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Abstract 

The paper presents results from a study into the potential of a 

complex cycle gas turbine engine, originally investigated by the Ford 

Motor Company for truck applications in the 1960s, and updated to 

gauge the possible improvements by raising the efficiencies of its 

constituent components from the values used in period to more 

modern levels. 

To perform this investigation, firstly a spreadsheet model was 

constructed and the data that Ford made available in the open 

literature were used to validate it.  The methodology used in the 

model was to balance the power consumed by the compressors (and 

the auxiliaries where applicable) with that produced by their driving 

turbines, and to match the thermal power in the heat exchangers with 

the data provided.  Using the quoted lower heating value of the diesel 

fuel originally used, this approach led to an accuracy in the match of 

brake specific fuel consumption (in terms of g/kWh) to three places 

of decimals.  Using this validated model, any improvement in the 

performance of individual devices would then manifest in an increase 

in expansion ratio available at the power turbine and, for the same 

system heat input, concomitantly more power and an increase in 

thermal efficiency.  The expected improvement in efficiency with an 

increase in turbine inlet temperature was also shown by increasing it 

from the original 1200 K up to 2000 K, with the efficiency 

relationship becoming asymptotic in line with theory. 

The second stage of the study was a preliminary investigation of the 

effects of operating the concept using argon as the working fluid, this 

imagined to be achieved by closing the cycle and adding a heat 

exchanger at its bottom.  This suggests the potential of the Joule 

cycle in this regard: the improvement in cycle efficiency at the 

overall system pressure ratio of 15.5 was predicted as 20.9% versus 

the 22.6% predicted from simple Joule cycle theory.  While there are 

caveats arising from the fact that the engine studied has anything but 

a simple cycle, from this result it is considered that this concept is 

worthy of some further fundamental study. 

Introduction 

In automotive terms, as well as its having become the dominant form 

of prime mover for long-distance air transport, the gas turbine is 

currently being investigated for use in the role of a range extender 

(REx) in series hybrid vehicles [1], where their advantages in terms 

of installed mass are significant.  As well as the potential for cleaner 

combustion and the ability to utilize a wide variety of alternative 

fuels, not the least of these advantages is the removal of the 

requirement for a liquid cooling system, as well as simplified exhaust 

and intake systems versus cyclic combustion engines.  Advantages in 

this area can be significant for a plug-in series hybrid vehicle (also 

known as a range-extended electric vehicle or REEV), because a REx 

is carried all the time in such an application, where in reality it is 

desirable to hardly ever switch it on [2].  Thus the associated 

installation mass always affects the energy consumption of the 

vehicle, in turn meaning that a lower thermal efficiency for a REx 

can to a useful degree be offset by the lighter weight as far as the 

total amount of energy used is concerned.  In different markets this 

tradeoff changes as more battery range is fitted to the vehicle because 

of the nature of the legislation governing hybrid vehicle electric-only 

range and reportable CO2 emissions or fuel consumption (this being 

impacted by the “utility factor” of such vehicles) [3]. 

While there is a resurgence of interest for series hybrid applications, 

gas turbines were also once seen as a potential type of powerplant for 

road vehicles with straightforward mechanical transmissions.  In the 

UK the Rover Company built a demonstration car, “JET 1”, as early 

as 1949-50.  Subsequently, working with BRM, they entered their gas 

turbine engine at the Le Mans 24 Hour race from 1963 to 1965, 

achieving tenth place at the end of this period [4,5]. 

In the US the chief interest in the gas turbine engine was primarily 

due to tightening emissions regulations, where the constant-

combustion nature of the gas turbine held the promise of emissions 

compliance at the engine outlet without the difficulty of having to 

develop new emissions control systems for reciprocating engines.  

For trucks both Ford and GM did significant work in this area [6], the 

Ford work being the subject of investigations in this paper, and for 

automobile applications Chrysler in particular did much investigative 

work during the 1950s and 1960s, its research culminating in the so-

called Turbine Car demonstration vehicles [7].  Unfortunately 

Chrysler did not manage to achieve improvements in fuel 

consumption and emissions to simultaneously and to a level 

sufficient to offer the engine in a series production vehicle at a price 

that was acceptable, but there was a very successful publicity 

campaign.  Allegedly the engine in the Turbine Car could run on 

anything from hydrocarbons to alcohol (supposedly including 

Tequila, at the behest of the Mexican president [8]), and there is even 

a claim that it was operated on Chanel No. 5 perfume which, 

somewhat disappointingly perhaps, is in all likelihood apocryphal 

[7,8].  Chrysler, having started gas turbine development for road cars 
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in 1954, eventually stopped development in 1981, having built a total 

of 77 cars [8]. 

The STP-Paxton Turbocar was built for and run at the 1967 

Indianapolis 500, very nearly winning the race (eventually having to 

retire due to a bearing failure in the transmission within a few laps of 

the chequered flag).  Lotus were then engaged by STP and produced 

the Type 56 which was entered in the 1968 Indianapolis 500, again 

very nearly winning (this time a failure of the fuel pump drive shaft 

causing retirement).  One of the Type 56 chassis was rebuilt as the 

56B and entered in Formula 1 in 1971, and although it was 

unsuccessful in that championship Lotus remains the only constructor 

ever to have entered a car powered by a gas turbine at the highest 

level of motor sport [5]. 

While one advanced gas turbine cycle is the subject of this paper, it is 

necessary to point out that even with such complication the gas 

turbine never succeeded in the automotive arena because of 

metallurgical limits on the peak cycle temperature, the costs 

associated with improving these, and emissions and fuel consumption 

challenges.  The paper discusses some technologies which have been 

developed for other purposes in recent decades which could be 

applied to gas turbines applications, in the context of an intended 

application of the technology in hybrid vehicles, the latter providing a 

means of ensuring the engine can be operated in its best operating 

region. 

The Ford 704 Engine 

As discussed above, several organizations investigated gas turbines 

for roadgoing applications [9].  Historically perhaps the most long-

lived and realistic investigation of the gas turbine as an engine for 

heavy-duty road transport was undertaken by Ford Motor Company 

with their extensive work on engines for truck applications [6,10].  

