitors gets this 
approximation with much better accuracy then others depending on type of calculation and 
variables involved. Frequency histogram for %HP is shown in Figure 13. Regime switching 
variable for separation of regimes in 20% %HP intervals is given in (16) and Table 5. 

 

Figure 13. %HP histogram 
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Table 5. Engine regimes as a function of calculated %HP 
 

Engine regime %HP  
1  0-19  
2  20-39  
3  40-59  
4  60-79  
5  80-99  
6  100-1191

1Provision for values above 100%, rare case, e.g. imprecise calibration of %HP 



4.6. Regime Dependent Limits for Detection of Nonuniformity 
 
Limit checkers for detection of nonuniformity among CHTs, EGTs and TITs, (17), are 
applied to all engine regimes, with separate limits for each regime, as shown in Table 6. 
 

Table 6. Statistical summaries for %HP based engine operating regime separation 
 

Regime 1   0-19 %HP 
var min max P1 P99
CS 195 307 195 307
ES 977 1405 981 1376
TS 24 228 26 202

Regime 2   20-39 %HP 
var min max P1 P99
CS 215 352 219 332
ES 1202 1494 1220 1477
TS 1 132 2 109

Regime 3   40-59 %HP 
var min max P1 P99
CS 239 359 239 359
ES 1139 1477 1139 1477
TS 15 77 15 77

Regime 4   60-79 %HP 
var min max P1 P99
CS 231 372 275 371
ES 1214 1610 1388 1591
TS 1 86 21 85

Regime 5   80-99 %HP 
var min max P1 P99
CS 236 365 236 365
ES 1277 1500 1279 1500
TS 8 53 8,2 52,8

 
Multiple regimes enable placement of limits that are appropriate for particular engine regime 
and suitable for detection of smaller problems and issuing caution alert (requires timely 
corrective action). Percentiles extracted from engine logs are used as limits instead of 
parameter extremes (that may be result of transients). 
 

riHiriL LpL ,,,, <<         (17) 
where 

 LL,i,r is low limit for parameter pi in regime r 
 LH,i,r is high limit for parameter pi in regime r 
 

Applying it to CHT SPAN, EGT SPAN and TIT SPAN relations (18)-(20) should be fulfilled 
on correctly operating engine (only upper limits are used for temperature spans): 
 

99PS CC <      (18) 

99PS EE <      (19) 

99PS LT <      (20) 



5. Sensitivity Adjustment 
 
Percentiles are easy to determine, however percentile based limits are too sensitive for actual 
detection of nonuniformity. With engine monitor producing new parameter record every 6 
seconds (adjustable) during one hour (3600 seconds) there will be at average 6 limit 
exceedances for every considered parameter. In case of relations (18)-(20) there would be 
around 18 exceedances per hour. This is too much for practical application (reacting to very 
small problems). To address this problem number of exceedances per sliding time frame, 
Figure 14, should be introduced for filtering of sporadic transients and desired sensitivity can 
be achieved, [12]. Goal is to detect small problems early enough to prevent larger problems. 
 
 

 
 

Figure 14. Permited number of limit exceedances within a specific time frame 
 
6. Conclusion 
 
In correctly operating engine there should be a great deal of uniformity between cylinder 
CHTs, EGTs and in case of twin turbo engines between TITs. Departure from uniformity is 
related to many engine problems and can be used for fault detection. Method for fault 
detection is described that augments conventional engine parameter limits corresponding to 
acceptable and documented extreme values commonly found in most engine monitors with 
detection of nonuniformity. Instead of fitting statistical distributions to empirical data of 
temperature spans, statistical summaries in form of percentiles are used. Requirement for 
uniformity is combined with engine operating regimes and different limits are used in 
different regimes. Uniformity of engine parameters among cylinders and turbochargers is a 
simple, yet effective additional solution for fault detection suitable for on-line implementation. 
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