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Abstract 

Cooling Performance of Reciprocating Aircraft Engines:  
A Quantitative Analysis of 14 CFR Part 23  

Certification Requirements 

Kevin Andrew Stuth 

Advisor: Brian A. Kish, Ph.D. 

An analysis of the Federal Aviation Administration (FAA) aircraft 

certification requirements has revealed a potential error in the temperature 

correction formula the FAA requires aircraft manufacturers to use to process engine 

cooling performance data for compliance with Part 23 of Title 14 of the Code of 

Federal Regulations (14 CFR Part 23). The FAA engine cooling performance 

temperature correction formula, which predicts the critical temperature of engine 

components, was quantitatively evaluated using data acquired with a single-engine 

aircraft powered by a normally-aspirated, air-cooled, reciprocating engine. Previous 

research has failed to analyze the effect ambient air temperature has on oil 

temperature and has failed to propose a more accurate model for predicting critical 

cylinder head and oil temperature. Engine cylinder head and oil temperature data 

were acquired during FAA-defined cooling performance climbs performed in 

varying ambient air temperatures. The acquired data revealed the FAA engine 

cooling performance temperature correction formula, when applied to cylinder head 

temperature, did not correct data to the most critical test condition, potentially 

leaving certified aircraft vulnerable to overheating. The acquired data also showed 

the FAA engine cooling performance temperature correction formula, when applied 
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to oil temperature, underestimated critical oil temperature, again leaving certified 

aircraft vulnerable to overheating in specific mission profiles. New temperature 

correction formulas were developed to predict critical engine cylinder head and oil 

temperature for compliance with 14 CFR Part 23 engine cooling requirements. 

After further verification, it is hoped the FAA will adopt the proposed temperature 

correction formulas into 14 CFR Part 23 to ensure engine cooling performance is 

properly tested and to ensure the safety of general aviation aircraft within the 

United States. 
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Chapter 1 
Introduction 

1.1 Background 

The Federal Aviation Administration (FAA) governs the certification of 

aircraft within the United States. The FAA has developed certification regulations 

that an aircraft must comply with in order for a design to be considered airworthy 

and safe to operate. These regulations set airworthiness standards in areas such as 

flight qualities, structural design, and aircraft performance, as well as dictate 

required equipment and establish aircraft operating limitations. A number of 

different FAA certification regulations exist. The type, size, and mission of the 

aircraft being certified are used to determine which certification regulation is 

applicable. Part 23 of Title 14 of the Code of Federal Regulations (14 CFR Part 23) 

[1] governs the certification of normal, utility, and acrobatic airplanes with a 

maximum takeoff weight of 12,500 pounds or less and which hold no more than 9 

passengers. Part 23 is also applicable to commuter category airplanes with a 

maximum takeoff weight of 19,000 pounds or less and which hold no more than 19 

passengers. Aircraft certified under 14 CFR Part 23 are typically used for 

recreation, training, personal travel, and limited commercial applications and were 

the focus of the presented research.  

Evaluating engine cooling performance is one critical aspect of ensuring the 

airworthiness of any new aircraft design certified under 14 CFR Part 23. Ensuring 

an engine operates within approved temperature limits is not only important from a 
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safety standpoint, but is also an important factor to maximize engine life span and 

performance. 14 CFR Part 23, Subpart E, Paragraph 23.1041 [2] establishes general 

requirements for engine cooling performance and is the basis for engine cooling 

performance testing. 

14 CFR Part 23, Subpart E, Paragraph 23.1041 [2] 
General 
The powerplant and auxiliary power unit cooling provisions must 
maintain the temperatures of powerplant components and engine fluids, 
and auxiliary power unit components and fluids within the limits 
established for those components and fluids under the most adverse 
ground, water, and flight operations to the maximum altitude and 
maximum ambient atmospheric temperature conditions for which 
approval is requested, and after normal engine and auxiliary power unit 
shutdown. 

Currently, aircraft certified under 14 CFR Part 23 are powered by one of 

two categories of powerplants; reciprocating engines or turbine engines. While 

engine-cooling regulations are equally applicable to either type of powerplant, all 

further discussion is limited to reciprocating engines, which according to the 

General Aviation Manufacturers Association accounted for 68% of active general 

aviation aircraft within the United States in 2015 [3]. 

According to 14 CFR Part 23, paragraph 23.1043 [4], compliance with 

engine cooling requirements must be demonstrated through flight test. Testing is to 

be performed with an ambient atmospheric temperature corresponding to sea level 

conditions of no less than 100 degrees Fahrenheit. A temperature lapse rate of 3.6 

degrees Fahrenheit per thousand feet of altitude above sea level can be assumed for 

testing conducted at higher elevations. If winterization installations are being 

tested, a temperature of less than 100 degrees Fahrenheit can be used, however, the 

temperature chosen for testing will become an aircraft limitation and must be 

published in the aircraft flight manual. If testing is conducted under ambient 
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atmospheric conditions that deviate from the 100 degree Fahrenheit, FAA defined 

Òhot dayÓ condition, then the recorded powerplant temperatures must be corrected. 

For engine fluids and powerplant components, with the exception of cylinder barrel 

temperature for which an alternate correction was provided, the anticipated Òhot 

dayÓ component temperature is determined using the following equation. 

! ! !!"" ! ! ! ! !"" ! ! !!!"# ! ! ! ! !  

! ! !!""  FAA predicted temperature of engine component or fluid with 
ambient atmospheric conditions equal to 100¡F at sea level  

¡F 

! !  Recorded maximum temperature of engine component or 
fluid during test 

¡F 

! !  Pressure altitude of aircraft at time ! !  was recorded feet 

! !  Ambient air temperature at time ! !  was recorded ¡F 

Equation 1: FAA Engine Component Temperature Correction Formula [4] 

Paragraph 23.1043 of 14 CFR Part 23 [4] dictates the maximum recorded 

engine temperature for each component of interest, once corrected using Equation 

1, may not exceed established component temperature limitations. Typically, 

temperature limits are set for maximum cylinder head temperature and oil inlet 

temperature for a given engine. However, depending of the characteristics of the 

specific engine and the design application, the engine manufacturer may apply 

additional limits as necessary. It is the responsibility of the organization certifying 

the aircraft to ensure engine cooling previsions are adequate and the engine is kept 

within operating limitations during all flight operations. 14 CFR Part 23, paragraph 

23.1043 [4] is presented below. 
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14 CFR Part 23, Subpart E, Paragraph 23.1043 [4] 
Cooling tests 
(a) General. Compliance with ¤23.1041 must be shown on the basis of 
tests, for which the following apply: 

(1) If the tests are conducted under ambient atmospheric temperature 
conditions deviating from the maximum for which approval is requested, 
the recorded powerplant temperatures must be corrected under 
paragraphs (c) and (d) of this section, unless a more rational correction 
method is applicable. 

(2) No corrected temperature determined under paragraph (a)(1) of this 
section may exceed established limits. 

(3) The fuel used during the cooling tests must be of the minimum grade 
approved for the engine. 

(4) For turbocharged engines, each turbocharger must be operated 
through that part of the climb profile for which operation with the 
turbocharger is requested. 

(5) For a reciprocating engine, the mixture settings must be the leanest 
recommended for climb. 

(b) Maximum ambient atmospheric temperature. A maximum ambient 
atmospheric temperature corresponding to sea level conditions of at least 
100 degrees F must be established. The assumed temperature lapse rate is 
3.6 degrees F per thousand feet of altitude above sea level until a 
temperature of ! 69.7 degrees F is reached, above which altitude the 
temperature is considered constant at ! 69.7 degrees F. However, for 
winterization installations, the applicant may select a maximum ambient 
atmospheric temperature corresponding to sea level conditions of less 
than 100 degrees F. 

(c) Correction factor (except cylinder barrels). Temperatures of engine 
fluids and powerplant components (except cylinder barrels) for which 
temperature limits are established, must be corrected by adding to them 
the difference between the maximum ambient atmospheric temperature 
for the relevant altitude for which approval has been requested and the 
temperature of the ambient air at the time of the first occurrence of the 
maximum fluid or component temperature recorded during the cooling 
test. 

(d) Correction factor for cylinder barrel temperatures. Cylinder barrel 
temperatures must be corrected by adding to them 0.7 times the 
difference between the maximum ambient atmospheric temperature for 
the relevant altitude for which approval has been requested and the 
temperature of the ambient air at the time of the first occurrence of the 
maximum cylinder barrel temperature recorded during the cooling test. 
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14 CFR Part 23, paragraph 23.1047 [5] establishes the general procedure 

that must be followed to demonstrate compliance with engine cooling performance 

regulations. All further discussion is limited to the certification of single-engine 

aircraft that are powered by a normally-aspirated, reciprocating engine. This 

regulation dictates compliance with engine cooling performance requirements be 

demonstrated during a climb at a speed that is critical for cooling. Typically, for 

small general aviation aircraft, the speed that is critical to cooling is the speed that 

results in the best rate of climb, Vy.  

14 CFR Part 23, Subpart E, Paragraph 23.1047 [5] 
Cooling test procedures for reciprocating engine powered airplanes 
Compliance with ¤23.1041 must be shown for the climb (or, for 
multiengine airplanes with negative one-engine- inoperative rates of 
climb, the descent) stage of flight. The airplane must be flown in the 
configurations, at the speeds and following the procedures recommended 
in the Airplane Flight Manual, that correspond to the applicable 
performance requirements that are critical to cooling. 