While most of the aforementioned engines were single-stage 

compression units, the Ford researchers did not let simplicity stand in 

the way of achieving the optimum performance.  Swatman and 

Malohn report on how they investigated 15 cycle layouts, starting 

from a simple gas turbine operating on the simple Joule1 cycle and up 

to and including triple-shaft designs, before deciding upon, for the 

Type 704 engine studied here, a complex cycle configuration.  This 

design had a low-pressure (LP) shaft comprising a coupled 

compressor and its driving turbine, a high pressure (HP) shaft with 

similar stages, and a separate power turbine in the middle of the 

turbine cascade [11].  A schematic of the engine cycle is shown in 

Figure 1, this being taken from their work [11], in which they term 

the HP stage the “Inner Spool” and the LP stage the “Outer Spool”.  

The final engine scheme had an intercooler between the compressor 

stages, a recuperating heat exchanger before the first (high pressure) 

combustion chamber, and a reheat chamber before the power turbine.  

Because of the use of the LP stage, and its similarity to a 

turbosupercharger for a conventional reciprocating engine, Ford 

referred to this engine as a “supercharged gas turbine”.  A sectional 

view of the Type 704 engine is shown in Figure 2, again taken from a 

Ford paper [12].   

 

1 The term “Joule cycle” is used throughout this work instead of the 

more commonly used “Brayton cycle”.  The reasons for this are 

discussed in Appendix 1. 

 

Fig. 1: Flow path of the Ford 704 gas turbine engine.  Reprinted with 

permission from Ref. [11].  © SAE International 
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Fig. 2: Sectional view of the Ford 704 gas turbine engine.  Reprinted with 

permission from Ref. [12].  © SAE International 

The concept of the supercharged gas turbine engine was 

demonstrated in a truck [10], and test work included its use for 

haulage between Ford plants in Dearborn and Toledo [6].  The 704 

version was reported upon extensively in the technical literature 

[11,12], with detailed data being provided for all of the stations in the 

flow path indicated in Figure 1, along with the overall power output 

and fuel usage in [11].  This will be returned to later.  In addition 

having an interesting operating cycle the 704 engine also had a 

compact mechanical package to realize it.  An overhung combined 

compressor/turbine wheel was used in the HP spool, and axial flow 

devices were used for the intermediate power turbine and LP turbine, 

which counter-rotated in order to improve LP spool acceleration.  

The LP compressor was also radial.  Both the intercooler and 

recuperator used plate-type heat exchangers, the latter case meaning 

that no drive to a regenerator was required, and thus the attendant 

sealing issues of such a device were avoided too [11,12].  This was in 

marked contrast to the approach of Rover and Chrysler, both of 

whom developed driven regenerators for their engines [5,13].  Many 

of these component details can be deduced in Figure 2. 

Overall the reported best brake specific fuel consumption (BSFC) of 

the Ford 704 engine was reported to be 0.48 lb/hp-hr (292.0 g/kWh) 

at 50% load which (employing their declared lower heating value 

(LHV) for the fuel used of 18,500 British Thermal Units (BTU) 

(43.03 MJ/kg)) gives a brake thermal efficiency (BTE) of 28.7% 

[11].  The present authors believe that this was very acceptable for 

gas turbine engines of the time, considering the maximum 

temperature and the component efficiencies then available (see later).  

At maximum power, from the data given in [11], the BSFC was 

0.566 lb/hph (344.3 g/kWh), with the corresponding BTE being 

24.3%.  Using these values then at the BSFC best point it was 15.2% 

lower than at full power, and the BTE was similarly 17.9% higher.  

These are relative changes and will be returned to later. 

Future Potential Improvements 

The cycle chosen by Ford is interesting for a variety of reasons.  The 

use of two combustion chambers allows finer control of shaft power 

splits, and the similarity of the HP and LP shafts to modern 

turbochargers is readily apparent.  Stage efficiencies and the upper 

cycle temperature could be expected to have increased in the 

intervening 60 years.  At least the main turbomachinery components 

could be expected to be cost effective at higher temperatures, even if 

automotive grade material were used, and further upgrading this 

material but maintaining the aerodynamics could also be expected to 

be reasonable.  Hence the study sought to quantify the level of 

improvement possible using current technologies. 

Since the reheat chamber in the 704 engine is between the HP turbine 

and the power turbine, it is also sensible that the power turbine and 

the LP turbine could be combined in a single machine.  The approach 

of splitting the shafts does allow simple power take-off; a combined 

power turbine/LP turbine would mean the power would have to be 

taken off the LP shaft, which is now possible due to the development 

of e-turbochargers in F1 and for on-road use [14]; this is returned to 

 

2 Note that from an engine engineer’s point of view, the correct term 

for what is presently called a SOFC/gas turbine hybrid would be an 

SOFC compounded by a gas turbine.  It would perhaps be better to 

later and may be studied in the future.  For this investigation keeping 

the last two turbines in the cascade separate did allow determination 

of how much of the overall expansion ratio (ER) was attributable to 

each part. 

The engine cycle can also be adapted to more unusual concepts, 

developed since the 704 was laid down.  Among these are considered 

to be: 

1. Catalytic combustion.  This was investigated historically by 

NASA [15] and AlliedSignal [16], among others, and is 

presently being developed by Delta Motorsport [1].  

Theoretically this brings the advantage of extremely low 

emissions and could be used in one or both of the 

combustion chambers in this configuration. 

2. Hybridization with a solid oxide fuel cell (SOFC)2.  This 

technology has extremely high fuel-to-electricity efficiency 

[17], in excess of that achievable with the more common 

(in automotive terms) polymer electrolyte membrane 

(PEM) fuel cell.  This is essentially because the low-

temperature nature of a PEM fuel cell means that what is a 

significant amount of waste heat cannot be utilized.  Such 

SOFC-gas turbine hybrids are being studied for aviation 

[18,19] and with a suitable hybrid transmission system such 

a system may well be suitable for long-distance trucks.  

Again, an SOFC could replace either or both combustion 

chambers, depending on the efficiency/response trade-off 

required.  Minus the LP stage, such a concept was proposed 

by one of the authors [20]. 

