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ABSTRACT 

Piston engines with power up to 1000HP (735.5 kW) are becoming popular in the aeronautical field for the high 
efficiency and the possibility to work with  Diesel, jp4 and jp8 fuels up to altitudes up to 20,000m (65,000 ft). This paper 
updates a secondary advantage of piston engines: the Meredith effect. The Meredith duct is a ramjet powered by the heat 
wasted in cooling. In this way the efficiency of the original piston engine that can be higher than 50% which is the normal 
in common rail diesel engines. Even if the efficiency of this ramjet is lower than 30%, an accurate Design of this secondary 
engine can add a significant amount of thrust to the fan or the propeller powered by the piston engine. This effect, well 
known since the beginning of WWII, is being thoroughly analysed in this paper with regard of the efficiency. Previous 
papers introduced and a new radiator, with wing section tubes. As it will be seen the main design variable for the Meredith 
ramjet it the air temperature increase. This paper demonstrates that it is not convenient to increase this temperature over 
200°C for aircrafts flying at about 600km/h@6000m (~330knots@20,000ft). The in-wing duct appears to be slightly better 
than the in-fuselage or the in-nacelle ones. 
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INTRODUCTION 

The Meredith ramjet development starts from 
Report no. 1683 (by F.W. Meredith of the Royal Aircraft 
Establishment in Farnborough, England, published in 
1935) and by the follow-up article by R.S. Capon also of 
the RAE in 1935 which elaborated on the effect first 
studied by Meredith. Both of the authors assumed a fully 
enclosed ramjet that used the cooling radiator to energize 
the stream air.  The design of the duct proved to be non-
trivial and resulted in the first duct to be held away from 
the fuselage to keep the opening out of the turbulent 
fuselage boundary layer, which created vibration problems 
with flush openings. The conclusion, as stated in the 
Capon’s article is as follows: "The Meredith Effect 
involved preventing excessive cooling air from flowing 
through the radiator at high speed by partly closing the 
outlet and developing a pressure behind the radiator, 
which, being less than on the forward face, created a jet of 
exhaust air.  As with any pressure jet, this put a forward 
reaction force on the airplane, which partly offset the drag 
of the radiator.  The temperature increase in the exhaust air 
(from the air being heated by the radiator) expanded its 
volume and augmented this force appreciably because the 
size of the exit opening could be somewhat larger with the 
same internal pressure." 

As in any ramjet Meredith that to obtain this 
result the radiator must be installed in a duct (Figure-1).  
 

 
 

Figure-1. Meredith's duct (skeme). 

 
Figure-1 shows a diffuser from section 0 to 

section 1, in which the airflow slows down and pressure 
increases. The radiator (section 1-2) transfers energy to the 
cold air stream and, consequently, the air speed increases. 
In this way, kinetic energy is obtained from heat. The low 
velocity values reduce the radiator pressure drop (drag). 
Finally, a nozzle accelerates the airflow for optimum 
propulsion efficiency (section 2 to 3). 

Several examples of application of the Meredith 
duct are available from almost every liquid cooled piston 
engine installation. In this paper, we will compare two 
different approaches. The fuselage duct of the Mustang P-
51D-K with is compared with the one of the Bf 109 E-K 
with a wing embedded duct and wing-shaped-tube 
radiator. With the introduction of the E model powered by 
the powerful DB601 engine, a new cooling system was 
introduced. The liquid cooling system was serviced by two 
equal- radiators which were almost completely recessed 
within the wings (blue circles in Figures 2 and 3). De 
Havilland on the Mosquito also designed a frontal-intake 
in-wing-duct solution. The concept is to put the intake in a 
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relatively high pressure clean area and design the exhaust 
in a more turbulent part of the aircraft. In the BF109 and 
the Mosquito, the hot air contributed to the lift at slow 
speed with the flaps down.  
 

 
 

Figure-2. Bf 109 E-K Meredith's duct intake. 
 

 
 

Figure-3. Meredith duct intake (Bf 109 E-K). 

 

 
 

Figure-4. The Bf 109F-K duct. 
 