14 CFR Part 23 does not give technical details of how to perform a given 

flight test. The FAA has issued Advisory Circular 23-8C [6] entitled ÒFlight Test 

Guide for Certification of Part 23 AirplanesÓ which gives additional detail on how 

to perform flight test operations to prove compliance with the regulations included 

in 14 CFR Part 23. The flight test methods and data reduction techniques described 

in this advisory circular are not the only methods of performing a given flight test. 

However, one must demonstrate why an alternative method is valid. 

According to Advisory Circular 23-8C [6], engine-cooling tests for single-

engine airplanes should be initiated by entering a level flight condition at the lowest 

practical altitude and at no less than 75 percent maximum continuous power. The 

test should be initiated at a pressure altitude of no more than 2000 feet. If testing is 

initiated from a pressure altitude greater than 2000 feet, FAA experience indicates 

the results will not assure adequate temperature margins when the airplane is 
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operated at sea level and recorded engine temperatures are subject to additional 

margins that are determined using formulas presented in Advisory Circular 23-8C. 

The aircraft should be kept in the level flight condition at the lowest practical 

altitude until engine temperatures stabilize. Once engine temperatures have 

stabilized, power should be increased to the full takeoff rated power setting and a 

climb should be initiated at a speed corresponding to the applicable performance 

data given in the aircraft pilot operating handbook. Caution should be used when 

depleting kinetic energy of the airplane at the start of the cooling climb. The climb 

should not be ÒzoomedÓ into. Rather the power may be momentarily reduced, 

provided engine temperatures donÕt drop excessively, or the aircraft can be 

maneuver loaded in order to quickly deplete airspeed for the climb. One minute 

after applying full throttle, the engine power setting should be reduced to maximum 

continuous power. Engine temperature data should be recorded at one-minute 

intervals throughout the climb. The test can be terminated five minutes after engine 

temperature peaks or when the maximum operating altitude of the aircraft is 

reached. Once data collection is complete, results must be corrected to anticipated 

Ôhot dayÓ conditions using Equation 1. The corrected temperature is then compared 

with the maximum permitted engine temperature limits to determine compliance 

with the cooling requirement. The sections of Advisory Circular 23-8C relevant to 

engine cooling performance testing of single-engine aircraft powered by 

reciprocating engines can be found in Appendix A. 
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1.2 Motivation 

The validity of the FAA formula for correcting engine-cooling data to 

anticipated FAA defined Òhot dayÓ conditions, Equation 1, has been questioned by 

sources within the flight test community as well as previous academic research. 

The intent of engine cooling testing is to ensure critical engine components do not 

exceed specified limits during a worst case climb operation on an FAA-defined 

Òhot dayÓ, where ambient conditions correspond to 100 degrees Fahrenheit at sea 

level. The FAA developed the temperature correction formula, Equation 1, to allow 

engine-cooling tests to be performed when ambient conditions deviate from the 

FAA-defined Òhot dayÓ. Engine temperatures recorded on a day where ambient 

temperatures differ from the FAA-defined Òhot dayÓ can be passed through 

Equation 1 to determine the engine component temperatures expected, if the test 

had been run with ambient conditions equal to the FAA-defined Òhot dayÓ. These 

corrected engine temperatures can then be compared with published temperature 

limitations for the specific engine on the aircraft under test to determine 

compliance with 14 CFR Part 23 engine-cooling requirements. 

According to the Society of Flight Test Engineers Reference Handbook, 

Third (2013) Edition [7], ÒThis method is known to be quite conservative. More 

satisfactory temperature(s) may be achieved by actually testing during hot 

weather.Ó In other words, an aircraft may pass 14 CFR Part 23 engine-cooling 

requirements when testing is performed on a day when ambient conditions are 

equal to the FAA defined Òhot dayÓ. However, the same aircraft may fail engine 

cooling requirements, if testing is performed on a day where ambient conditions 

deviate from the FAA-defined Òhot dayÓ and Equation 1 is used to correct results. 

Industry experience suggests engine component temperatures corrected using 
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Equation 1 are higher than the engine component temperatures would actually be, if 

testing were run on an FAA-defined Òhot dayÓ. 

Juan Carlos Valer published a masterÕs thesis titled ÒA Study of the 

Temperature Correction Methods for Reciprocating Engine Flight Testing under 

non Standard ConditionsÓ in December of 2003 [8]. The purpose of the research 

presented in this paper was to experimentally examine the FAA engine temperature 

correction formula, Equation 1, and determine how accurately the formula 

predicted Òhot dayÓ engine cylinder head temperature based on testing performed in 

non-FAA standard conditions.  

Three data sets were gathered using a Piper Saratoga that was outfitted with 

thermocouples to record cylinder head temperature. The Piper Saratoga test aircraft 

was powered by a Lycoming IO-540, a six-cylinder, direct-drive, horizontally-

opposed, fuel-injected, air-cooled engine. Flights were launched from the 

Tullahoma Municipal Airport in Tullahoma, Tennessee. Data collection methods 

were consistent with 14 CFR Part 23 engine cooling performance requirements and 

the test methods outlines in Advisory Circular 23-8C with two notable exceptions. 

The engine oil level was not at the lowest critical condition during testing and the 

engine oil thermostat (which regulates oil temperature by diverting oil through the 

a cooler when oil temperatures exceed an upper limit) was not blocked to ensure all 

oil was passed through the cooler during testing as is specified in                

Advisory Circular 23-8C. While these discrepancies in the test setup do deviate 

from approved FAA techniques for performing engine cooling testing, these 

deviations should not make a significant difference in the results, and conclusions 

can still be made from the data. 

Two interesting conclusions can be made for the data presented in this 

paper. First, the FAA temperature correction formula, Equation 1, was found to be 
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As shown in Figure 2, the maximum recorded cylinder head temperature 

was not recorded on the flight where ambient air temperatures were the hottest, as 

is predicted by the FAA temperature correction formula. In fact, the maximum 

cylinder head temperature on the flight with ambient temperatures equal to the 

FAA-defined Òhot dayÓ standard was the coldest of the three flights flown for this 

project. If the data presented in this paper is correct, the variation between the 

recorded cylinder head temperature trend with changing ambient air temperature 

and the trend predicted by the FAA temperature correction formula could explain 

why the flight test community has historically had trouble obtaining accurate 

results from the FAA engine component temperature correction formula,    

Equation 1. 
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1.3 Objectives 

An analysis of the FAA aircraft certification requirements has revealed a 

potential error in the temperature correction formula, Equation 1, the FAA requires 

aircraft manufacturers to use to process engine cooling performance data for 

compliance with 14 CFR Part 23. The intent of engine cooling testing is to ensure 

critical engine components do not exceed specified limits during a worst case climb 

operation on an FAA-defined Òhot dayÓ, where ambient conditions correspond to 

100 degrees Fahrenheit at sea level. The FAA developed the temperature correction 

formula, Equation 1, to allow engine-cooling tests to be performed when ambient 

conditions deviate from the FAA-defined Òhot dayÓ. Engine temperatures recorded 

on a day where ambient temperatures differ from the FAA-defined Òhot dayÓ can 

be passed through Equation 1 to determine the engine component temperatures that 

would have been expected if the test had been run with ambient conditions equal to 

the FAA-defined Òhot dayÓ. These corrected engine temperatures can then be 

compared with published temperature limitations for the specific engine on the 

aircraft under test to determine compliance with 14 CFR Part 23. If previous 

industry experience and academic research is correct, the FAA temperature 

correction formula is not only inadequate for correcting engine component 

temperatures to Òhot dayÓ conditions, but the Òhot dayÓ condition the FAA requires 

engine cooling performance testing to be conducted at may not be the critical 

condition in which maximum component temperatures would be expected with 

reciprocating aircraft engines. 

The objective of the research performed at the Florida Institute of 

Technology was to determine how engine cylinder head temperature and oil 

temperature vary with changing ambient air temperature while performing a climb 

maneuver compliant with 14 CFR Part 23. These results were used to quantitatively 
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analyze the FAA engine cooling performance temperature correction formula, 

Equation 1. If obtained results verify previous findings and engine component 

temperature does not increase linearly with increasing ambient air temperature, as 

is predicted by the FAA engine component temperature correction formula, a new 

temperature correction form will be developed and recommendations will be made 

to ensure FAA approved test procedures included in Advisory Circular 23-8C 

reliably test aircraft engine cooling performance at the most critical flight 

condition.   
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Table 1 presents specific identifying information about the test aircraft as 

well as configuration info relevant to engine cooling performance testing. 

Table 1: Test Aircraft  Information  [9] [10] [11] 

AIRCRAFT  
Aircraft Manufacturer  Piper Aircraft, Inc. 

Aircraft Model  PA-28-161 
Aircraft Registration Number  N618FT 

Aircraft Serial Number  28-8516048 
Max Takeoff Weight 2440 lbs. 

Empty Weight 1568.5 lbs. 
Best Rate of Climb Airspeed 79 knots 

ENGINE 
Engine Manufacturer Lycoming 

Engine Model O-320-D3G 
Engine Serial Number RL-7479-39E 

Fuel Delivery Carburetor  
Cylinder Configuration  Horizontally Opposed 
Temperature Regulation Air Cooled 

Number of Cylinders 4 
Rated Horsepower 160 hp 

Rated Speed 2700 RPM 
Displacement 319.8 in3 

Compression Ratio 8.5:1 
Oil Capacity 8 quarts 

Minimum Oil Quantity  2 quarts 
PROPELLER 

Propeller Manufacturer  Sensenish 
Model 74DM6-0-60 

Propeller Type Fixed Pitch 
Number of Blades 2 

 

The Lycoming O-320 engine installed in the test aircraft was air-cooled. 