3. Changing the working fluid by using a closed cycle.  

Several studies have shown that changing the working fluid 

of combustion engines (from a diatomic gas to a 

monatomic one, with the attendant increase in the ratio of 

specific heats) can provide increased efficiency [21, 

22,23,24].  While the absolute potential to increase the air 

standard cycle efficiency of the Joule cycle is not as high as 

that of the Otto cycle (which will be returned to later) this 

concept was also deemed worthy of some investigation in 

the present work. 

It is clear then that for several reasons a study of the Ford 704 engine 

may be of interest to establishing a baseline for investigation of 

advanced technologies as well as estimating the current art of the 

possible with regards to modern component performance.  This was 

the reason for undertaking the work.  The remainder of the paper will 

describe the modelling methodology and data used and the results 

obtained and will discuss them in two sections, one for a 

conventional air-breathing engine and one when employing argon as 

the working fluid. 

Modelling Methodology and Data Used 

The work reported here was conducted in Microsoft Excel, using 

standard relationships for adiabatic compression and expansion, heat 

transfer, heat exchanger effectiveness, etc.  That this could be done 

satisfactorily is due to the fact that in [11] Ford published full details 

of stage temperatures, pressures, and efficiencies, as well as pressure 

drops in pipes etc. together with the power output and fuel 

use the term “SOFC-gas turbine compound” in a vehicular sense to 

avoid confusion with hybrid transmission systems. 
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consumption of the 704 engine.  The first phase of the study therefore 

was to construct the model using the Ford data, reproduced in Tables 

1, 2 and 3, and then to validate it using the BSFC value shown in the 

performance and consumption data shown in Table 4. 

Table 1: Ford 704 engine design point operating pressures and temperatures, 
reproduced from [11] and converted to SI units.  The stage numbers referred 

to can be seen in Figure 1 

Stage Name Pt (bar) Tt (K) Tt (degC) 

0 Inlet - silencer 1.01 311.1 38.1 

1 Inlet - LP compressor 1.00 311.1 38.1 

2 Inlet - intercooler 3.99 497.8 224.8 

3 Inlet - HP compressor 3.86 378.9 105.9 

4 Exit - HP compressor 15.44 602.8 329.8 

5 Inlet - recuperator 15.29 602.8 329.8 

6 Inlet - primary 

combustion chamber 

15.24 792.2 519.2 

7 Inlet - HP turbine 14.63 1200.0 927.0 

8 Exit - HP turbine 5.83 997.2 724.2 

9 Inlet - secondary 

combustion chamber 

5.78 997.2 724.2 

10 Inlet - power turbine 5.61 1200.0 927.0 

11 Exit - power turbine 2.75 1035.6 762.6 

12 Inlet - LP turbine 2.73 1035.6 762.6 

13 Exit - LP turbine 1.10 855.0 582.0 

14 Inlet - recuperator 1.10 855.0 582.0 

15 Inlet - exhaust pipe 1.04 668.3 395.3 

 

Table 2: Ford 704 pressure loss data, reproduced from [11] 

Name % P/P 

Silencer  1.7 

Intercooler 3.12 

HP compressor discharge duct  1 

Recuperator 0.35 

Primary combustion chamber 4 

Inter-turbine duct 0.8 

Secondary combustion chamber (reheat) 3 

LP turbine duct 0.8 

Recuperator (gas side) 5.5 

Exhaust duct 1.7 

Total 21.97 

 

Table 3: Ford 704 efficiency and effectiveness data, reproduced from [11] 

Name % 

Compressor efficiency 80 

Turbine efficiency (axial) 86 

Turbine efficiency (radial) 83 

Combustion chamber efficiency 96 

Intercooler effectiveness 65 

Recuperator effectiveness 75 

Mechanical efficiency (bearings, windage) 98 

Reduction gear efficiency 95 

 

Table 4: Ford 704 performance and consumption data, reproduced from [11] 

and converted to SI units 

Air mass flow 1.23 kg/s 

Drive shaft power 223.7 kW 

Drive shaft specific fuel consumption 344.3 g/kWh 

Fuel flow - primary combustor 51.12 kg/h 

Fuel flow - secondary combustor 25.85 kg/h 

Fuel flow - total 76.97 kg/h 

 

For completeness, the original data in Imperial units from Swatman 

and Malone [11] is reproduced in Appendix 2.  Using that data the 

operating pressure ratio (PR) for the compressor cascade (i.e. LP 

compressor inlet and HP compressor outlet) for the Ford 704 engine 

is 15.5. 

Full details of the model construction are not reproduced here; 

instead the reader is referred to [25] for further information.  

Essentially the data in Tables 1 to 4 permits the determination of 
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various unknowns and pressures and ERs, and hence power balances 

across the LP and HP spools can be conducted to cross-validate other 

information in the paper.  This also gives an excellent basis for 

approaching how the effect of design changes on the individual 

components effects the primary output of the model, the BSFC of the 

engine. 

When fully constructed and refined the model gave a match on the 

calculated BSFC of the engine (in terms of g/kWh) to three places of 

decimals (the model matching the data of Swatman and Malohn [11] 

at 0.566 lb/hph (344.3 g/kWh) at the 300 hp (223.7 kW) peak power 

output).  As a consequence of this, plus the number of stages 

incorporated and the amount of data that had been used to construct 

it, the model was considered to be validated and suitable for use in 

the investigations that were to follow.  These are discussed in the 

next section.  It is also worth stating that, due to the complex nature 

of the model and from the fineness of the match in BSFC, the original 

Ford data is also considered to be very accurate; this is because if it 

was not then presumably there would have been inaccuracies either in 

the power balances in the spools or in the power turbine output itself. 

Conventional Air-Breathing Engine Results 

Sensitivity study on individual component performance 

For this investigation it was desired to see which components had the 

most impact on the overall efficiency of the engine.  Hence, a series 

of sensitivity tests was conducted in which the parameter of interest 

was increased from the original 704 value.  This was done because as 

stated, in the intervening 60 years it is reasonable that efficiencies 

and effectivenesses would only increase, and so decreasing their 

values would serve no practical benefit. 

In order to do this, a change was made to a single parameter in a 

stepwise manner.  The overall air mass flow was kept the same, as 

were the turbine inlet temperatures (TITs) and the overall engine PR.  

Depending upon the component efficiency altered, a number of 

different pathways would follow, as exemplified below. 