In the Bf109 the cooling air would enter a simple, 
low aspect ratio, box-shaped intake and then was routed to 
the radiator through an extremely short diffuser. A small 
flaps assembly at the aft edge of the radiator bath operates 

the regulation of the nozzle geometry and varies the hot air 
jet direction. In the F version a new boundary layer duct 
allows a continual airflow to pass through the airfoil above 
the radiator ducting and exit from the trailing edge of the 
upper split flap. The Bf109F the radiator duct was 
designed for maximum speed at nominal altitude. The 
radiators of bombers were optimized for cruise. In both 
cases, a 20% over-dimensioning was included for climb 
and warm weather flight. F1 cars also use the Meredith 
duct (Figure-5). 
 

 
 

Figure-5. F1 Meredith duct for the cooling radiators 
(liquid and oil), Renault F1, 1982. 

 

 
 

Figure-6. "P51 style", 1996 Ferrari F1, Meredith 
duct air intake. 

 
In this case, a thin, flat tubes, highly inclined 

radiator is used. This configuration is particularly 
favorable at the low speeds of F1 racing (below 83 m/s). 
In this way, the heat exchanger works in a mix of cross-
flow and counter current. A very short streamline diffuser 
completes the Meredith duct. The two exhausts work as 
ejectors at the duct nozzles. This configuration also avoids 
the intake vortex typical of short diffusers. On the 
contrary, with short diffusers and thick radiators the 
guiding flap is strictly necessary (Figure-7). 
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Figure-7. Re 2005 cooling duct with the flap in the 
extremely short diffuser. 

 

 
 

Figure-8. P51D Meredith's cooling duct. 
 

 
 

Figure-9. P51D-K cooling duct intake with 
boundary layer diverter. 

 

 
 

Figure-10. P51D-K cooling air intake shape optimized 
for high angle of attack (AOA) flight. 

The Mustang P-51D is famous for being 
considered the faster WWII Allied fighter. Two 
technological innovations, the laminar-profile wings and 
the Meredith effect radiator supported this claim. The 
ducted radiator is located under the pilot (rounded in red in 
Figures 9 and 10). The oil radiator was separated from the 
main radiator, which includes the engine and the 
aftercooling system radiators (Figure-8), and had 
independent engine sections. In the H model, a single duct 
was obtained by using a thin oil and aftercooler radiator in 
front of the engine coolant one. The airflow regulation was 
guaranteed by a flap system mounted at the end of the 
duct. A supercharged Packard Merlin with about 1700 HP 
powered this aircraft and the cooling system was able to 
guarantee a estimated thrust of about 2,000 N at top speed 
(195m/s@10,000m). 
 
An example of traditional design of the Meredith jet 
engine 

In this starting example the power (heat flow) to 
be transformed in thrust is QTOT = 2000 kW. 

The cruise speed is 153 m/s@5,000m ISA+0°. 
The intake area S can be calculated with equation (1) with 
the assumption that T2-T1=75°C (see Figure-1). 
 
S = Q / (ρ V Cpa ΔT) = 0.1848 m2       (1) 
 

 
 

Figure-11. Power pack with Meredith duct. 
 

If the engine is installed as a power-pack in front 
of the wing main spar it is possible to have a Meredith 
duct similar to one of Figure-11 with “shark mouth” air 
intake [xxx]. The propeller increases the total pressure in 
front of the radiator approximately 7% of the free-stream 
dynamic pressure at cruise speed. However, there is an 
effect of propeller operation on total pressure distribution 
at the face of the radiator. The core of high pressures is 
concentrated in the upper part of the radiator duct. At the 
bottom of the duct lip, the critical speed of the section 
varies slightly and irregularly with propeller operation. In 
the forward underslung radiator, the ratio between the 
distance from the lower lip of the air intake to the 
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propeller axis and the propeller radius should be kept 
under 0.48 [xxx]. 
In the diffuser, a good value of the semi-angle opening of 
the duct of about 7°. Actually, the presence of the diffuser 
causes an increase in the radiator losses due to the 
deviation of the airflow in front of the radiator.  

