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ABSTRACT 

Low BSFC (Brake Specific Fuel Consumption) and flat-altitude-rating make piston engines ideal choice for 
subsonic flight at altitudes up to 20, 000m-65, 000ft. These propulsion systems are more complex than traditional 
applications that are normally limited to 5, 000-7, 000m (16, 000-23, 000ft). In fact, the air propulsion (propeller or fan), 
the air intake and the cooling system take part have huge volumes. Therefore, their design influences vehicle aerodynamics 
as a whole. The cooling system is an integral part of aircraft design. As assessed from WWII design heritage, the cooling 
duct can be a static subsonic ramjet: the Meredith cooling duct.  At high altitudes, the Meredith duct air is taken from high-
pressure areas into an alternate, extremely optimized, path. This path should end with a nozzle in a low pressure, high 
turbulence area of the aerial vehicle. In subsonic ramjet cooling ducts, the “static compressor” or diffuser is the most 
critical part. In fact the maximum compression ratio is below 1.5. Its efficiency highly influences the total thrust and the 
cooling efficacy of the duct. The Meredith duct should be embedded in the fuselage or in the wing to avoid excessive 
external drag. Only the air intake is positioned outside. In propeller systems, the intake is positioned in the lower part of the 
aircraft at about 2/3 of the wing chord, where the pressure reaches its maximum. In propeller systems, the high altitude 
engine intake can be positioned at the end of diffuser to increase the engine boost. In this way the turbomachinery mass 
and volume is reduced and the power to mass ratio of the propulsion system is increased. In fan systems, higher pressure is 
present inside the fan duct. In this paper, the preliminary design of the cooling duct is introduced. However, a CFD/wind 
tunnel optimization is strictly necessary to achieve a fully effective system. In any case, the requirements of low weight, 
high reliability and long endurance HALE (High Altitude Long Endurance) UAVs (Unmanned Aerial Vehicle) requires 
further work on this specific subject. 
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INTRODUCTION 

Propulsion system is a technical challenge in 
UAVs designed to fly subsonically >20,000m (65,000ft) 
for several hours. In this flight regime, Turbochargers 
(TC) are needed to supply most of the intake 
pressurization required to compress small air density. 
Interstage and afterstage cooling is required for efficiency 
a power output. Unsurprisingly, many high altitude piston 
engine applications failed to poor design of the 
installation. Powerplants and their cooling system have 
always been a problem. NACA people used extensively 
their wind tunnels and their knowledge to solve cooling 
problems even during the apogee of piston engines 
(WWII). Many papers come from that period to revive the 
art of cooling that is periodically lost by the designer. This 
paper describes the solutions and the updates of this last 
50 years of extensive work and optimization of automotive 
cooling systems. This updates can be directly applied to 
high altitude flying with a few corrections.  At high 
altitudes, the cooling duct takes air from high-pressure 
areas into an alternate, extremely optimized, path. A 
diffuser converts velocity into pressure and this air is 
energized by the radiators. Its additional enthalpy is then 
converted into thrust by the nozzle. In the Meredith 
cooling duct the most critical part is the diffuser. Its inlet 
is optimized to capture efficiently the incoming air. The 
speed is then converted into pressure with the minimum 

temperature increase possible. It comprises a diverging 
portion in order to slow down the airflow minimizing 
separation. 

According to energy conservation principle, 
slowing air with limited separation raises the static 
pressure. The presence of the radiator aft of a well 
designed diffuser decreases the probability of flow 
separation. The increased pressure facilitates compensates 
the radiator pressure drop, and this pressure on the 
diverging walls of the diffuser results in a forward force. 
The external shape of the diffuser inlet is also important: 
the air which does not enter the cooling duct flows around 
it. With reduced flow separation, the air acceleration 
around front portion of the diffuser results in an additional 
forward lift force. This paper describes a method for the 
preliminary design of the diffuser based on the enormous 
amount of work that has been done through the years on 
the Meredith duct. CFD (Computational Flow Dynamics) 
optimization is then absolutely necessary to obtain a good 
result for any AOA (Angle Of Attack) airspeed and 
altitude density.  
 
The mission 

Since the fuel consumption follows a cubic low 
with speed, long endurance requires flying at reasonably 
low speeds. The dynamic pressure available limits the 
minimum speed to about 0.4M.  A more likely speed will 
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be between 0.6 and 0.7 M to avoid excessive wingspan 
and too low wing loading. 