Consider an increase in efficiency for one of the compressors: this 

would result in a reduction in the power required from its driving 

turbine.  As a consequence the ER of the turbine could be reduced; if 

the LP spool was effected then the lower (outlet) pressure was held 

constant and similarly if the HP spool was affected the upper (inlet) 

pressure held fixed, because these two pressures govern the overall 

PR of the engine, which was fixed.  All other parameters being equal 

in this case, and with the overall engine PR being held constant, the 

reduction in the required compressor turbine ER would be absorbed 

as an increase in the power turbine ER.  However, the fuel input 

would change also because of a lower temperature into the 

combustion chamber (due to the increase in efficiency of the 

compressor set) and there being a fixed TIT.  Once all of these were 

taken into account, the increased power output could be used with the 

revised total fuel flow to calculate the new BSFC and with it the 

BTE. 

In the case of a higher efficiency for the HP compressor, the HP 

turbine would need a lower ER and so its outlet temperature would be 

higher as well.  This would result in less reheat fueling being required 

in the second combustion chamber.  From this one can see how the 

various different components interact in a complex manner.  A 

general process flow chart for the approach taken for the HP 

compressor is shown in Figure 3. 

 

Fig. 3: Simplified flow chart for the process arising from an increase in HP 
compressor efficiency (see text for further discussion on component 

interactions) 

Clearly there are other interrelations at play (such as the fact that the 

lower compressor outlet pressure will permit more waste heat to be 

recovered by the heat exchanger), but as long as the LP and HP shaft 

powers are balanced, and the overall PR of the system and the 

combustion chamber outlet temperatures are kept constant, it is 

possible to take all of these relationships into account with the model.  

The multitudinal interactions between all of the components mean 

that conceptually it was found best to explain these in terms of the 

effect on pressures, temperatures, and power in the different parts of 

the cycle.  Such interrelationships are shown in Figure 4 for the case 

of an increase in efficiency of the HP compressor. 

 

Fig. 4: Representation of changes in temperatures, pressures, and power for 

the case of an increase in efficiency of the HP compressor  
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In Figure 4 the blue highlighting represents a reduction in the 

parameter shown, with red showing an increase.  As the HP 

compressor efficiency is incrementally increased, slightly more fuel 

can be added at the HP (primary) combustion chamber (PCC) for the 

same TIT.  Moving along the cycle, the reduction in HP turbine ER 

resulting from the reduction in power consumption of the HP 

compressor means that its outlet temperature is higher too.  This in 

turn means less fuel needs to be added at the lower-pressure 

secondary combustion chamber (SCC) in order to reheat the gas to 

the same limiting TIT for the power turbine.  The net effect of all of 

these interactions is that less fuel is actually needed for the increased 

output power. 

For the intercooler and heat exchanger (recuperator) any increases in 

effectiveness reduce the HP compressor power requirement and the 

amount of fuel that needs to be added at the PCC respectively.  For 

an increase in effectiveness of the intercooler the response from the 

system is not unlike an increase in efficiency of the HP compressor: a 

reduction in the necessary power required from the HP turbine, 

allowing a reduction in its ER and a concomitant increase in power 

turbine ER, meaning it then generates more output power.  Hence in 

this scenario the last five boxes in Figure 3 remain the same.  For the 

recuperator the response is different, however.  A flow chart for the 

result of an increase in heat exchanger effectiveness is shown in 

Figure 4. 

 

Fig. 4: Flow chart for the process arising from an increase in recuperator 

effectiveness 

It is not intended to go through all of the pathways for all of the 

components investigated, since it is hoped that the reader can deduce 

these for themselves.  Further details can be found in [25]. 

With the model validated and a methodology established for how to 

operate it, the sensitivity study for each major component was 

completed.  Keeping the efficiency and effectiveness values constant 

for all the other major sub-systems allowed a robust means of ranking 

the importance of the components.  Moving around the system, those 

subject to a sensitivity study of this type were: 

• LP compressor isentropic efficiency 

• Intercooler effectiveness 

• HP compressor isentropic efficiency 

• Recuperator effectiveness 

• Primary combustion chamber combustion efficiency 

• HP turbine isentropic efficiency 

• Secondary (reheat) combustion chamber combustion efficiency 

• Power turbine isentropic efficiency 

• LP turbine isentropic efficiency 

The sensitivity step size employed was 0.01% in efficiency or 

effectiveness.  The pressure drops in the various link pipes were not 

altered from the original Ford values, and the intake depression and 

exhaust back pressure were also held constant throughout. 

The results therefore provide an order of importance of the 

components used with respect to their effect on the overall efficiency 

of the complete engine.  Figure 5 shows the results in terms of BTE 

and immediately apparent is that over the ranges investigated the 

efficiency of the LP compressor (or “supercharger”) is the most 

important, followed by the HP, and then the power turbine.  This 

order of importance is established from the gradient of the response 

curve in the figure, and these results will be returned to in the 

Discussion. 

 

Fig. 5: Change in BTE of supercharged gas turbine with incremental changes 

made to individual component efficiencies or effectivenesses 

Note that in the data presented in Figure 5, all of the lines have a BTE 

of 24.3% as the ordinate, while the corresponding abscissa is the 

efficiency or effectiveness for the individual components as 

originally given by Ford and used to validate the model. 

The corresponding BSFC plot is shown in Figure 6, where the 

starting BSFC is 344.3 g/kWh for all components. 
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Fig. 6: Change in BSFC of supercharged gas turbine with incremental changes 

made to individual component efficiencies or effectivenesses 

Note that from this individual study, it is considered that 

simultaneous improvements to the compressors and intercoolers 

should make it possible to achieve a full-load BSFC of 300 g/kW or 

lower, with the majority of this improvement probably coming from 

better intercooling, as will be returned to in the Discussion.  This is a 

reduction of approximately 13% from the original Ford value.  If this 

reduction was capable of being applied to the best BSFC point as 

well, this value would then have become approximately 255 g/kWh.  

While this might appear unremarkable, it must now be recalled that 

the engine would still have been at a maximum TIT of only 1200 K 

(927°C), well below what current turbocharger technology can 

sustain as a TIT, where 1050°C is now not uncommon.  Logically, 

therefore, more modern technology should allow improvements in 

this area too, and so this was investigated with the model next. 