According to the pilot operating manual [12], Òair enters on either side of the 

propeller through openings in the nose cowling and is carried through the engine 

baffling around the engine and oil coolerÓ. ÒThese engines are designed to be 

cooled by air pressure built up on one side of the cylinder and discharged, with 

accompanying pressure drop, through the cylinder finsÓ [13]. There are two 
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temperature limitations established by Lycoming for the O-320 series engine. 

Those limitations are for oil inlet temperature and cylinder head temperature and 

are presented in Table 2.  

Table 2: Lycoming O-320 Temperature Limitations [14] [15] 

LIMITATIONS  
Maximum Oil Inlet 

Temperature 
245¡F 

Maximum Cylinder Head 
Temperature 500¡F 

 

According to the Lycoming OperatorÕs Manual for the Lycoming O-320 

series engine [15], the maximum cylinder head temperature of 500 degrees 

Fahrenheit should never be exceeded during engine operation. However, in order to 

ensure maximum engine service life, engine cylinder head temperature should be 

kept much lower than this maximum value. Lycoming recommends cylinder head 

temperature be maintained below 435 degrees Fahrenheit during high speed cruise 

and below 400 degrees Fahrenheit during economy cruise power settings. The 

Lycoming OperatorÕs Manual also specifies a maximum oil inlet temperature of 

245 degrees Fahrenheit, a temperature that should not be exceeded during engine 

operation. However, to ensure maximum engine service life, Lycoming 

recommends the maximum oil temperature be maintained below 180 degrees 

Fahrenheit during continuous operation. 

There were a number of different fuel and oil types approved for use in the 

test aircraft. All test operations were conducted with the fluids specified in Table 3. 

Table 3: Test Aircraft Fluid Configuration  

Fluid  Type 
Fuel 100LL 
Oil SAE 50 
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One modification was made to the aircraftÕs stock configuration in order to 

maintain compliance with cooling performance test procedures dictated in 

Advisory Circular 23-8C. According to this advisory circular [6], for engine 

cooling testing Òairplanes that incorporate a thermostat in the engine oil system 

may have the thermostat retained, removed, or blocked in such a manner as to pass 

all engine oil through the oil cooler. If the thermostat is retained, the oil 

temperature readings obtained on a cooler day corrected to hot-day conditions may, 

therefore, be greater than those obtained under actual hot-day conditions.Ó A 

complete copy of Advisory Circular 23-8C engine cooling performance test 

procedures can be found in Appendix A and will be discussed in further detail in 

Section 2.3.  

The oil system in the Lycoming O-320 engine installed in the test aircraft 

contained a thermostat bypass valve, often referred to as a Vernatherm on this type 

of aircraft. The thermostatic bypass valve controls the flow of oil to the oil cooler 

to regulate oil temperature. The thermostatic bypass valve controls the flow of oil 

by expanding or contracting based on oil temperature. As shown in Figure 4, when 

the thermostatic bypass valve is in the expanded, open position, all oil is diverted 

through the engine cooler. When the thermostatic bypass valve is in the retracted, 

closed position, a passage is opened which allows oil to bypass the oil cooler and 

flow directly back into the engine. The thermostatic bypass valve originally 

installed on the test aircraft was calibrated to 185 degrees Fahrenheit; meaning that 

all oil would be directed through the oil cooler when oil temperature was above 185 

degrees Fahrenheit, and oil would be allowed to bypass the oil cooler when oil 

temperature was below 185 degrees Fahrenheit. 
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2.2 Data Collection System  

A data collection system was assembled to record oil temperature, ambient 

air temperature and the temperature of all four cylinders on the Lycoming O-320 

engine installed on the test aircraft. Table 4 presents data on the specific sensors 

used to make each temperature measurement.  

Table 4: Data Acquisition Sensors 

Measurement Description Supplier Part Number 
Cylinder Head 
Temperature 

Type J 
Thermocouple 

Alcor 
Incorporated 

86251 

Oil Temperature 
Type J 

Thermocouple 
Omega 

Engineering, Inc. TC-J-1/8NPT-G-72 

Air Temperature Type J 
Thermocouple 

Omega 
Engineering, Inc. 

5TC-TT-J-30-72 

 

A National Instruments CompactDAQ was used as the data acquisition 

platform for this research program. The CompactDAQ interfaced with a laptop via 

a USB connection. Measurements could be monitored in real time during data 

collection using LabVIEW software. Table 5 summarizes the specific hardware 

used for data acquisition. 

Table 5: Data Acquisition Hardware 

Component Supplier Part Number 
16- Channel Thermocouple 

Input Module National Instruments NI 9213 

cDAQ USB Chassis National Instruments NI cDAQ-9171 

 

The assembled system recorded temperature measurements at a rate of     

0.5 Hertz. The LabVIEW interface allowed the operator to view the current 

temperature of each engine cylinder head, oil temperature and ambient air 

temperature in real time. The interface also displayed information such as the 
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maximum recorded temperature of each component during the flight, a graph of the 

time history of each measurement, as well as alarms to indicate an engine over 

temperature condition. Figure 6 displays the LabVIEW user interface used during 

data acquisition for this research project. The LabVIEW code used to program this 

interface can be found in Appendix B. 

 

Figure 6: LabVIEW Data Display 
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For the final data collection flight, the thermocouple lead wires were run 

from the engine compartment to the cockpit through a hole drilled through the 

firewall instead of around the outside of the aircraft as shown in Figure 8. This 

modification was made to reduce system exposure to the elements during aircraft 

storage.  

The Lycoming O-320 engine was manufactured with predrilled wells in 

each cylinder head, where bayonet style thermocouples could be installed to 

measure cylinder head temperature. These thermo wells, along with the 

thermocouples specified in Table 4, were used to make all cylinder head 

temperature measurements for this research. Figure 9 shows a picture of a 

thermocouple installed in the cylinder head of the test aircraftÕs engine. 

 

Figure 9: Cylinder Head Thermocouple 

Oil temperature was measured at the inlet to the oil cooler. This was the 

same location where the test aircraftÕs stock oil temperature gauge was installed. 

Therefore, during data collection the aircraftÕs stock oil temperature gauge had to 

be removed, and the assembled data collection system became the only reference to 
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The following procedure was used during data collection: 

1. A level flight condition was established with power set to maintain 

2500 RPM at a pressure altitude of no greater than 500 feet. The 

level flight condition was maintained until the observed rate of 

change of engine cylinder head temperature and oil temperature was 

less than 2 degrees Fahrenheit per minute. 

2. With the power setting held constant, a 360-degree turn was 

performed to slow the aircraft to 79 knots, the airspeed that 

corresponds to the best rate of climb for the test aircraft. 

3. The power setting was increased to full throttle, and a climb was 

initiated holding airspeed constant at 79 knots. The mixture setting 

was kept in the full rich position throughout the climb. The climb 

was maintained until five minutes after engine cylinder head 

temperature and oil temperature reached maximum values.   

Throughout the flight, engine cylinder head temperature, oil temperature 

and ambient air temperature were recorded every two seconds by the data 

acquisition system described in Section 2.2. In addition, the following parameters 

were recorded by hand using the test aircraftÕs installed avionics systems every 

minute throughout the flight until the cooling climb was terminated. 

1. Time 

2. Indicated Airspeed 

3. Pressure Altitude 

4. Engine RPM 
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5. Mixture Setting 

6. Throttle Setting 

 

Table 6 presents the FAA aircraft configuration requirements for engine 

cooling testing [6] as well as the specific ranges used to configure the test aircraft 

for data collection. 

Table 6: Aircraft Configuration  

Parameter FAA Requirement [6] Test Value 

Aircraft Gross Weight Max Gross Weight 2440 lbs. +0/-100 

Center of Gravity Max Forward 88.3 inches +1.5/-0 

Oil Quantity Minimum Quantity 4 quarts +0.5/-0 

Fuel Grade Minimum Approved 100LL 

Mixture Setting Leanest Recommended Full Rich 

 

It is important to note that according to Lycoming [15], the minimum safe 

operating oil quantity for the O-320 test engine was 2 quarts. Therefor, 2 quarts 

should have been the minimum oil quantity used for testing. However, the oil 

dipstick on the aircraft, used to visually check oil quantity before flight, only 

displayed oil quantities down to four quarts. In order to ensure that the oil quantity 

could be visually checked before flight, four quarts was set as the minimum oil 

quantity for this research project. 

According to the pilot operating manual [9], the minimum octane fuel 

approved for use in the test aircraft was 100 or 100LL. Therefore, the use of 100LL 

fuel during testing satisfies this requirement. 
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14 CFR Part 23 specifies that the mixture setting should be set to the leanest 

recommended for climb during the test. According to the Lycoming O-320 

Operators Manual [15], Òmaintain mixture control in ÔFull RichÕ position for rated 

take-off, climb and maximum cruise powers (above approximately 75%).Ó 

Therefore, the mixture was left in the full rich position throughout the cooling 

climb maneuver. 

All testing was performed in air that was free of visible moisture, smooth, 

and which had no temperature inversions. Performing all test operations with 

ambient conditions that met these requirements was critical to ensure quality data 

were recorded and that results were repeatable.  
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Chapter 3 
Results 

3.1 Flight Overview 

Three data collection flights were flown for this research project. The 

purpose of each flight was to record engine cylinder head temperature and oil 

temperature during an FAA-defined cooling performance climb compliant with 

Advisory Circular 23-8C performed at varying ambient air temperatures. Table 7 

presents specific information about each data collection flight performed for this 

research project, including the aircraft configuration and reported airport weather 

conditions.  