In any case, the wing loading will be closer to a 
sailplane than a to a general aviation aircraft and will face 
handling problems at take off and lower altitudes. These 
problems will be amplified by the installation of radiators 
and cooling ducts. 
 
The cooling challenge 

In order to cool, air must flow through a radiator, 
with a mass flow easily determined by calculation. It is the 
pressure difference between the two faces of the radiator 
core, which forces air to flow through it. Without this 
pressure difference, no flow passes through the core and 
no cooling takes place. The drawback is that pressure drop 
implies higher pressure on the front face, and lower 
pressure on the rear face. The resulting rearward force 
corresponds to a drag. Therefore, cooling implies friction 
between the air and the radiator core walls, and pressure 
difference between the faces of the radiator. 

Cooling requirements depends on engine 
efficiency. This can range from 0.15 (two stroke engines) 
up to 0.52 for CRDIDs (Common Rail Direct Injection 
Diesel). Common values for automotive derived four 
stroke engines are 0.25 for spark ignition and 0.42 for 
CRDID. This values can be deduced for SFC (Specific 
Fuel Consumption) (1) (2). 
 

SFCHi
engine

1
        (1) 

 
Where the lower heating values for diesel and 

gasoline are Hi=0.0119531 (diesel) and Hi=0.122225 
(automotive gasoline) or Hi=0.01204 (avgas). It is then 
possible to evaluate the cooling requirement. Figure-1 
shows the cooling requirements for a CRDID with a SFC= 
214.5 (gr/kWh). The cooling system is an integral part of 
aircraft design. The radiator sizing is only a small part of it 
and it is described in part IV of this paper. 

The optimization process consists of cooling 
while minimizing the parasitic drag. It is always possible 
to cool and engine. However, it is difficult to cool an 
engine with minimal drag. Airplane designs often combine 
prohibitive drag with insufficient cooling.  
 

 
 

Figure-1. Power cooling requirements of a CRDID. 

The role of the cooling duct is to facilitate the 
slowing down of the air down to the face of the radiator, 
and to efficiently recover air velocity into static pressure to 
overcome the pressure drop across the core, and to use 
pressures on the internal walls to reduce the overall drag 
of the duct radiator assembly. 

Those points are common to any internal/external 
flow systems. The primary task of the designer is to avoid 
flow separation. The diffuser is the most important part of 
the duct. It comprises a diverging portion that slows down 
the airflow without causing any separation. It is not only 
possible to counterbalance most of the radiator drag but it 
is also possible to obtain lift and thrust from the cooling 
duct. 

In this process, the diffuser efficiency is 
important in the reduction of the overall radiator drag. It is 
the most critical part, and unfortunately the most 
frequently botched by designers. 
 
WWII design heritage 

Extensive work has been done on Meredith effect 
well before WWII. The Naca, RAE, German and Italian 
cowlings for radial air cooled engine are good examples. 
This process began during WWI and it was formalized in 
the mid-30s by several scientific works. The most popular 
is the one of Dr. Meredith that gives the name to the 
cooling duct. The extension of this work is documented by 
Figures 2 and 3 that testify the work by US scientists and 
engineers on the P51 Mustang fighter. 
 

 
 

Figure-2. XP-51B is undergoing wind tunnel tests at 
NACA in March 1943. Photo: NASA. 

 

 
 

Figure-3. The P51H is undergoing wind tunnel tests at 
NACA, probably in 1945. Photo: NASA. 



                               VOL. 11, NO. 7, APRIL 2016                                                                                                           ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2016 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                                      4463 

 
 

Figure-4. The P51D cooling-duct air-intake with the 
boundary layer diverter and the upper lip extension. 

 
Even the intake geometry of the cooling duct is 

critical, since it dominates both the external and internal 
drag of the cooling duct. Figure-4 shows the intake of the 
P51D. Figure-5 shows the evolution of the P51 cooling 
duct through WWII. 
 

 
 

Figure-5. P51 development. 
 

The P51 cooling duct had the boundary layer 
diverter added and the upper lip extended (Mustang B). 
The best position under the fuselage was also identified. In 
the latest types (F-H), the radiators were moved aft and up. 
The up radiator displacement reduced duct external drag. 
The up movement allowed a longer diffuser.  In this way 
the cooling duct was tuned to the increased maximum 
velocity and altitude of the new models. The upper lip 
disappeared and the intake was rounded to reduce external 
drag. The secondary oil-cooling duct disappeared and a 
single duct and a single radiator pack for all fluid was 
introduced. In fact, multiple ducts proved to be detrimental 
for efficiency and thrust. In the P51 the radiator is deep 
inside the fuselage (Figure-6). Even in the case of multiple 
engines the single duct is more efficient due to reduced 
internal drag and efficiency. 
 

