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Abstract: The heat recovery system for a shaft powered aircraft gas turbine engine, comprise of a heat
exchanger, working fluid, conduits for fluid flow, turbo-expander, helical heating coil, condenser,
pump, electronic sensors with controllers, and a shaft powered gas turbine engine. The shaft powered
aircraft gas turbine engine has a specially designed heat exchanger installed in the annulus of the
engine’s exhaust system. The working fluid passing from the tubes of heat exchanger recovers heat
from the exhaust gas. The recovered heat vaporizes the working fluid which drives a turbo-expander.
The mechanical work developed by the turbo-expander can be used for driving the propulsion
system, compressor or an electric generator. The thermal energy available after expansion work can
be used to heat the inlet air into the engine to prevent ice ingestion during icing conditions. This
system might increase performance and life of the engine, and reduce emissions, heat released to the
environment, fuel consumption and fuel cost.
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I. Introduction

In low speed aircrafts (shaft-powered), which include cargo aircrafts, few civil aviation aircrafts,
fixed-wing and rotary-wing aircrafts (private and military), the engine supplies power to various
aircraft utility systems. These aircraft utility systems comprise of Environmental Control System
(ECS), pressurization system, pneumatic system, water systems, anti-ice system, and reservoir
pressurization of the hydraulic system. The energy required for the functioning of these systems is
extracted from the engine’s compressor [1] or by powering an electric generator through exhaust
shaft power. Air-conditioning is the second most power consuming process after propulsion, on the
aircraft. Therefore, to attain its targeted propulsion output the engine has to function more for the
extra energy it expends other than propulsion. The energy dependency of above mentioned aircraft
utility systems on the engine causes engine to wear out by reduced performance and life of engine,
and increases fuel consumption, rotor speed, exhaust gas temperature. Also, the increase in fuel
consumption increases the fuel cost and emissions, which affects the entity owning these aircraft.
These above challenges are faced by the aviation industry today and finding a solution is very
imperative. Therefore, these challenges are a motivation for this work. The goal of this work lies
within the ambit of Environmentally Responsible Aviation (ERA) [2].

A shaft powered aircraft gas turbine engine is an aircraft gas turbine engine which generates
thrust by shaft rotation, rotation of propellers or rotation of rotors. Therefore, turbo-prop engines and
turbo-shaft engines, both are classified in the family of shaft powered aircraft gas turbine engines [3].
The two main flow configurations of these engines are direct drive engines [4] and reverse flow
engines (widely used at present) [5]. This work in general is related to the recovery of heat from the
exhaust gas of the shaft powered aircraft gas turbine engines. Combustion of fuel being an exothermic
process generates high energy and high temperature flow of product gases. This high temperature
and pressure flow enters the exhaust turbine where it expands to the exhaust pressure. This
expansion process produces shaft work output. The shaft powered aircraft gas turbine engines



produce maximum of its propulsive force for flight from the propellers or rotors rather than the thrust
from exhaust gas [6]. The velocity of exhaust gas is very low to provide considerable thrust.
Therefore, the medium-grade thermal energy of the exhaust gas can be utilized to do work output
which can further be used to drive the propulsion system or aircraft utility systems (by producing
electricity). This helps in reducing the fuel consumption. Less fuel consumption implies less
emissions, less heat released to the environment and lower fuel cost. Additionally, the recovered
thermal energy increases the engine’s performance and life. A major manufacturing and assembly
advantage is that the existing systems on aircraft do not change much. This system can be installed
on the existing shaft powered aircraft gas turbine engines with minor modifications. The effect of
weight addition to the aircraft can be countered by reducing size of fuel tank with calculated savings
in fuel, due to addition of this complete system.

II. System Construction and Working

One of the key components for heat recovery described in this work, can be called as annular
finned-tube heat exchanger. Here the intention of the author is to demonstrate a heat exchanger with
finned-tubes arranged inside an annulus. It should not be confused with ‘annular-finned tube heat
exchanger’, in which the fins on the tubes have annular shape [7]. The annular-finned tubes when
bundled together make an ‘annular-finned tube heat exchanger’. To avoid confusion in future, this
component will be referred as Annular-Shaped Heat Exchanger with Finned-Tubes (ASHEFT). The
illustration in Figure 1 is an isometric view of ASHEFT and Figure 2 depicts the multi-views of
ASHEEFT. It is to be noted that in Figure 2 the author, by purpose, ignores the hidden lines since
ASHEFT has complicated construction and having hidden lines makes the views incomprehensible.
This heat exchanger (ASHEFT) is designed for applications in which heat can be recovered from flow
within an annulus, more details of which can be found in reference.
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Figure 1. Annular-Shaped Heat Exchanger with Finned-Tubes (Isometric view.
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Figure 2. Multi-views of Annular-Shaped Heat Exchanger with Finned-Tubes.