Impact of increasing turbine inlet temperature 

It is well known that the upper cycle temperature – often referred to 

as “T3” in gas turbine engines – has a crucial effect on Joule cycle 

efficiency; essentially, it has to be kept as high as possible [26].  In 

the 704 engine there are two combustion chambers and it was 

decided to increase the TIT after both of these simultaneously since 

the original Ford approach was to have the same value for each; 

further study could investigate having different TITs after each 

chamber, and this will be returned to later. 

Increasing the TIT by increasing the combustion temperature means 

that, for the same power requirement, the downstream turbine’s ER 

can be reduced.  By reducing the ERs of both the HP and LP turbine 

more ER can be applied to the power turbine.  Furthermore the exit 

temperature from the end of the turbine cascade would be expected to 

increase, and so for the same recuperator effectiveness more heat 

would be transferred to the gases entering the PCC, making the 

process asymptotic.  This is at the root of why, while first adding 

reheat to a simple cycle gas turbine reduces the efficiency versus the 

simple cycle, then adding a heat exchanger increases it above the 

simple cycle efficiency [26].  With all of the interactions under way, 

the constants are again the power balance in the HP and LP spools, 

the overall PR of the system, the intake and exhaust pressure 

conditions, and the efficiencies and effectiveness of the components. 

Figures 7 and 8 show the results of this study, which was conducted 

up to a TIT of 2000 K, for BTE and BSFC respectively.  At 1350 K, 

which is considered to be the current limit temperature of 

conventional automotive turbocharger turbine blade material, a BTE 

of 29.6% was recorded, representing a full-load BSFC of 282.4 

g/kWh.  Versus the original Ford result of 344.3 g/kWh this is an 

improvement of 18.0%.  If more expensive technology were applied 

and a TIT of 1800 K could be achieved, then a BTE of 38.9% is 

predicted, with a corresponding BSFC of 215.1 g/kWh, an 

improvement of 37.5%. 

 

Fig. 7: Change in BTE of supercharged gas turbine with incremental changes 

made to turbine inlet temperature (TIT). 

 

Fig. 8: Change in BSFC of supercharged gas turbine with incremental changes 

made to turbine inlet temperature (TIT). 

The value of 1800 K for the maximum TIT was chosen for discussion 

in order to avoid the formation of NOx in the combustor envisioned 

for the updated design, this theoretically ensuring that zero emissions 

of criteria pollutants should be achievable.  Still, it is accepted that 

this is a very high value from a metallurgical point of view, and so 

would be difficult to achieve at an automotive scale. 

It should be remembered here that the original Ford component 

efficiencies and effectivenesses were used in this part of the study.  
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Revisiting the concept with modern component efficiencies 

throughout and an increase in TIT would be a worthwhile study. 

Closed-Cycle Results using Argon as the 

Working Fluid 

A final part of the study was to investigate the magnitude of the 

potential improvement if the working fluid were to be changed from 

a diatomic gas (i.e. air) to a monatomic one (e.g. argon).  Such an 

approach has been investigated historically for 4-stroke Otto cycle 

engines [21,22] as well as more recently by Mohammed, Dibble and 

co-workers (who also considered homogeneous charge compression 

ignition combustion) [23].  The reason for considering such a concept 

is because the air standard cycle efficiency for all practical cycles 

depends heavily on the ratio of the specific heats of the working 

fluid.  For the Otto cycle this relationship is given in Equation 1: 

𝜂𝑂𝑡𝑡𝑜 = 1 −
1

𝑟𝑐
𝛾−1

     Eqn 1 

where 𝜂𝑂𝑡𝑡𝑜is the theoretical air standard cycle efficiency, 𝑟𝑐is the 

compression ratio of the engine, and  is the ratio of the specific heats 

of the working fluid.  With this in mind Figure 9 shows the potential 

magnitude of the benefit of changing the working fluid from diatomic 

air (for which  is 1.4) to a monatomic gas (where  is 1.667). 

 

Fig. 9: Theoretical air standard cycle efficiency for the Otto cycle with 

diatomic and monatomic working fluids, and the magnitude of the potential 

improvement due to operation on the latter  

The concept can be applied to the diesel cycle and indeed one of the 

original patents on the concept of operation using a monatomic gas as 

the working fluid was filed by NASA for such a combustion process 

[27].  However, theoretically it is also applicable to the Joule cycle, 

where the air standard cycle efficiency is given by Equation 2: 

𝜂𝐽𝑜𝑢𝑙𝑒 = 1 − (
1

𝑃𝑟
)

𝛾−1

𝛾
    Eqn 2 

where 𝜂𝐽𝑜𝑢𝑙𝑒  is the theoretical air standard cycle efficiency for the 

Joule cycle, 𝑃𝑟is the overall PR of the engine, and  is the ratio of the 

specific heats of the working fluid.  Figure 10 presents results 

showing that, in comparison to the Otto cycle results in Figure 9, the 

potential improvement in efficiency for the Joule cycle is not as 

large; nevertheless, it is still significant.  There are, however, caveats 

arising from the change in Joule cycle efficiency when it has 

complications added to it such as reheat and recuperation.  These are 

returned to in the Discussion. 

 

Fig. 10: Theoretical air standard cycle efficiency for the Joule cycle with 

diatomic and monatomic working fluids, and the magnitude of the potential 

improvement due to operation on the latter 

Considering the foregoing, it was decided to model the engine with 

an ideal monatomic gas as the working fluid.  An assumption here 

was that hydrogen and oxygen would be the reactants, introduced 

separately into the working fluid.  It is accepted that at the current 

level of investigation this is a purely academic exercise, because no 

allowance was made to have the diatomic molecules in the working 

fluid for the combustion process, nor the resulting triatomic water in 

the products, nor either the effect of the necessary heat exchanger to 

remove the heat rejected by the cycle between stages 16 and 1 in 

Figure 1 and Table 1; to realize such a scheme there has to be a great 

amount of waste heat transferred out of the system in some manner: 

ordinarily this is simply rejected to the atmosphere.  However, the 

exercise was considered of interest if only to gauge whether 

directionally such an approach might be worthy of further study in 

the future. 