 
 

Figure-6. The radiator is almost completely 
inside the P51 fuselage. 

Other manufacturers eliminated the boundary 
layer duct and added a flap (Messerschmitt BF109 late 
marks, Reggiane Re 2005 and Macchi 205). The shape of 
the flap suggests wind tunnel work to reduce the duct 
length (Figure-7). 
 

 
 

Figure-7. Diffuser without auxiliary boundary-layer duct 
and with shaped internal flap (Re 2005). 

 
The Re 2005 doubled duct has the classical 

diffuser design (P51D style). The Reggiane chief designer 
Roberto Longhi came from an experience with Seversky 
(Republic P47 Thunderbolt). During WWII, a third 
"Meredith duct" ramjet with a burner was added to the 
Spitfire to intercept the V1 flying bomb. The results were 
dubious due to excessive external drag. The external drag 
is almost as important as the internal one. Further research 
on propulsive ducts led to the ramjet (see also part V of 
this paper). 
 
The diffuser 

The key in dimensioning the diffuser is to keep 
the internal losses as low as possible. In fact internal losses 
reduce the pressure recovery and increase cooling air 
temperature. This fact forces the designer to increase the 
exit section of the diffuser (frontal area of the radiator). 
Diffuser losses can be divided into two different classes: 
the distributed losses, caused by the friction on the duct 
walls, and the concentrated losses, produced by the section 
variation inside the duct. If the diffuser is too long, the 
first ones are greater than the second ones. If the diffuser 
is too short, the opposite happens. Therefore, the 
traditional compromise-dimensioning advices a value of 
the semi-angle opening of the duct of about 7°, that is the 
value usually used in the wind-tunnel diffuser. However, 
with modern polished RP (Reinforced Plastic) 
construction and anti-friction paints it is possible to reduce 
this angle down to about 2°. Actually, the geometry of the 
diffuser causes an increase in the radiator losses, because 
of the deviation of the airflow from the parallel walls duct. 
This deviated flow has to match the parallel ducts and fins 
of the radiator with large pressure drop. This fact is well 
illustrated in Figure-2 (green line). 
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Figure-8. Losses due to velocity deviation 
in a cooling duct. 

 
The blue line of Figure-8 shows the curve of the 

internal drag coefficient kp of the cooling duct (diffuser-
radiator-nozzle) in function of the ratio between Ai /AB 
(respectively, the inlet area and the outlet area) in the case 
of streamline (blue orange) and traditional diffuser 
(green). As we can see, the green curve and the red one, 
respectively for a diffuser with plane walls and for a 
diffuser with plane walls and inlet guide vanes, are very 
far from the streamline curve (blue). That means that quite 
large duct internal losses are present. The orange and blue 
curve is the streamline diffuser. This is the best way to 
reduce the additional losses due to the diffuser. In fact, in a 
streamline diffuser the walls follow the airflow, guiding it 
with the most possible efficiency. Figure-9 shows the 
trumpet profile of a streamline diffuser (orange line). 
A fully deployed streamline diffuser is long 3 times the 
height of the radiator divided by two (YB). 
 

 
 

Figure-9. Streamline diffuser geometry (orange line). 
 

The violet line shows the profile of the Mustang 
P-51D diffuser, which is famous for the cooling efficiency 
and additional thrust. The streamline diffuser reduces the 
dimension and the weight of the radiator duct and of the 
installation. The streamline diffuser also shows better 
pressure recovery (Figure-4). 
 

 
 

Figure-10. Pressure recovery in a streamline diffuser 
upper line vs. traditional diffuser (lower line-P51D style 

diffuser) 
 

In power-plants pressure recovery is a major 
issue. In old semi-monocoque aluminium alloy 
construction, it was difficult to achieve acceptable 
efficiencies with area ratio Ai/AB lower than 0.4. 

This is due to the fact that excessive length of the 
duct reduces efficiency for friction. The other factor is that 
the duct is rarely rectilinear and cylindrical, but often has 
S-shapes and ovoidal sections, that further reduce 
efficiency in “critical” ducts. However, it is possible to 
overcome this limit with modern CFD software, smooth 
polished surfaces and friction-reducing paints.  The actual 
limit is about Ai/AB=0.35.  CFD is necessary to reduce 
loss and to improve pressure distribution on the radiator 
face. However, also a preliminary design is necessary to 
provide starting point.  
 