The depiction in Figure 3.a is an improved direct drive shaft powered aircraft gas turbine engine,
an ASHEFT can be installed in the exhaust system. The ASHEF fits co-axially in the annulus of the
exhaust system of a direct drive shaft powered aircraft gas turbine engine. The fitting can be done by
welding metal brackets on the outer circumference of the ASHEFT and the inner circumference of the
exhaust system or any appropriate method. The turbo-expander 3 can be mounted on exhaust shaft
15. For a direct drive shaft powered aircraft gas turbine engine, the compressor shaft and exhaust
shaft are one and the same. In case of multi-spool configuration the turbo-expander 3 can be mounted
on the shaft which have low-pressure system components. The exhaust shaft 15 generates required



work for propulsion and Electrical Control Unit (ECU). The ASHEFT can be connected to a turbo-
expander 3 by vapor flow channel 2. The orientation of the ASHEFT is very important. The ASHEFT
is oriented in such a way that its tube-end with the hot working fluid leaving it, faces the exhaust
turbine-side of the engine’s exhaust system, while its tube-end with cold working fluid entering it
faces the exit-side of engine’s exhaust system. Such an orientation creates a cross counter flow
arrangement (combination of counter flow and cross flow) between the exhaust gas and the working
fluid, efficiently and effectively absorbing the thermal energy from exhaust gas to convert the
working fluid into vapor. This orientation of the ASHEFT 1 is the “most efficient’ way of carrying out
the heat recovery process. As the exhaust gas heats working fluid in the ASHEFT 1, the working fluid
changes to vapor. The vapor is transferred from the ASHEFT 1 to the turbo-expander 3 by vapor flow
channel 2. The vapor expands in turbo-expander 3 to generate mechanical work output. The
condenser 12 can be connected to sensors 18 to provide signals through information channel 20 for
the required condensing rate to achieve maximum effectiveness and efficiency based on ambient
conditions like icing or non-icing, and flight conditions like engine start, take-off, cruising or landing.
The hot-fluid flow channel 4 can be connected to turbo-expander 3. The flow channel 4 transfers the
hot fluid from turbo-expander 3 to an icing sensor 5. When icing conditions do not prevail, an icing
sensor 10 can be connected to icing sensor 5 by hot-fluid flow channel 9.
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Figure 3. Heat recovery system for direct drive shaft powered aircraft gas turbine engine with (a) turbo-expander
mounted on exhaust shaft (b) turbo-expander installed outside engine framework and coupled to electric

generator.

This completely sets the hot fluid flow from hot-fluid flow channel 4 towards icing sensor 10
through hot-fluid flow channel 9. Therefore, during non-icing conditions the working fluid does not
flow towards hot-fluid flow channel 6. Icing sensor 10 can be connected to the condenser 12 by vapor
return flow channel 11. The working fluid is transferred from icing sensor 10 to condenser 12. The
condenser 12 condenses the hot working fluid received from the icing sensor 10. The condensed
working fluid is transferred from condenser 12 to a pump 14 through a flow channel 13. Cold fluid
flow channel 16 returns the pumped working fluid from pump 14 to the ASHEFT 1, thus completing
the cycle. When icing condition prevails, flow through hot-fluid flow channel 9 between icing sensor
10 and icing sensor 5 is disconnected. Therefore, hot-fluid flow channel 9 becomes non-functional. A
helical heating coil 7 is a tube/pipe coiled in a helical manner. The helical heating coil 7 can be installed
in the engine’s air inlet system (within the annulus). The helical heating coil 7 can be fitted co-axially
in the annulus of the engine’s air inlet system. The helical heating coil 7 is connected to icing sensor
5 by hot-fluid flow channel 6. The working fluid flow is from icing sensor 5 to helical heating coil 7.
The helical heating coil 7 is oriented in such a way that its end which has hot working fluid entering
it faces the compressor-side of engine’s air inlet system, while its end which has the (cold) working
fluid leaving it faces the entry-side of engine (i.e., cold-outlet of the helical heating coil is closer to the
engine’s entry/opening than its hot-inlet). Such an orientation creates a cross counter flow
arrangement (combination of counter flow and cross flow) between the working fluid and the inlet
air to engine, heating the engine’s inlet air and cooling the working fluid. This orientation of the
helical heating coil 7 is the “most efficient and effective’ way of heating the engine’s inlet air. The
helical heating coil 7 operate only during icing conditions, thus heating the inlet air to the compressor.
This heating prevents the formation and ingestion of ice. It is to be noted that such kind of heating
should be controlled, such that the ice ingestion is just prevented. Increasing the temperature of
engine inlet air adversely affects engine performance, therefore heating engine inlet air needs to be
controlled. Ice ingestion stalls the compressor, and it has adverse effects on performance and life of
engine. The helical heating coil 7 plays the role of a primary condenser where the working fluid
flowing through it gets cooled. Icing sensor 10 can be connected to helical heating coil 7 by working
fluid flow channel 8. The working fluid flow is from helical heating coil 7 to icing sensor 10. Icing
sensor 10 can be connected to the condenser 12 by vapor return flow channel 11. The rest of the
operation, i.e., working fluid transfer from condenser-to-pump-to-ASHEFT, is similar to that of non-
icing condition described above. In an alternative representation of direct-drive engine in Figure 3.b,
the turbo-expander 3 can be installed outside engine framework. The turbo-expander 3 can be
connected to an electric generator 22 to drive aircraft utility systems and other electric equipment
used on the aircraft, where rest of the functioning remains same.