Table 7: Flight Information  

 Flight 1 Flight 2 Flight 3 
Date 4/25/2016 4/29/2016 9/8/2016 

Engine Start Time 1:54 PM 1:48 PM 1:44 PM 
Flight Duration (min) 53 42 42 

Aircraft Configuration  
Takeoff Weight (lbs.) 2404 2421 2421 
C.G. (in. aft of datum) 89.4 89.5 89.5 
Oil Quantity (quarts) 4.25 4.25 4.25 

KMLB Weather  [18] 
Report Time 1:53 PM 1:53 PM 1:53 PM 

Temperature (¡F) 79.0 84.0 87.1 
Dew Point (¡F) 62.1 70.0 73.9 
Humidity (%) 56 63 65 

Pressure (in Hg) 30.04 29.96 30.06 
Visibility (miles) 10 10 10 
Wind Direction East East ENE 

Wind Speed (mph) 12.7 11.5 13.8 
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atmosphere that does not have any temperature inversions, a property that 

according the FAA [20] is essential to obtaining good data and repeatable results. 

 

Figure 15: Ambient Air Temperature  vs. Altitude  

Table 8 displays the recorded ambient air temperature at 1000-foot 

increments between 1000 feet and 5000 feet pressure altitude, an altitude range in 

which all recorded engine component temperatures peaked during testing. Using 

these results, the average temperature lapse rate over this altitude range was 

calculated for each flight. As these results show, the average lapse rate on each 

fli ght varied by no more than 0.3 degrees Fahrenheit from the FAA defined 

standard lapse rate of 3.6 degrees Fahrenheit per thousand feet [6]. This result 

indicates atmospheric conditions during testing were compliant with FAA 

atmospheric test standards and were appropriate for conducting engine cooling 

performance tests. 
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Table 8: Ambient Air Temperature  vs. Altitude 

 Flight 1 Flight 2 Flight 3 
Pressure Altitude Ambient Air Temperature (¡F) 

1000 feet 74.6 81.0 86.1 
2000 feet 69.9 78.4 83.2 
3000 feet 66.1 74.6 79.0 
4000 feet 63.7 70.8 74.8 
5000 feet 61.5 67.2 73.0 

 Temperature Lapse Rate (¡F/1000 feet) 
Average Temperature 

Lapse Rate 3.3 3.5 3.3 
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Table 9: Maximum Cylinder Head Temperature 

 Flight 1 Flight 2 Flight 3 
Front Right Cylinder Head (CH1) 

Max Temperature (¡F) 440.1 442.5 433.2 
OAT at Peak (¡F) 69.0 78.3 84.2 

Pressure Altitude at Peak (ft.) 2300 2050 1720 
Distance Climbed at Peak (ft.) 1800 1550 1540 

Time to Peak (min) 4.0 3.4 3.2 
Aft Right Cylinder Head (CH2) 

Max Temperature (¡F) 426.8 431.8 430.4 
OAT at Peak (¡F) 70.4 79.1 84.5 

Pressure Altitude at Peak (ft.) 1830 1740 1530 
Distance Climbed at Peak (ft.) 1330 1240 1350 

Time to Peak (min) 3.1 2.7 2.8 
Aft Left Cylinder (CH3) 

Max Temperature (¡F) 453.0 450.5 448.2 
OAT at Peak (¡F) 70.4 78.8 84.6 

Pressure Altitude at Peak (ft.) 1850 1800 1480 
Distance Climbed at Peak (ft.) 1350 1300 1300 

Time to Peak (min) 3.1 2.9 2.7 
Front Left Cylinder Head (CH4) 

Max Temperature (¡F) 458.3 457.2 449.7 
OAT at Peak (¡F) 69.7 77.2 83.8 

Pressure Altitude at Peak (ft.) 1980 2330 1810 
Distance Climbed at Peak (ft.) 1480 1830 1630 

Time to Peak (min) 3.4 3.9 3.4 
 

These results show that cylinder head 4, located on the front left side of the 

engine, reached the highest maximum temperature during each of the three data 

sets obtained for this research and is therefore categorized as the critical cylinder 

for the test aircraft. Cylinder head 2, located on the aft right side of the engine, 

recorded the lowest maximum temperature during each during flight. According to 

the results presented in Table 9, all cylinder heads reached peak temperature 

between 2.7 and 4.0 minutes after the start of the cooling performance climb. Peak 
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Figure 18, Figure 19, and Figure 20 show the recorded temperature of each 

cylinder head as a function of time during the cooling performance climb for data 

collection flight 1, 2 and 3, respectively. The cooling performance climb started at 

minute two in the presented results. The first two minutes of data presents the 

recorded engine cylinder head temperature during level flight immediately before 

the start of the cooling climb.  

 

Figure 18: Flight 1 Cylinder Head Temperature vs. Time 

7KH!

74H!

IHH!

I6H!

I5H!

I7H!

IIH!

IPH!

IJH!

IAH!

H! 5! I! J! K! 6H! 65! 6I! 6J!

27
."

3?
*#

(G
*%

?(
@

*<
A

*#
%

';#
*(

-B
C

1(

@"<*(-<"3;'*01(

C."+,'(I(27."3?*#(G*%?(@*<A*#%';#*(60(@"<*(

=Q6!

=Q5!

=Q7!

=QI!



 

37 

 

Figure 19: Flight 2 Cylinder Head Temperature vs. Time 

 

Figure 20: Flight 3 Cylinder Head Temperature vs. Time 
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According to Advisory Circular 23-8C [6], only the critical cylinder head 

needs to be considered when determining compliance with engine cooling 

performance requirements. Therefore, from this point forward only the critical 

cylinder head, cylinder head 4, will be analyzed. Figure 21 displays the recorded 

temperature of cylinder head 4 as a function of time for the three cooling 

performance climbs performed for this research. This plot shows maximum 

cylinder head temperature was achieved on each of the three flights after climbing 

for a very similar amount of time. According to the results presented in Table 9, 

critical cylinder head temperature peaked after climbing between 3.4 and 3.9 

minutes, a difference of only 0.5 minutes between the three flights. An unusual 

characteristic of this plot is shown at the cylinder head temperature peak for flight 1 

and flight 2. While flight 1 had a higher maximum cylinder head temperature than 

flight 2, the recorded cylinder head temperature profile of flight 2 remained above 

the temperature profile for flight 1 for a majority of the climb maneuver. 

 

Figure 21: Critical Cylinder Head Temperature vs. Time 
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Figure 22 displays cylinder head temperature plotted against climb distance. 

Climb distance was equal to the difference between the aircraftÕs pressure altitude 

during the climb and the pressure altitude that the climb was initiated from. Climb 

distance was used to standardize temperature data, since the cooling performance 

climb maneuver was initiated from slightly different altitudes during the three data 

collection flights. The cooling performance climb was initiated from a pressure 

altitude of 500 feet during flight 1 and flight 2, while the climb was initiated from a 

pressure altitude of 180 feet on flight 3. Flight 3 was initiated from a lower altitude 

in an attempt to perform the cooling performance climb in the hottest ambient air 

temperatures possible. The cylinder head temperature profile with respect to climb 

distance was very similar between the three flights. According to Table 9, critical 

cylinder head temperature peaked after climbing between 1480 and 1830 feet, a 

difference of only 350 feet between the three flights.  

 

Figure 22: Critical Cylinder Head Temperature vs. Climb Distance 
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Figure 23 displays critical cylinder head temperature plotted against 

ambient air temperature. This plot clearly shows the maximum cylinder head 

temperature of the critical cylinder decreased as ambient air temperature at altitude 

increased. This result directly contradicts that FAA temperature correction formula, 

Equation 1, and will be discussed in further detail in Chapter 4. 

 

Figure 23: Critical  Cylinder Head Temperature vs. OAT 
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3.3 Oil Temperature 

Oil temperature was recorded during the three flights performed for this 

research. Oil temperature was recorded at a point in the oil system right before the 

oil entered the oil cooler, a location that should be close to the hottest point in the 

oil system. Table 10 presents the maximum recorded oil temperature during each of 

the three data collection flights. Also presented in this table are the recorded 

ambient air temperature, pressure altitude, distance climbed and climb time at the 

moment oil temperature reached its maximum value. The data used to make the 

conclusions presented in Table 10 are presented in Appendix D. 

Table 10: Maximum Oil Temperature  

 Flight 1 Flight 2 Flight 3 
Max Temperature (¡F) 178.9 188.9 192.3 

OAT at Peak (¡F) 65.7 73.0 79.0 
Pressure Altitude at Peak (ft.) 3390 3540 3060 
Distance Climbed at Peak (ft.) 2890 3040 2880 

Time to Peak (min) 6.6 6.7 6.2 
 

Figure 24 displays the maximum oil temperature recorded during the 

cooling performance climb performed during each of the three data collection 

flights plotted against ambient air temperature at altitude at the moment maximum 

oil temperature was recorded. For the three flights flown for this research project, 

with ambient air temperature between approximately 65 and 80 degrees Fahrenheit 

at altitude, maximum engine oil temperature increased with increasing ambient air 

temperature. 
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Figure 25: Oil Temperature vs. Time 

Figure 26 shows oil temperature plotted against climb distance. Climb 

distance was equal to the difference between the aircraftÕs pressure altitude during 

the climb and the pressure altitude that the climb was initiated from. Climb distance 

was used to standardize temperature data since the cooling performance climb 

maneuver was initiated from slightly different altitudes during the three data 

collection flights. The cooling performance climb was initiated from a pressure 

altitude of 500 feet during flight 1 and flight 2 while the climb was initiated from a 

pressure altitude of 180 feet on flight 3. Flight 3 was initiated from a lower altitude 

in an attempt to perform the cooling performance climb in the hottest ambient air 

temperatures possible. The oil temperature trend with respect to climb distance was 

very similar for between the three acquired data sets. As shown in Table 10, oil 

temperature reached maximum value after climbing between 2880 and 3040 feet on 

all three flights, a difference of only 160 feet. 