Diffuser preliminary design 

A preliminary sizing requires can be performed 
with several different methods. A very simple way is the 
Pellegrini's method [1x].  It is necessary to define the Area 
ratio AB/Ai. From the Area ratio and figure 9 it is possible 
to design the streamline diffuser Figure-11. 
 

 
 

Figure-11. 3D section of a streamline diffuser. 
 

It was demonstrated that asymmetrical streamline 
diffusers are perfectly possible with negligible efficiency 
reduction.  

In the Pellegrini's method, it is necessary to 
evaluate the mass flow into the inlet. This is usually 
different from the OA (Outside Air) conditions, but as a 
first approximation OA data and airspeed can be used. It is 
then necessary to evaluate the mass flow rate in the 
cooling duct (2). 
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iii VAma                       (2) 

 
The unknown value of pB in the case of ideal 

isentropic expansion can be calculated trough equations 
(3) and (4). 
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Equation (3) is substituted into equation (4). 
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The root of equation (4) is the isentropic pB. 

Equation (3) gives then VB. The mass flow rate is 
conserved (5): 
 

BB
B VA

ma
                                    (5) 

 
TB comes from the perfect gas law (6). 
 

R

p
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B 
                                    (6) 

 
For viscosity μ, the Sunderland’s equation is used (7) 
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Use for air T0=291.5, μ0=18.27x10-6 and C=120. 

The data of the ideal isentropic transformation of the 
diffuser are then complete. The straight wall diffuser loss 
can then be evaluated. The phenomenological Colebrook 
equation expresses the Darcy friction factor f as a function 
of Reynolds and duct relative roughness ε/Dh. It comes 
from fitting the data of experimental studies of turbulent 
flow in smooth and rough pipes. For a duct flowing 
completely full of fluid at Reynolds numbers greater than 
3000, it is expressed as (8). 
 
















f

D

f
h

Re

51.2

7.3

/
log2

1
10


     (8) 

 
The pressure loss is then (9). 
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The concentrated loss are expressed by the 

experimental equations (10) (10 bis) and (11) for air ducts. 
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Where ζ' comes from the parameter rx= (DhB-Dh1)/2L with 
the approximated expression of equation (11). 
 

 xr
x er 072451.13869.332.185'                   (11) 

 
The total pressure loss of the straight duct is then 

(12): 

2

2

m
V

ppp straightconcdiststraight                  (12) 

 
Equation (12) gives ζstraight that is responsible of 

the difference of kP between straight and streamline 
(diffuser) cooling ducts. 

It is then possible to enter in the graph of figure 2 
with Ai/AB. For example, for Ai/AB=0.35, the straight wall 
cooling duct has a kPstraight=12.8, while the same streamline 
diffuser duct has only kPstreamline=8. With these assumptions 
equations (13) and (14) are then true. 
 

Pstraight

ePstreamlin
straightstreamline k

k                   (13) 
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The calculated "true" value of the pressure in 

front of the radiator pBT is then (15): 
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The "true" air density data are then (16)(17) and (18) 
 

22

22
BTBT

BTp
ii

ipTOTBTOTi

V
TC

V
TCHH


   (16) 



                               VOL. 11, NO. 7, APRIL 2016                                                                                                           ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2016 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                                      4466 

With 
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       (17) 

 
And 

 

R

p
T

B

BTr
BTr 

       (18) 

 
The first CAD model for CFD optimization can 

then use these data for the diffuser.  The pressure ratio is 
(19) 
 

1p

p
r BTr                    (19) 

 
And the efficiency is expressed by equation (20). 
 

2

2
2

2

BiBi
Bi

BTrBTr
BTr

iT

BT

V
p

V
p

p

p









                  (20) 

 
In the case of AB=1, Ai/AB=0.35, ε=0.01 and 

circular duct (D=Dh) the results of Table-1 comes from 
Pellegrini's method. 
 

Table-1. Exit data for a streamline diffuser at 
20,000ISA+16.5DEG C (Hot Day -40 DEG C true temp.) 

 

Vi (Mach) 0.4 0.7 0.9 

pB[Pa] 5816 6788 8043 

TB[K] 232 234 241 

ρB[kg/m3] 0.088 0.1 0.116 

VB[m/s] 40 61 68 

ɳ 0.96 0.95 0.96 

r 1.06 1.24 1.47 

 
The data of Table-1 were calculated in a standard 

MIL hot day. In the stratosphere this condition is with -40 
DEG C at 20,000m. This is the worst condition for the 
radiator. In stratospheric flight the maximum possible 
compression is convenient to reduce radiator mass and 
volume. The diffuser is then designed with Ai/AB=0.35. 
 