For this part of the investigation values of the gas constant (R), 

specific heat capacity at constant pressure (Cp) and  specific to 

argon were input into the model, these being shown in Table 5.  Heat 

transfer coefficients (HTCs) were not changed, nor any allowance 

made for changes in friction in pipes; these areas would therefore 

benefit from refinement in the future.  The TITs arising from heat 

addition at the combustion chambers was kept the same as for the 

component efficiency sensitivity studies at 1200 K.  Beyond this the 

same methodology was adopted for LP and HP shaft power balance, 

overall pressure ratio, inlet and outlet pressures etc. 

Table 5: Properties of argon employed in the study 

Gas constant, R 208.74 J/kgK 

Specific heat at constant pressure, 

Cp 
520.3 J/kgK 

Ratio of specific heats,  1.67 
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The result of this study was that the BTE increased from 24.3% to 

29.4%, a relative improvement of 20.9%.  This is greater than the 

improvements for the open-cycle air-breathing version with the 

optimization of several components as discussed above. 

Discussion 

Air-breathing studies 

This study has given an indication as to the areas in which it might be 

useful to invest effort in order to improve the efficiency of the 

supercharged gas turbine engine concept for use in a future hybrid 

vehicle powertrain.   From the response curves in Figure 5 the three 

components with the highest impact per unit improvement in their 

own efficiencies are all turbomachines: the LP compressor, HP 

compressor, and power turbine.  Conversely, as also shown in Figure 

5, increasing the efficiency of the combustion chambers would likely 

have little effect because their values were very high to begin with; 

indeed, the combustion efficiency of the SCC also shows the lowest 

gradient of all the components investigated, followed by the 

intercooler and the heat exchanger. 

However, if it was decided to progress with this concept then the 

authors would argue that it is definitely worth concentrating on these 

last two subsystems, firstly since they start from a low base and 

secondly because there have been significant advances in heat 

exchangers in the intervening years, particularly for intercoolers due 

to the widespread and concerted development of turbocharged 

combustion engines.  The use of a water-cooled chargecooler may 

improve things significantly for transient applications (where the 

thermal inertia of the coolant can be a significant benefit [28]) or for 

marine applications for obvious reasons.  In reality, of course, all 

areas should be studied. 

Table 6 shows results, in terms of BTE at maximum power, for some 

selected individual component efficiencies considered achievable 

with current technology, and also the related percentage improvement 

relative to the baseline condition of 24.3% BTE.  In the table these 

are ranked in order of the magnitude of improvement expected.  From 

these results, and reinforcing the comments made above, most effort 

should logically be expended on the low-temperature side of the 

engine.  It is this which led to the conjecture above that at maximum 

power 300 g/kWh should be readily achievable from such an engine 

with modern technology, with a potential best efficiency value of 255 

g/kWh (using a similar level of improvement and inferred from the 

Ford maximum power and best efficiency data).  For the lower 

heating value of the fuel used by Ford, this represents a BTE of 

32.8%. 

Table 6: Change in engine efficiency at maximum power when individual 

components are set to values more representative of modern performance, and 

relative improvement over the original Ford 704 engine 

Component 

variable 

Original 

Ford 704 

Engine 

Value (%) 

Modern 

Value (%) 

Calculated 

BTE for 

Modern 

Value (%) 

Relative 

Improvement 

(%) 

Intercooler 

effectiveness 
65 90 27.1 11.5 

LP 
compressor 

80 87 26.8 10.2 

isentropic 

efficiency 

HP 

compressor 

isentropic 

efficiency 

80 87 26.5 9.0 

HP turbine 

isentropic 
efficiency 

(radial) 

83 90 25.8 6.3 

Regenerator 

effectiveness 

75 86 25.5 4.9 

Power 

turbine 

isentropic 
efficiency 

(axial) 

86 90 25.3 4.0 

LP turbine 

isentropic 
efficiency 

(axial) 

86 90 25.1 3.4 

PCC 

efficiency 

96 99 24.8 2.1 

SCC 

efficiency 
96 99 24.6 1.1 

 

Recall that all of these results were all obtained at a TIT of 1200 K.  

If these individual component improvements were actually 

achievable and could be combined with the same level of 

improvement from raising the TIT to 1350 K, i.e. 18%, this would 

improve the BSFC to 246.0 g/kWh at maximum power and 209.1 

g/kWh at best efficiency (this last representing 40.1% BTE).  It is 

accepted that there are many assumptions in arriving at these values, 

but nevertheless even as approximations they suggest that the 

complex cycle proposed by Ford should be capable of entirely 

reasonable fuel consumption results in an engine suited to hybrid 

operation. 

For perspective, it should be stated that a modern diesel of such a 

power output might be expected to be at or around 45-46% BTE, but 

that such engines also face challenges in exhaust after treatment 

(EAT).  Conversely the gas turbine offers the opportunity to deal with 

emissions entirely within the combustion process, as was the original 

hope for their development in automotive terms in the past.  Indeed, 

if catalytic combustion could be applied [1,15,16] then such an 

engine could be expected to have exceptionally fine engine-out 

emissions.  Some researchers have shown that with the correct 

approach and a suitable TIT, catalytic combustion effectively 

removes NOx emissions completely, tying them instead to nitrogen 

bound into the fuel [16]. 

Finally, in a modern engine with a 1350 K TIT it might be possible to 

employ variable turbine geometry (VTG).  In 2006 Porsche 

introduced high temperature VTG, allowing a maximum TIT of 

1000°C (1273 K) [29,30].  Also, it is possible to arrange different 

TITs after the two combustion chambers, and so there could be some 
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flexibility to adopt a VTG in one or the other position if it was to 

require a lower inlet temperature.  This might be of interest if a SOFC 

were to be used to supplement or replace either or both of the 

combustion chambers, as similarly proposed in [20].  Combining the 

power turbine and LP turbines is also possible, with (perhaps) an 

electrical machine on this now-combined shaft; this would also 

facilitate simple starting the engine due to the fact that there would 

now be a compressor on the output shaft carrying the electrical 

machine.  A potential scheme for such a modern supercharged gas 

turbine engine is shown in Figure 11. 