6PH!

6PP!

6JH!

6JP!

6AH!

6AP!

6KH!

6KP!

64H!

64P!

H! 5! I! J! K! 6H! 65! 6I! 6J!

H
".

(@
*<

A
*#

%
';#

*(
-B

C
1(

@"<*(-<"3;'*01(

H".(@*<A*#%';#*(60(@"<*(

O+?C#0!6!

O+?C#0!5!

O+?C#0!7!



 

44 

 

Figure 26: Oil Temperature vs. Climb Distance 

Figure 27 displays oil temperature plotted against ambient air temperature 

at altitude for each of the three data collection flights. This plot clearly shows that 

maximum oil temperature recorded during a cooling performance climb increased 

as ambient air temperature increased. This trend agrees with the FAA temperature 

correction formula, Equation 1, and will be further analyzed in Chapter 4. 
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Figure 27: Oil Temperature vs. Ambient Air Temperature  
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Chapter 4 
Analysis 

4.1 Cylinder Head Temperature 

Using the data presented in Chapter 3, it is possible to analyze the             

14 CFR Part 23 engine cooling performance temperature correction formula, 

Equation 1. The FAA predicted maximum cylinder head temperature with ambient 

conditions equal to 100 degrees Fahrenheit at sea level was calculated for each of 

the three acquired data sets. The results of these calculations are shown in Table 11. 

Also displayed in the table are the three inputs to this calculation recorded during 

data collection; maximum recorded cylinder head temperature, ambient air 

temperature, and pressure altitude. Finally, this table presents the estimated sea 

level temperature for each data point. This value was calculated using the following 

formula. 

! !" ! !! ! ! ! !!!"# ! !  

! !"  Predicted sea level temperature ¡F 

! !  Ambient air temperature at altitude ¡F 
! !  Pressure altitude of aircraft feet 

Equation 2: Sea Level Temperature Prediction 

Predicted sea level temperature is calculated assuming a standard 

temperature lapse rate of 3.6 degrees Fahrenheit per thousand feet of altitude. If the 
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calculated sea level temperature were equal to 100 degrees, then the associated 

environmental conditions would be equal to the FAA-defined Òhot dayÓ test 

condition. This calculation allows the environmental conditions recorded during 

each data collection flight to be quantitatively compared with the FAA defined Òhot 

dayÓ test condition.  

Table 11: FAA Predicted Cylinder Head Temperature 

 Flight 1 Flight 2 Flight 3 
Max Temperature (¡F) 458.3 457.2 449.7 

OAT at Peak (¡F) 69.7 77.2 83.8 
Pressure Altitude at Peak (ft.) 1980 2330 1810 

FAA Predicted Cylinder 
Head Temp at 100¡F (¡F) 

481.5 471.6 459.4 

Estimated Sea Level 
Temperature (¡F) 76.8 85.6 90.3 

 

The three test points acquired during this research were in ambient 

conditions 23, 14 and 10 degrees Fahrenheit below the FAA defined Òhot dayÓ test 

condition. The results presented in Table 11 show the FAA predicted cylinder head 

temperature, calculated using Equation 1, decreased as ambient air temperature 

increased. If the FAA temperature correction formula were valid the predicted 

cylinder head temperature would be constant regardless of the ambient conditions 

data were collected in. This is because the FAA engine component temperature 

correction formula is simply trying to predict the engine component temperature 

that would be expected on an FAA-defined Òhot dayÓ with ambient air temperature 

equal to 100 degrees at sea level. Since the maximum cylinder head temperature 

obtained during a cooling performance climb on an FAA-defined Òhot dayÓ is a 

constant, the model should always predict the same temperature regardless of the 

ambient temperature data is collected in. This is not the trend observed in the 

obtained results. Obtained results show that the FAA predicted engine cylinder 
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Òhot dayÓ during engine cooling performance testing, the lower the predicted 

cylinder head temperature was and the larger the margin over established engine 

temperature limitations. Therefore, engine cooling performance requirements were 

easier to pass the closer ambient conditions were to the FAA-defined Òhot dayÓ at 

the time of testing.  

The trend of predicted cylinder head temperature in Òhot dayÓ conditions 

presented in Figure 28 is explained by examining the maximum cylinder head 

temperatures recorded during each data collection flight. As shown in Table 11, the 

maximum recorded cylinder head temperature decreased as ambient air temperature 

increased. This observed trend directly contradicts the logic used to develop the 

FAA engine component temperature correction formula, which predicts cylinder 

head temperature increases linearly with increasing ambient air temperature. Aside 

from causing issues with the FAAÕs engine component temperature correction 

formula, there is a larger implication to this finding. The FAA-defined Òhot dayÓ 

with ambient temperatures equal to 100 degrees Fahrenheit at sea level was 

designed to be the critical condition for engine cooling performance testing. That 

is, if an aircraft engine remained within operating limitations on the FAA defined 

Òhot dayÓ then that aircraft would be expected to have adequate engine cooling 

during all aspects of the aircraftÕs mission. Using the current regulations specified 

in 14 CFR Part 23, an aircraft could have passed engine cooling performance 

testing with very little margin with testing performed on a day when ambient 

temperature were equal to 100 degrees Fahrenheit at sea level. However, due to the 

finding that maximum cylinder head temperature occurs with ambient temperatures 

less than 100 degrees, this certified aircraft may not have adequate cooling on a 

cooler day. The results obtained for this research indicate the FAA defined Òhot 

dayÓ is not the critical condition for testing cylinder head temperature on 

reciprocating engine powered aircraft. 
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Table 12: Maximum Predicted Cylinder Head Temperature 

Maximum Predicted Cylinder Head 
Temperature (¡F) 459.9 

Predicted Sea Level Temperature 
Associated with Maximum Cylinder 

Head Temperature (¡F) 
80.6 

 

Based on these results, a sea level temperature of 80.6 degrees Fahrenheit 

results in the highest cylinder head temperature and is the critical test condition for 

the test aircraft. This finding contradicts the FAA engine cooling performance test 

procedures, which states that 100 degrees Fahrenheit at sea level is the critical test 

condition for engine cooling performance testing. If it is assumed that 80.6 degrees 

Fahrenheit at sea level is the critical test temperature for all aircraft with 

reciprocating engines and that the obtained relationship between cylinder head 

temperature and sea level temperature presented in Figure 29 holds true for all 

aircraft, then the FAA engine component temperature correction formula,   

Equation 1, can be redeveloped to account for these findings. The cylinder head 

temperature correction formula developed using the findings from this research is 

presented below. 

! ! !!" ! ! ! ! ! !!"#$$%&' ! !"
! ! !" !!"#$ ! !" ! !"# !!"#  

! ! !"! !! !" ! !! ! ! ! !!!"# ! !  

! ! !!"  Predicted temperature of cylinder head with ambient 
atmospheric conditions equal to 80.6¡F at sea level  

¡F 

! !  Recorded maximum temperature of engine 
component or fluid during test 

¡F 

! !"  Predicted sea level temperature ¡F 

! !  Pressure altitude of aircraft at time ! !  was recorded feet 

! !  Ambient air temperature at time ! !  was recorded ¡F 

Equation 3: Proposed Cylinder Head Temperature Correction Formula 
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The proposed cylinder head temperature correction formula corrects test 

data to the expected component temperature when ambient temperature is equal to 

80.6 degrees Fahrenheit at sea level. Caution should be used when applying this 

model to data obtained outside a temperature range of 76 to 90 degrees Fahrenheit. 

All data used to produce this model were obtained in this temperature range and 

additional testing is needed to ensure this model holds for data obtained outside of 

this temperature range. This model was also developed with data from a single type 

of aircraft. Additional testing is needed to ensure this model is valid for other 

aircraft. 

Figure 30 presents the proposed cylinder head temperature correction model 

and the FAA temperature correction model versus sea level temperature for the data 

points acquired for this research. As shown in this figure, the proposed model is a 

horizontal line indicating the predicted cylinder head temperature is constant for 

data that were obtained in changing ambient air conditions. The proposed model 

also scales all results to the maximum cylinder head temperature indicating this 

model corrects cylinder head temperature data to the critical test condition. On the 

other hand, the FAA temperature correction model predicates a maximum cylinder 

head temperature that decreases with data acquired in increasing sea level 

temperatures. If the trend shown on this plot continues, the maximum FAA 

predicted cylinder head temperature for data acquired in sea level temperatures 

over 90 degrees Fahrenheit would actually be less that the expected cylinder head 

temperature in ambient conditions equal to 80 degrees Fahrenheit at sea level. This 

result indicates that an aircraft certified per 14 CFR Part 23 in sea level 

temperatures greater than 90 degrees Fahrenheit may not assure adequate cooling 

previsions in flight at cooler temperatures. This results also shows the FAA Òhot 

dayÓ is not the critical test condition for testing cylinder head temperature cooling 

performance on reciprocating engine powered airplanes.  
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4.2 Oil Temperature Prediction 

The FAA temperature correction formula, Equation 1, is also applicable to 

correcting oil temperature for compliance with 14 CFR Part 23 engine cooling 

performance requirements. The FAA predicted maximum oil temperature with 

ambient conditions equal to 100 degrees Fahrenheit at sea level was calculated for 

the three acquired data sets. The results of these calculations are shown in Table 13. 