Additionally, another representation of the engine class described in this work is an improved
reverse flow shaft powered aircraft gas turbine engine. The depiction in Figure 4.a is a reverse flow
shaft powered aircraft gas turbine engine, an ASHEFT can be installed in the exhaust system. The
turbo-expander 3 can be mounted on exhaust shaft 15. The functioning of this system in case of icing
and non-icing conditions is similar to its functioning in the case of the icing and non-icing conditions
of direct-drive shaft powered aircraft gas turbine engine, described earlier. In the first alternative
representation of an improved reverse flow shaft powered aircraft gas turbine engine, depicted in
Figure 4.b, the turbo-expander 3 can be mounted on the compressor shaft 45, where rest of the
functioning remains same. In the second alternative representation of an improved reverse flow shaft
powered aircraft gas turbine engine, depicted in Figure 5, the turbo-expander 3 can be installed
outside engine framework, where rest of the functioning remains same. The turbo-expander 3 can be
connected to an electric generator 22 to drive aircraft utility systems and other electric equipment
used on the aircraft.
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Figure 4. Heat recovery system for reverse flow shaft powered aircraft gas turbine engine with (a) turbo-

expander mounted on exhaust shaft (b) turbo-expander mounted on compressor shaft.
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Figure 5. Heat recovery system for reverse flow shaft powered aircraft gas turbine engine with turbo-expander

installed outside engine framework and coupled to electric generator.

III. Working Fluid and Construction Details of Sub-Components

In Figures 3a,b, 4a,b and Figure 5, the flow channel 2, 4, 6, §, 9, 11, 13 and 16 for the transfer of
working fluid, can be in the form of tube/pipe. The tube/pipe can be composed of aluminum, stainless
steel, alloy steel, carbon steel, copper or any other appropriate material. The tube/pipe can have a
circular cross section or a polygonal cross section. Additionally, the tube/pipe can be provided with
insulation coating to prevent heat losses to the surroundings. The insulation coating for the tube/pipe
can be composed of mineral wool, glass wool, flexible elastomeric foams, rigid foams, polyethylene,
cellular glass, aerogel or any other appropriate material. The heat recovery system described in this
work is a closed cycle. The total quantity of the working fluid in the system remains constant at all
operating conditions. During the non-icing conditions, there will be non-functional working fluid
inside the helical heating coil 7, flow channel 6, and flow channel 8. Therefore, the working fluid
selection is a very important step and care must be taken that the freezing temperature of the working
fluid is lesser than the typical temperatures at which icing occurs at different altitudes during the
flight. Depending on the exhaust gas temperature and operating conditions of a shaft powered
aircraft gas turbine engine, a working fluid is selected (for critical temperature and freezing point
respectively). The working fluids that can be used are R245fa [8], siloxanes [9] or other suitable
refrigerant. In Figures 3ab, 4a,b and Figure 5, the helical heating coil 7 is a helically coiled tube/pipe
for heating the engine’s inlet air during icing conditions. The cross-section of this tube can be
polygonal or circular. The helical heating coil 7 may have fins. These fins can have polygonal or
circular shape, and the fin thickness depends on the design. The cross section of the fins can be
rectangular, triangular, convex parabolic or concave parabolic. These fins can be helically wound fins
with corrugations, or continuous spirally wound fins with corrugations. The diameter of the
tube/pipe, number of coils and the total length of the helical heating coil 7 depends on the design
requirement.

IV. Conclusion

The system described in this work recovers the heat at the exhaust of family of shaft powered
aircraft gas turbine engines. The recovered heat is converted to shaft work or electricity. This reduces
fuel consumption (or has better fuel efficiency) and therefore reduces total fuel costs. It has



environmental benefits like reduced emissions/heat at exhaust, hence less heat released to the
environment. The effect of weight addition to the aircraft can be resolved by reducing size of fuel
tank with calculated savings in fuel, due to addition of this complete system. Icing effects (ice
ingestion) in engines can be successfully handled (engine icing causes air accidents). Since heat
recovery causes production of useful work or electricity which powers the aircraft utility systems,
the engine becomes self-sufficient partially/completely and performs aircraft propulsion more
effectively and efficiently. In other words, the compressor bleed for driving the aircraft utility systems
can be reduced partially or completely. This implies that there will be lower or no demand on the
engine to perform operations other than propulsion, which means that engine’s life increases and its
performance improves. Air conditioning operation (ECS) which accounts to be the second largest
energy consumption can be performed successfully with the existing components on aircraft, which
will be powered by the work/electricity developed from this system (heat recovery). So this system
can be successfully installed in all aircrafts without the necessity of replacing the existing
components.
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