CONCLUSIONS 

Low BSFC (Brake Specific Fuel Consumption) 
and flat-altitude-rating make piston engines ideal choice 

for subsonic flight at altitudes up to 20,000m-65,000ft. 
These propulsion systems are more complex than 
traditional applications that are normally limited to 5,000-
7,000m (16,000-23,000ft). In fact, the air propulsion 
(propeller or fan), the air intake and the cooling system 
take part have huge volumes. Therefore, their design 
influences vehicle aerodynamics as a whole. The cooling 
system is an integral part of aircraft design. As assessed 
from WWII design heritage, the cooling duct can be a 
static subsonic ramjet: the Meredith cooling duct.  At high 
altitudes, the Meredith cooling air is taken from high-
pressure areas into an alternate, extremely optimized, duct. 
The duct should end with a nozzle in a low pressure, high 
turbulence area of the aerial vehicle.  In subsonic ramjet 
cooling ducts, the “static compressor” or diffuser is the 
most critical part. In fact the maximum compression ratio 
is below 1.5. Its efficiency highly influences the total 
thrust and the cooling efficacy of the duct.  The Meredith 
duct should be embedded in the fuselage or in the wing to 
avoid excessive external drag. Only the air intake is 
positioned outside. The optimized intake is positioned in 
the lower part of the aircraft at about 2/3 of the wing 
chord, where the pressure reaches its maximum. In 
propeller systems, the high altitude engine intake can be 
positioned at the end of diffuser to increase the engine 
boost. In this way the turbomachinery mass and volume is 
reduced and the power to mass ratio of the propulsion 
system is increased. In fan systems, higher pressure is 
present inside the fan duct. In this paper, the preliminary 
design of the cooling duct is introduced. However, a 
CFD/wind tunnel optimization is strictly necessary to 
achieve a fully effective system. In any case, the 
requirements of low weight, high reliability and long 
endurance HALE (High Altitude Long Endurance) UAVs 
(Unmanned Aerial Vehicle) requires further work on this 
specific subject. 
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Symbols 
 

Symbol Description Unit Value 

SFC 
Specific Fuel 
Consumption 

gr/kWh - 

Hi Lower Calorific Value kWh/gr - 
ηengine Engine efficiency - - 

kp 
Concentrated pressure 

drop coefficient 
(Diffuser) 

-  

Ai Diffuser inlet area m2 - 

AB 
Diffuser outlet 

area=radiator area for 
vertical radiator 

m2 1 

YB Half diffuser exit height m - 
C Sunderland’s parameter K 120 
μ Reference viscosity Pa s - 

μ0 Reference viscosity Pa s 
18.27

E-6 
T0 Reference temperature K 291.5 
ϵ Roughness m - 
ρ Air density kg/m3 - 

Dh Hydraulic diameter m  
g Gravity acceleration m/s2 9.81 

ma Mass flow kg/s - 
ρi Inlet air density kg/m3 - 

ρB 
Outlet air density 

(isentropic) 
kg/m3 - 

ρBTr Outlet air density (true) kg/m3 - 

pB 
Outlet pressure 

(isentropic) 
Pa - 

pBTr Outlet pressure (true) Pa - 

pBT 
Total outlet pressure 

(true) 
Pa - 

TB 
Outlet temperature 

(isentropic) 
K - 

TBTr 
Outlet temperature 

(true) 
K - 

pi ,p1 Inlet pressure Pa - 
piT ,p1T Total inlet pressure Pa - 

γ,k Heat capacity ratio - 1.4 

R Ideal gas constant m3Pa/K 
287.0

53 
f Friction parameter kg/m3 - 

Δpdist Distributed pressure loss Pa - 
Dh1 Hydraulic diameter inlet m - 

DhB 
Hydraulic diameter 

outlet 
m - 

Dhm (Dh1+DhB)/2 m - 

Vi ,V1 Velocity inlet m/s - 
VB Velocity outlet m/s - 
Vm (Vi+VB)/2 m/s - 

ζ 
Concentrated pressure 

loss parameter 
kg/m3 - 

Δpconc 
Concentrated pressure 

loss 
Pa  

Cp 
Specific heat capacity at 
constant pressure for air 

J/(kg K) 1005 

kP 
Concentrated pressure 

loss parameter 
kg/m3 - 

 
 