Also displayed in the table are the three inputs to this calculation recorded during 

data collection; maximum recorded oil temperature, ambient air temperature, and 

pressure altitude, as well as the estimated sea level temperature for each data point 

calculated using Equation 2. 

Table 13: Predicted Oil Temperature 

 Flight 1 Flight 2 Flight 3 
Max Temperature (¡F) 178.9 188.9 192.3 

OAT at Peak (¡F) 65.7 73.0 79.0 
Pressure Altitude at Peak (ft.) 3390 3540 3060 
FAA Predicted Oil Temp at 

100¡F (¡F) 200.0 202.9 201.3 

Estimated Sea Level 
Temperature (¡F) 

77.9 85.7 90.0 

 

Oil temperature data were acquired in conditions 22, 14 and 10 degrees 

Fahrenheit below the FAA defined Òhot dayÓ test condition. As shown in this table, 

the FAA predicted oil temperature in ambient conditions equal to the FAA-defined 

Òhot dayÓ test condition remained constant within 3 degrees for each data set. As 

ambient air temperature at altitude increased the FAA predicted oil temperature in 

Òhot dayÓ conditions remained relatively constant. This result was indicative of a 

temperature correction model that correctly scales results. Since predicted oil 

temperature on a Òhot dayÓ is the oil temperature expected at the critical test 
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temperature predicted for the three data sets acquired for this research. However, as 

shown in this figure, the FAA oil temperature correction formula tends to estimate 

a temperature slightly lower than this obtained value. Assuming the acquired data 

points are accurate and it is appropriate to apply a linear model to this acquired 

data, the FAA engine component temperature correction formula predicts a 

maximum oil temperature in Òhot dayÓ conditions that is lower than what would 

actually be expected if operating the aircraft in Òhot dayÓ conditions. The FAA 

engine component temperature correction formula can be modified to account for 

these findings. A proposed oil temperature correction formula is presented below. 

! ! !! ! ! ! ! ! !!"#$ !"" ! ! !!!"# ! ! ! ! !  

! ! !!  Predicted temperature of oil with ambient 
atmospheric conditions equal to 100¡F at sea level  

¡F 

! !  Recorded maximum temperature of engine 
component or fluid during test 

¡F 

! !  Pressure altitude of aircraft at time ! !  was recorded feet 

! !  Ambient air temperature at time ! !  was recorded ¡F 

Equation 4: Proposed Oil Temperature Correction Formula 

This formula corrects oil temperature to the FAA defined critical Òhot dayÓ 

test case with ambient conditions equal to 100 degrees at sea level. If oil 

temperature maintains the trends shown in the obtained data, oil temperature would 

be expected to get hotter than this predicted value in temperatures above 100 

degrees at sea level. Caution should be used when applying the formula to data 

obtained in conditions outside the temperature range of 76 to 90 degrees Fahrenheit 

at sea level. All data used to create this model were obtained in this range and 

additional testing is required to validate this formula for data acquired outside of 

this range. 
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Chapter 5 
Conclusions 

5.1 Conclusions 

The purpose of the presented research was to evaluate the engine cooling 

performance temperature correction formula, Equation 1, included in                    

14 CFR Part 23. Engine cylinder head temperature and oil temperature were 

recorded during an FAA-defined engine cooling performance climb. This data set 

was used to quantitatively evaluate Equation 1, which was developed by the FAA 

to predict critical engine component temperatures on a day where ambient 

conditions equal 100 degrees at sea level. 

The obtained data revealed that engine cylinder head temperature and oil 

temperature trend inversely with increasing ambient air temperature for testing 

conducted with a Piper Warrior in ambient conditions between 76 and 90 degrees at 

sea level. In the ambient temperature range evaluated, oil temperature increased 13 

degrees Fahrenheit while ambient temperature at sea level increased 14 degrees. In 

the same ambient temperature range, cylinder head temperature decreased 8 

degrees. The FAA temperature correction formula was built on the assumption that 

engine component temperature increases one degree Fahrenheit for each degree 

increase in ambient air temperature. While this logic aligns closely with the data 

obtained for oil temperature, the FAA temperature correction formula cannot be 

used to accurately predict critical cylinder head temperature. Since cylinder head 

temperature and oil temperature vary inversely with changing ambient air 



 

60 

temperature, two separate temperature correction formulas are required to predict 

critical oil and cylinder head temperature. The FAAÕs approach of using a single 

temperature correction formula is not valid. 

The FAA temperature correction formula was built on the assumption that 

ambient air temperature equal to 100 degrees Fahrenheit at sea level was the critical 

test condition for engine cooling performance testing. Since oil temperature was 

found to increase with increasing ambient air temperature, this critical test 

condition was validated for testing oil temperature. However, since cylinder head 

temperature was found to decrease with increasing ambient air temperature, this is 

not the critical test condition for testing cylinder head temperature. Obtained results 

indicate that 80.6 degrees Fahrenheit at sea level is the critical test condition for 

cylinder head temperature. 

The FAA temperature correction formula was found to overestimate critical 

cylinder head temperature by up to 23 degrees in the ambient temperature range 

evaluated, between 76 and 90 degrees Fahrenheit at sea level. If the obtained trend 

is extrapolated, the FAA predicted cylinder head temperature would over estimate 

the expected critical value for testing conducted in conditions below 90 degrees 

Fahrenheit at sea level. The further ambient conditions are below 90 degrees at the 

time of testing, the larger the error in the FAA critical cylinder head temperature 

prediction. This finding likely explains why the flight test community has 

historically had issues obtaining valid results with the FAA formula. The developed 

model also showed that the FAA model would under estimate critical cylinder head 

temperature if testing was conducted in ambient conditions greater than 90 degrees 

Fahrenheit at sea level. This finding indicates that FAA certified aircraft, which 

were tested in conditions greater than 90 degrees Fahrenheit at sea level, are not 

assured adequate engine cylinder head cooling in cooler ambient conditions. 



 

61 

The FAA temperature correction formula predicted a critical oil temperature 

between 200.0 and 202.9 degrees Fahrenheit over the evaluated ambient 

temperature range. The logic used to build the FAA formula is validated since data 

variation is relatively small. However, obtained data indicates that the true critical 

oil temperature with ambient temperatures equal to 100 degrees Fahrenheit at sea 

level would be equal to 204.1 degrees Fahrenheit. Therefore, the FAA temperature 

formula, when applied to oil temperature, under estimates critical oil temperature 

by up to 4 degrees in testing conducted between 76 and 90 degrees Fahrenheit at 

sea level. 

New temperature correction formulas were developed which account for the 

presented findings. The proposed cylinder head temperature formula corrects data 

to the expected temperature when ambient air temperature is equal to 80.6 degrees 

Fahrenheit at sea level, the critical test condition for cylinder head temperature. The 

developed model assumes quadratic temperature variation with changing ambient 

temperature instead of the linear variation assumed by the FAA. A new oil 

temperature model was also developed to ensure critical temperature prediction was 

not underestimated. A linear temperature variation was assumed and the FAA 

critical test condition remained valid for this case. A scaling factor was simply 

applied to the FAA formula to correct the identified dependencies. Both of the 

newly developed temperature correction formulas assume engine component 

temperature during engine cooling performance testing is only a function of 

ambient air temperature.  

During engine cooling performance testing, cylinder head temperature 

peaked between 3.4 and 3.9 minutes after the start of the climb. Oil temperature 

took longer to reach a maximum value, peaking between 6.2 and 6.7 minutes after 

the start of the climb. Cylinder head temperature peaked after climbing between 
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1480 and 1830 feet while oil temperature peaked after climbing between 2880 and 

3040 feet. Over the ambient temperature range evaluated, the cylinder on the front 

left side of the engine reached the highest temperature while the cylinder on the aft 

right side of the engine reached the coolest temperature. 

The results obtained during this research show significant error in the FAA 

temperature correction formula, especially when applied to cylinder head 

temperature. The FAAÕs approach of applying a single temperature correction 

formula to all engine components is not valid since engine components are not 

affected equally with changing ambient air temperature. The engine cooling 

performance test requirements and procedures in 14 CFR Part 23 and Advisory 

Circular 23-8C need to be corrected to ensure to issues highlighted by this research 

are resolved and engine cooling performance of general aviation aircraft is properly 

tested. 
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5.2 Recommended Future Work 

Additional research outside of the time and resources allotted for this 

project are required to increase confidence in the developed temperature correction 

formulas for cylinder head temperature and oil temperature. The purpose of this 

section is to identify potential areas for future research. 

1. With the Piper Warrior test aircraft, oil temperature should be 

acquired in ambient conditions equal to 100 degrees Fahrenheit at 

sea level. This value should be compared with the 204.1 degree 

Fahrenheit maximum oil temperature predicted with this research to 

verify the proposed oil temperature model, Equation 4. 

2. With the Piper Warrior test aircraft, cylinder head temperature 

should be acquired in ambient conditions equal to 81 degrees 

Fahrenheit at sea level. This value should be compared with the 

459.9 degree Fahrenheit maximum cylinder head temperature 

predicted with this research to verify the proposed cylinder head 

temperature model, Equation 3. 

3. With the Piper Warrior test aircraft, cylinder head temperature and 

oil temperature should be examined with ambient air temperature 

less than 76 and more than 90 degrees Fahrenheit at sea level. All 

data for this project were acquired in between 76 and 90 degrees at 

sea level. Additional data outside this range would allow the model 

to be validated over a larger temperature range.  

4. Further analysis should be run to determine why maximum cylinder 

head temperature occurs with ambient air temperature equal to 80.6 

degrees Fahrenheit at sea level while oil temperature increases 
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linearly with increasing ambient air temperature. It is important to 

note that this relationship was observed with data obtained between 

76 and 90 degrees at sea level and may vary with data acquired 

outside of this range. 