 

Fig. 11: Potential scheme for a modern twin-spool gas turbine for hybrid 

vehicle application employing variable turbine geometry and electrical power 
take-off.  The combustion chambers could be replaced by catalytic 

combustion devices.  Key: LP: low-pressure; HP: high-pressure; C: 

compressor; T: turbine; HEx: heat exchanger (recuperator); VG: variable 

geometry 

Modern technology might therefore be capable of simplifying the 

concept of the 704 engine slightly while simultaneously allowing 

greater flexibility and efficiency.  In relation to this it is interesting to 

reflect that many modern light-duty diesel engines employ regulated 

two-stage turbocharging, and some use VTG on either or both stages.  

They also have extremely sophisticated catalyst systems for EAT.  

Putting an electric machine on one of the turbine shafts and 

rearranging the catalysts into a different place in the flow path would 

effectively mean that the diesel engine core itself could be dispensed 

with, with the resulting engine not requiring a cooling system either.  

Although this is a simplification, and a recuperator would have to be 

developed instead, this concept is considered at least worthy of 

consideration for hybrid vehicle applications. 

Argon working fluid study 

As stated above the results for the argon working fluid investigation 

are somewhat theoretical.  How the hydrogen and oxygen would be 

introduced and burnt, and how those gaseous components would 

affect the working properties and the performance of the individual 

devices, was not considered in detail.  Furthermore, the presence of 

steam in the fluid flowing through the turbine was ignored too, 

although of course this is a component of the products of all 

hydrocarbon combustion.  However, the concept is considered 

interesting.  Because it is a closed cycle and no nitrogen is present 

there would be no creation or release of any kind of oxides of 

nitrogen.  The absence of carbon in the fuel means that similarly no 

hydrocarbon or carbon monoxide would be emitted, with the same 

observation for soot.  The size of the heat exchanger at the bottom of 

the cycle would need to be studied, but equally, if there is sufficient 

residual temperature a bottoming steam cycle could perhaps be 

driven from that too.  The only physical output from the cycle would 

be water, condensed out before the working fluid is recycled through 

the compressor stages. 

However, if this concept were efficient enough, it could provide a 

good means of reconverting energy buffered as a result of electrolysis 

using “wrong-time” renewables.  Other concepts could be applied in 

this respect, such as artificially increasing or lowering the lower cycle 

pressure (the cycle being closed) to optimize the machinery; 

consequently the fact that the performance improved meaningfully 

suggests that there would be some merit in refining the modelling to 

see whether the improvement in performance can be maintained. 

Regarding this improvement, reference to Figures 9 and 10 shows 

that while the Otto cycle calculation using a monatomic working 

fluid promises greater improvement over a diatomic fluid, actually, at 

a compression ratio of 10:1 (considered typical of most spark-ignition 

engines), the maximum improvement in efficiency would be 

expected to be 30.3%.  Meanwhile for the simple Joule cycle at the 

PR employed here, 15.5, the expected improvement from changing 

the working fluid would be 22.6%.  A comparison of the 

improvements possible is shown in Figure 12, but this is also 

discussed in more detail later. 

 

Fig. 12: Comparison of the potential improvement for the air standard Otto 

and Joule cycle when moving from a diatomic working fluid (e.g. air) to a 

monatomic working fluid (e.g. argon) 

The above is a comparison based on the simple cycle calculation.  In 

reality, the presence of reheat and/or a recuperator complicates things 

somewhat.  Cohen et al. discuss and quantify the effect on the simple 

Joule cycle efficiency of adding a recuperator [26].  The results for 

different calculations for different working fluids are shown in Figure 

13.  Here one can see that contrary to the simple cycle calculation, 

adding recuperation causes the efficiency to reduce with an increase 

in .  (Note that In order to calculate these relationships the ratio 

T3/T1, is required, where T3 is the upper cycle temperature and T1 is 

the lower cycle temperature.  The values given by Ford for the 704 

engine, and used as the baseline temperatures throughout this 

research, have been used here, i.e. T3 is taken as 1200 K and T1 is 

311.1 K (see Table 1), giving a value of T3/T1 of 3.857.) 

VG

Primary 

Combustion 

Chamber

Secondary 

Combustion 

Chamber
Intercooler

HEx

Electric Machine

HP Spool

HPC

LPC

HPT

LP Spool

Air Filter

Exhaust

LPT



Page 11 of 16 

10/19/2016 

 

Fig. 13: Maximum theoretical cycle efficiency for different working fluids for 
the Joule cycle employing recuperation and using the upper and lower cycle 

temperatures of the Ford 704 engine 

Shown in Figure 14 is the effect of adding reheat between two turbine 

stages, calculated again using theory in [26]; as mentioned the effect 

of reheat alone is to reduce the theoretical efficiency versus the 

simple cycle (compare the results in Figure 14 with those in Figure 

10).  Now Figure 14 shows that like the simple cycle the efficiency 

increases with an increase in  for the reheat cycle.  However, if a 

recuperator is now added the excess heat leaving the final turbine is 

put to beneficial effect via this component [26]3. 

 

Fig. 14: Maximum theoretical cycle efficiency for different working fluids for 

the Joule cycle employing reheat and using the upper and lower cycle 

temperatures of the Ford 704 engine; the magnitude of the potential 
improvement due to operation on a monatomic gas versus a diatomic one is 

also shown 

In Figure 13 it can be seen that with recuperation the biggest 

increases will be seen at lower overall pressure ratios, but conversely 

in Figure 14 at a PR of 15.5 the efficiency potential of a cycle with 

reheat has effectively reached its maximum for a monatomic gas for 

this value of T3/T1.  The Ford 704 was, of course, even more complex 

 

3 It is noted here that using both reheat and intercooling in the Joule 

cycle is the start of moving it functionally towards the Ericsson cycle. 

than the cycles quantified in Figures 13 and 14, also using an 

intercooler.  This would only improve the overall work used for 

compression, and is thought to be partly responsible for why the 

model gave an improvement of 20.9% versus the theoretical value of 

12.8% from Figure 14.  However, it must also be borne in mind that 

there were several assumptions made in using the model to assess the 

working fluid change, such as no change to the HTCs or pipe losses. 

To make further observations on the results more detailed theoretical 

study of the cycle of the Ford 704 engine is required.  