The streamline diffuser minimizes both the 
internal losses and the rise of the drag coefficient of the 
radiator due to the diffuser presence. In our case, the use 
of a streamline diffuser can decrease the losses of about 
20%. The NACA 0014 tube geometry minimizes the drag 
coefficient of the radiator core (Figure-12). This choice is 
similar to the one adopted in the Bf109F-K. 
 

 
 

Figure-12. radiator core. 
 

With this profile we conserve the same flow 
coefficient through the radiator of the flat tube radiator, 
and also the overall thermal efficiency. Therefore, the only 
change made is the reduction of the drag coefficient. In 
this way, it is possible to reduce of 6% the pressure drop 
of the equivalent flat tube radiator. The nozzle has 
negligible distributed and concentrated losses. However, it 
has an important on the drag coefficient of the core 
radiator.  

 
 

Figure-13. Nozzle velocity. 
 

Figure-13 shows that the brown profile (II) has a 
more constant distribution of the air velocity exiting from 
the radiator. That means that the most important parameter 
in dimensioning the nozzle is the distance between the 
beginning of the nozzle and the radiator core. The nozzle 
should have a variable geometry in order to optimize 
thrust and cooling at different speeds and AOA (Angle Of 
Attack). The result is a theoretical thrust force of about 2, 
500 N. The external drag of the nacelle due to the presence 
of the duct is not included in this value. 
 
Energy evaluations 

The theoretical overall efficiency of the duct is 
then (2): 
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The different conditions of the fluid in the 

optimized duct are summarized in Table-1. 
 

 
Table-1. Optimized Meredith duct data. 

 

# section 
(see Figure-1) 

Pressure 
(Pa) 

Velocity 
(m/s) 

Temperature
(K) 

Equivalent 
enthalpy (kJ/kg) 

0 54019.9 152.9 255.65 267.3 

1 61644.2 30.6 263.15 263.6 

2 54185 44.8 338.15 339.15 

3 54019.9 296 276.9 336 

 
The radiator pressure drop can be extimated with 

equation 3 and varies with the square of the velocity and 
linearly with the radiator thickness b: 

][074592
12 PaVbppp       (3) 

The radiator temperature increment goes linearly 
with the radiator thickness. So higher T2-T1 implies 
longer duct to recover more pressure in the diffuser to 
compensate the higher pressure drop. Since the diffuser 
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length is about 3/4 of the overall duct length, weight and 
drag are highly affected by this factor. 

It is then possible to evaluate other possible 
configurations with different values of T2-T1. 
 

 
 

Figure-14. Power ratio P/P0 increment withT2. 
 
From Figure-14 it is possible to see that it is not 
convenient to rise T2 over 200°C, since the power P 
increment (or net Thrust) is negligible. Far more important 
is to keep the aerodynamic drag of the Meredith duct as 
small as possible. From this point of view, the solution 
shown in Figure-11 with its bulky duct is far from ideal. 
The best designs are again the ones from WWII, especially 
the in-wing solutions like the ones of the BF109 and the 
Mosquito. In this case, thick and low aspect ratio radiators 
add very little drag to the wing. The flaps divert 
downwards the nozzle hot jet at take off adding lift. In 
levelled flight, the Meredith ramjet trust increases the 
propeller/fan one. 
 
CONCLUSIONS 

The additional thrust of the cooling system 
further increases the interest for piston engines propulsion 
in aeronautical field. In fact, due to the Meredith effect, it 
has been possible to eliminate the radiator drag and to 
increase the total thrust of the power-pack. Therefore, 
Meredith ramjet improves the total available thrust and 
reduces fuel consumption. Both under-fuselage/under 
nacelle and in-wing configurations were analyzed. In order 
to reduce the external drag of the duct and to improve lift 
at take off the in-wing solution with its low aspect ratio 
radiators seems to be the best choice. The possibility of 
long high temperature duct of the under-fuselage/under 
nacelle does not give significant improvements in term of 
efficiency and thrust. Moreover, higher coolant 
temperature and thicker radiators increase substantially the 
overall weight of the Meredith ramjet. Thicker radiators 
also require longer diffusers and additional duct drag. 
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