5. Once steps 1 through 4 are complete and the cylinder head and oil 

temperature correction formulas are validated with the Piper Warrior 

test aircraft, an engine cooling performance test program should be 

run with a different aircraft. The new aircraft should be powered by 

a normally-aspirated, reciprocating engine other than a       

Lycoming  O-320. These results should be used to demonstrate that 

the proposed temperature correction formulas are effective across all 

normally-aspirated, reciprocating engine powered aircraft. 

Once the proposed cylinder head temperature and oil temperature cooling 

performance correction formulas are validated using multiple aircraft, this research 

should be presented to the FAA. The ultimate goal is for the FAA to adopt the 

proposed temperature correction formulas into 14 CFR Part 23 to ensure engine 

cooling performance is properly tested and to ensure the safety of general aviation 

aircraft within the United States. 
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Appendix A 
Advisory Circular 23-8C, Subpart E, Section 5 

Section 5. Cooling 

1. ¤ 23.1041 General. Refer to paragraphs 23.1043, 23.1045, and 23.1047 of this 
AC for guidance. 

2. ¤ 23.1043 Cooling Tests.  

a. Explanation. Paragraphs 23.1045 and 23.1047 of this AC provide details on 
reciprocating engine and turbine engine cooling tests. Additional procedures 
for certification of winterization equipment are given below. 

b. Weight and C.G. Forward c.g. at maximum gross weight is usually the 
most critical condition. For reciprocating engine-powered airplanes of more 
than 6,000 pounds maximum weight and for turbine engine-powered 
airplanes, the takeoff weight need not exceed that at which compliance with 
¤ 23.63(c)(1) has been shown. If engine cooling is critical at high altitude, it 
may not be possible to achieve the critical point with the maximum weight, 
in which case a lower weight may represent the most critical weight 
condition.  

c. Winterization Equipment Procedures. Omitted  

3. ¤ 23.1045 Cooling Test Procedures for Turbine Engine-Powered Airplanes.  

a. Explanation. Omitted 

b. Test Procedures Applicable to Both Single-Engine and Multiengine 
Airplanes.  

(1) Performance and Configuration. Refer to ¤ 23.45, which has 
performance requirements related to engine cooling.  

(2) Moisture. The tests should be conducted in air free of visible 
moisture. 



 

68 

(3) Weight and C.G. Forward c.g. at maximum gross weight is usually 
the most critical condition. 

(4) Oil Quantity. The critical condition should be tested. 

(5) Thermostat. Airplanes that incorporate a thermostat in the engine oil 
system may have the thermostat retained, removed, or blocked in 
such a manner as to pass all engine oil through the oil cooler. If the 
thermostat is retained, the oil temperature readings obtained on a 
cooler day corrected to hot-day conditions may, therefore, be greater 
than those obtained under actual hot-day conditions. Caution should 
be exercised when operating an airplane with the thermostat removed 
or blocked during cold weather to prevent failure of the lubricating 
system components. 

(6) Instrumentation. Accurate and calibrated temperature-measuring 
devices should be used, along with acceptable thermocouples or 
temperature-pickup devices. The proper pickup should be located at 
critical engine positions. 

(7) Generator. The alternator/generator should be electrically loaded to 
the rated capacity for the engine/accessory cooling tests. 

(8) Temperature Limitations. For cooling tests, a maximum anticipated 
temperature (hot-day conditions) of at least 38 C (100 ¡F) at sea level 
must be used. Temperatures at higher altitudes assume a change at 2 
C (3.6 ¡F) per 1,000 feet of altitude, up to -56.5 C (-69.7 ¡F). The 
maximum ambient temperature selected and demonstrated 
satisfactorily becomes an airplane operating limitation per the 
requirements of ¤ 23.1521(e). 

(9) Temperature Stabilization. For the cooling tests, a temperature is 
considered stabilized when its observed rate of change is less than 2 
¡F per minute. 

(10) Altitude. The cooling tests should be started at the lowest practical 
altitude, usually below 3,000 feet MSL, to provide a test data point 
reasonably close to sea level. 

(11) Temperature Correction for Ground Operation. Recorded ground 
temperatures should be corrected to the maximum ambient 
temperature selected, without consideration of the altitude 
temperature lapse rate. For example, if an auxiliary power unit is 
being tested for ground cooling margins, the cooling margin should 
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be determined from the recorded ground temperature without regard 
to the test site altitude. 

c. Test Procedures for Single-Engine, Turbine-Powered Airplanes. 

Omitted 

d. Test Procedures for Multiengine, Turbine-Powered Airplanes. Omitted 

e. Data Acquisition. Omitted 

f. Data Reduction. Omitted 

4. ¤ 23.1047 Cooling Test Procedures for Reciprocating Engine-Powered 

Airplanes.  

a. Procedures. 

(1) Additional Procedures. The procedures of paragraph 23.1045b(1) 
through 23.1045b(6) of this AC also apply to reciprocating engines. 

(2) Altitude. Engine cooling tests for reciprocating engine airplanes are 
normally initiated below 2,000 feet pressure altitude. Service 
experience indicates that engine cooling tests started above 5,000 feet 
may not assure adequate cooling margins when the airplane is 
operated at sea level. If an applicant elects not to take the airplane to a 
low altitude test site, additional cooling margins have been found 
acceptable. If engine cooling tests cannot be commenced below 2,000 
feet pressure altitude, the temperature margin should be increased. It 
should be increased by 17 C (30 ¡F) at 7,000 feet for cylinder heads 
and 33 C (60 ¡F) for both engine oil and cylinder barrels with a 
straight line variation from sea level to 7,000 feet, unless the 
applicant demonstrates that some other correction margin is more 
applicable. 

(3) Hull-Type Seaplanes. Omitted 

(4) Test Termination. If at any time during the test temperatures exceed 
the manufacturer's specified limits, the test is to be terminated. 

(5) Climb Transition. At the beginning of the cooling climb, caution 
should be used in depleting the kinetic energy of the airplane while 
establishing the climb speed. The climb should not be started by 
"zooming" into the climb. The power may be momentarily reduced 
provided that the stabilized temperatures are not allowed to drop 
excessively. This means that a minimum of time should be used in 
slowing the airplane from the high cruise speed to the selected 
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cooling climb speed. This may be accomplished by maneuver loading 
the airplane or any other means that provides minimum slow-down 
time.  

(6) Component Cooling. Accessories or components on the engine or in 
the engine compartment that have temperature limits should be tested 
and should be at the maximum anticipated operating conditions 
during the cooling tests; for example, generators should be at 
maximum anticipated loads. 

(7) Superchargers. Omitted 

(8) Single-Engine Airplanes. The cooling tests for single-engine airplanes 
should be conducted as follows: 

(i) At the lowest practical altitude, establish a level flight condition 
at not less than 75 percent maximum continuous power until 
temperatures stabilize. Record cooling data. 

(ii)  Increase engine power to takeoff rating and climb at a speed 
corresponding to the applicable performance data given in the 
AFM/POH, which are criteria relative to cooling. Maintain 
takeoff power for one minute. Record cooling data. 

(iii)  At the end of one minute, reduce engine power to maximum 
continuous and continue climb for at least five minutes after 
temperatures peak or the maximum operating altitude is reached. 
Record cooling data at one-minute intervals. If a leaning 
schedule is furnished to the pilot, it should be used. 

(9) Multiengine Airplanes. Omitted 

(10) Performance Limited Multiengine Airplanes. Omitted 

b. Data Acquisition. The following data should be recorded at the time 
intervals specified in the applicable test programs and may be manually 
recorded unless the quantity and frequency necessitate automatic or semi-
automatic means:  

(1) Time; 

(2) Hottest cylinder head temperature; 

(3) Hottest cylinder barrel temperature (only if a limitation); 

(4) Engine oil inlet temperature; 

(5) Outside air temperature; 
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(6) Indicated airspeed (knots); 

(7) Pressure altitude; 

(8) Engine r.p.m.; 

(9) Propeller r.p.m.; 

(10) Manifold pressure; 

(11) Carburetor air temperature; 

(12) Mixture setting; 

(13) Throttle setting; and 

(14) Temperatures of components or accessories that have established 
limits that may be affected by powerplant heat generation. 

c. To Correct Cylinder Barrel Temperature to Anticipated Hot-Day 
Conditions. Omitted 

d. To Corrected Cylinder Head or Other Temperatures to Anticipated 
Hot-Day Conditions. 

(1) Cooling requirements. To determine compliance with cooling 
requirements, find the correct cylinder head temperature and follow 
the formula shown in figure 26 below:  

Figure 26 Ð Correct Cylinder Head Temperature 

Corrected temperature (¡F) = true temperature + 1.0 [100 - 0.0036 
(pressure altitude) - true outside air temperature].  

Corrected temperature (¡C) = true temperature + 1.0[38-
0.002(pressure altitude, ft) Ð true outside air temperature, ¡C].  

For example (using metric units):  

True maximum cylinder head temperature-- 208 ¡C  

Pressure Altitude --8330 feet 

True OAT -- +13 ¡C. 

Corrected cylinder head temperature = 208 + 1.0 [38 - 0.002 (8330) -
13] = 216 ¡C.  

(2) Corrected temperatures. The corrected temperatures are then 
compared with the maximum permissible temperatures to determine 
compliance with cooling requirements.  
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Appendix B 
LabVIEW Code 

 

Figure 34: LabVIEW Block Diagram  
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Appendix C 
Weight and Balance 

Table 14: Flight 1 Weight and Balance 

Flight 1 - Weight and Balance 
  Weight (lbs) Arm Aft of Datum (in)  Moment (in-lbs) 

Basic Weight 1568 86.0 134908.5 
Passengers, Front 400 85.5 34200.0 

Pilot 165 
  Seat 2 160 

Ballast 75     
Passengers, Center 190 118.1 22439.0 

Seat 3 190 
  Seat 4 0 

Fuel (48-gal max) 246 95.0 23370.0 
Baggage, Aft 0 142.8 0.0 

TOTAL  2404 89.4 214917.5 
 

Table 15: Flight 2 Weight and Balance 

Flight 2 - Weight and Balance 
  Weight (lbs) Arm Aft of Datum (in)  Moment (in-lbs) 

Basic Weight 1568 86.0 134908.5 
Passengers, Front 375 85.5 32062.5 

Pilot 165 
  Seat 2 160 

Ballast 50     
Passengers, Center 190 118.1 22439.0 

Seat 3 190 
  Seat 4 0 

Fuel (48-gal max) 288 95.0 27360.0 
Baggage, Aft 0 142.8 0.0 

TOTAL  2421 89.5 216770.0 
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Table 16: Flight 3 Weight and Balance 

Flight 3 - Weight and Balance 
  Weight (lbs) Arm Aft of Datum (in)  Moment (in-lbs) 

Basic Weight 1568 86.0 134908.5 
Passengers, Front 375 85.5 32062.5 

Pilot 165 
  Seat 2 160 

Ballast 50     
Passengers, Center 190 118.1 22439.0 

Seat 3 190 
  Seat 4 0 

Fuel (48-gal max) 288 95.0 27360.0 
Baggage, Aft 0 142.8 0.0 

TOTAL  2421 89.5 216770.0 
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Appendix D 
Data 

Table 17: Flight 1 Data 

Time 
(min) 

Temperature (¡F) 
HP (ft)  

CH1 CH2 CH3 CH4 Oil  OAT 
0 391.2 390.0 401.1 401.4 154.7 76.5 500 

0.5 391.0 388.5 401.8 400.2 155.8 76.4 500 
1.0 393.2 387.3 399.5 398.6 157.0 76.2 500 
1.5 392.7 387.0 399.3 398.2 158.0 76.3 500 
2.0 391.8 386.8 400.1 397.4 158.6 76.4 500 
2.5 391.0 386.0 398.5 396.3 159.5 76.4 640 
3.0 396.6 396.7 409.9 406.3 163.0 75.1 780 
3.5 412.7 413.4 430.8 426.5 165.0 75.0 1030 
4.0 424.4 421.6 440.0 440.9 166.8 73.2 1280 
4.5 431.2 421.0 444.8 448.8 168.5 71.7 1530 
5.0 435.2 425.6 449.4 454.7 170.6 70.4 1800 
5.5 436.6 426.6 452.9 457.9 172.8 69.4 2030 
6.0 438.9 426.5 451.9 457.4 174.3 69.3 2280 
6.5 439.5 425.4 449.2 455.8 175.0 68.2 2500 
7.0 437.6 423.8 448.9 454.9 175.9 67.3 2720 
7.5 436.0 422.3 446.6 453.0 176.5 66.4 2930 
8.0 434.2 420.8 444.0 451.2 177.0 65.9 3140 
8.5 436.0 420.2 443.2 451.0 177.7 65.7 3360 
9.0 435.7 419.6 444.5 450.6 178.3 65.4 3580 
9.5 433.7 418.6 442.8 450.1 178.8 64.7 3770 
10.0 432.4 416.9 440.0 448.0 178.9 64.1 3960 
10.5 432.8 415.9 438.2 446.4 178.7 63.0 4200 
11.0 430.8 415.1 438.1 446.7 178.6 62.7 4440 
11.5 430.6 414.4 438.4 446.6 178.4 62.2 4620 
12.0 432.0 414.3 437.3 447.4 178.4 62.1 4800 
12.5 430.3 412.9 435.8 446.8 178.3 61.5 5000 
13.0 429.3 410.9 434.0 445.6 178.1 60.7 5200 
13.5 429.0 409.1 432.7 444.5 177.8 59.9 5370 
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14.0 426.3 407.1 431.6 442.9 177.7 59.0 5540 
14.5 426.3 405.0 430.3 440.6 176.9 58.4 5710 
15.0 424.7 403.5 427.4 438.8 176.5 58.0 5880 
15.5 423.3 402.3 426.6 438.3 175.8 58.6 6040 
16.0 424.0 401.7 425.9 437.1 175.7 58.0 6200 

 

Table 18: Flight 2 Data 

Time 
(min) 

Temperature (¡F) 
HP (ft)  

CH1 CH2 CH3 CH4 Oil  OAT 
0 393.2 396.6 405.0 398.5 162.2 81.5 500 

0.5 392.5 395.8 404.0 398.0 163.2 81.6 500 
1.0 391.9 395.1 404.0 396.8 164.2 81.2 500 
1.5 391.5 395.0 405.9 396.1 165.0 81.4 500 
2.0 391.3 394.5 403.8 397.1 165.5 81.3 500 
2.5 390.9 394.0 402.1 396.1 166.2 80.9 650 
3.0 404.3 409.7 420.6 413.5 169.9 80.6 800 
3.5 419.9 420.7 435.0 431.4 172.3 80.7 1100 
4.0 430.8 427.2 442.8 443.2 174.9 80.0 1400 
4.5 437.4 430.0 446.4 449.0 177.1 79.4 1630 
5.0 440.2 431.0 449.9 452.9 179.0 78.6 1860 
5.5 441.7 431.6 450.2 455.0 180.8 78.0 2120 
6.0 442.4 431.5 449.5 456.4 182.6 77.2 2380 
6.5 442.1 430.7 449.4 456.9 184.0 76.3 2600 
7.0 441.1 429.4 449.6 457.2 185.5 75.2 2820 
7.5 439.9 427.7 447.0 456.0 186.2 74.5 3040 
8.0 439.1 426.8 445.8 455.3 187.2 74.2 3260 
8.5 438.1 425.9 444.6 454.5 187.8 73.4 3460 
9.0 437.2 424.8 445.1 454.4 188.3 72.5 3660 
9.5 435.8 423.4 443.2 453.3 188.3 71.7 3870 
10.0 438.8 421.9 441.0 452.5 188.6 70.4 4080 
10.5 438.7 421.0 440.0 451.8 188.8 70.2 4280 
11.0 435.3 419.6 439.4 451.5 188.8 69.4 4480 
11.5 433.1 418.6 439.6 450.6 188.7 68.6 4640 
12.0 434.1 417.6 437.3 449.1 188.7 68.0 4800 
12.5 432.3 416.4 435.4 447.8 188.4 67.3 4970 
13.0 430.1 415.3 433.6 446.7 188.2 66.7 5140 
13.5 428.4 413.9 432.4 445.6 187.8 66.3 5300 
14.0 429.6 412.4 431.5 444.3 187.4 66.0 5460 
14.5 427.1 410.3 430.6 442.5 186.9 64.9 5610 
15.0 424.7 408.0 427.9 440.6 186.2 64.3 5760 
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Table 19: Flight 3 Data 

Time 
(min) 

Temperature (¡F) 
HP (ft)  

CH1 CH2 CH3 CH4 Oil  OAT 
0 387.3 389.0 401.5 391.1 166.8 89.5 140 

0.5 387.3 388.4 400.8 389.9 167.7 89.4 140 
1.0 387.4 388.5 400.3 389.1 168.7 89.4 140 
1.5 387.5 388.8 400.3 388.8 169.3 89.4 160 
2.0 387.0 388.3 400.2 387.8 169.8 89.5 180 
2.5 392.4 398.1 410.1 397.1 172.5 88.3 410 
3.0 407.8 414.1 428.4 417.1 174.4 87.2 640 
3.5 419.1 422.6 437.3 429.9 176.4 86.5 900 
4.0 426.0 427.0 442.2 438.0 178.8 86.3 1160 
4.5 429.7 428.8 446.9 444.0 180.8 85.1 1400 
5.0 431.8 430.0 447.4 447.5 182.7 84.2 1640 
5.5 432.8 430.2 447.0 448.9 184.5 83.5 1870 
6.0 433.1 429.8 448.1 448.9 186.0 82.7 2100 
6.5 433.0 429.1 446.7 448.9 187.4 81.3 2320 
7.0 432.4 427.6 445.6 449.7 188.6 80.8 2540 
7.5 432.0 427.4 445.7 449.1 190.0 80.0 2750 
8.0 431.6 426.6 446.8 447.7 191.0 79.3 2960 
8.5 430.7 425.4 444.9 446.0 191.6 78.4 3180 
9.0 429.7 423.8 443.1 444.6 191.8 77.2 3400 
9.5 431.5 422.4 441.5 444.5 192.3 76.2 3590 
10.0 430.0 420.8 439.5 444.5 192.1 75.7 3780 
10.5 427.5 419.0 438.9 443.6 192.1 75.2 3940 
11.0 425.4 417.7 436.0 442.6 191.9 74.7 4100 
11.5 424.3 416.3 434.6 441.1 191.9 74.1 4310 
12.0 427.7 415.4 433.8 439.9 192.1 74.1 4520 
12.5 426.7 414.5 432.8 438.5 192.1 73.5 4680 
13.0 424.3 413.1 432.1 436.8 192.2 73.1 4840 
13.5 423.2 411.6 431.5 435.8 192.0 72.8 4980 
14.0 426.2 410.7 430.1 435.9 191.6 72.8 5120 
14.5 423.5 409.1 428.8 435.7 191.4 72.7 5300 

 

 