Notwithstanding all of this, the model results suggest that 

directionally increasing the ratio of specific heats of the working 

fluids is worth investigating further for this engine configuration. 

Practically speaking though, in order to make a closed cycle using a 

different working fluid, some other issues need to be borne in mind.  

For an Otto cycle, knock is likely to be a major issue.  This is because 

with a monatomic gas the temperature rise associated with the 

compression stroke will be much more significant than with a 

diatomic one.  This will limit the workable compression ratio, as 

discussed by de Boer and Hulet, who also suggested that direct 

injection of hydrogen may help to alleviate this [21], and Rapp, who 

found knock to limit the practical compression ratio to just 6, 

severely curtailing the achievable improvement [31].  Gong et al. also 

found the same limitation in their modelling study, proposing 

different ways to recover the power that was also lost as a result of 

this, but these approaches came at the expense of increased 

mechanical concerns due to cylinder pressure and temperature rises 

[32].  Alternatively, adopting an HCCI-type combustion system may 

well help to mitigate some of this issue, as discussed by Mohammed 

et al. [23], but in order to realize such a combustion system then, in a 

manner similar to the diesel engine combustion process, excess 

oxygen is necessary to ensure complete combustion.  This then 

reduces the average ratio of specific heats further and with it the 

theoretically-achievable efficiency. 

Alternatively, adopting the Joule cycle for the basis of an argon 

power cycle may be beneficial for several reasons.  Knock is 

eliminated due to the continuous combustion system, meaning that 

the scantlings of the engine do not have to be strengthened for argon 

operation.  The necessary diatomic gases can be introduced into the 

cycle only when needed, i.e. just before combustion, or other 

approaches could be adopted to minimize the reduction in possible 

benefit when using a monatomic working fluid.  Clearly, there is 

room for significant optimization were a closed-cycle argon Joule 

cycle engine to be investigated further, and it is considered that there 

is some merit in the concept, especially considering that sealing a gas 

turbine operating on the Joule cycle may be far easier than doing the 

same for a reciprocating Otto cycle engine.  To the authors, this in 

itself means it is pragmatic to consider trying to realize the benefits of 

increased- operation using the Joule cycle first. 

Conclusions 

In the work described here a complex gas turbine engine cycle, as 

proposed by the Ford Motor Company in the Model 704 engine and 

termed a “supercharged gas turbine” by them, was modelled using 

Excel and validated using information published in the open 
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literature.  This engine was originally intended for use in truck 

applications with a mechanical drive train, but it was considered 

worthy of study due to recent developments in hybrid drive trains and 

electrical machines. 

The validated model was used for investigations into improving 

individual component efficiencies or effectivenesses and to study the 

effect of increasing turbine inlet temperature over that available to the 

original researchers.  It was also used for a preliminary study into the 

merit or otherwise of attempting to change the working fluid in a 

Joule cycle engine to a monatomic gas.  The following conclusions 

have been drawn: 

• Using the original data of Ford, the model achieved an 

exceptionally fine match in terms of BSFC.  This not only 

validated the model but also suggested that the published data 

was very accurate too. 

• Through increasing the individual efficiencies or effectiveness 

of seven individual component subsystems in the engine, the 

gradient of the response curves gives an order of importance for 

these (with respect to their effect on the overall efficiency of the 

complete engine) as follows: LP compressor, HP compressor, 

and power turbine. 

• However, from a combination of their starting values and the 

developments in the intervening years, the components with the 

most immediate potential to contribute an improvement in cycle 

efficiency are considered to be the intercooler and the heat 

exchanger.  In particular, the intercooler has the highest likely 

potential impact and as a device it has also had the greatest 

development applied to it due to the widespread development of 

turbocharged engines.  Water cooling this subsystem might be 

especially beneficial in terms of transient operation in a vehicle, 

due to the thermal inertia of the coolant. 

• By improving the low-temperature side components a 

maximum-power BSFC of 300 g/kWh is thought to be readily 

achievable.  Applying the same ratio between maximum power 

and best efficiency BSFC as originally reported by Ford then it 

may be possible to get to 255 g/kWh, representing a BTE of 

32.8%. 

• Combining such low-temperature side improvements with an 

increase in TIT to 1350 K (i.e. within the realms of current 

turbocharger materials technology) would improve maximum 

power BSFC to 246 g/kWh with a potential best efficiency point 

of 209.1 g/kWh (or 40.1% BTE).  This is not far from diesel 

engine efficiencies at this power level. 

• Modifying the concept to operate on argon in a closed cycle, the 

model predicted an increase in BTE from 24.3% to 29.4%, a 

relative improvement of 20.9%.  This is perhaps a somewhat 

academic finding, although both the thermodynamics and the 

potential benefit in the mechanical systems over equivalent 

reciprocating engines suggest there would be merit in pursuing 

the concept of the closed-argon-cycle gas turbine further too. 

• Further analysis of complex Joule cycles is required with 

regards to changing the ratio of specific heats of the working 

fluid due to the competing effects evident when reheat and 

recuperation are used separately 

As a result of the findings presented here, it is considered that there is 

potential benefit in pursuing the concept further, and the authors 

intend to continue in this manner.  
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Definitions/Abbreviations 

BSFC Brake specific fuel consumption 

BTE Brake thermal efficiency 

Cp Specific heat capacity at constant 

pressure 

EAT Exhaust after treatment 

ER Expansion ratio 

LP Low pressure 

HP High pressure 

HTC Heat transfer coefficient 

PEM Polymer electrolyte membrane 

(fuel cell) 

PCC Primary combustion chamber 

PR Pressure ratio 

R Gas constant 
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rc Compression ratio (of an Otto 

cycle engine) 

REEV Range-extended electric vehicle 

SCC Secondary combustion chamber 

SOFC Solid oxide fuel cell 

T1 Lower cycle temperature 

T3 Upper cycle temperature 

TIT Turbine inlet temperature 

VTG Variable turbine geometry 

 Ratio of specific heats of the 

working fluid in a cycle 

Joule Air standard cycle efficiency for 

the Joule cycle 

Otto Air standard cycle efficiency for 

the Otto cycle 
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Appendix 1: The Joule Cycle versus the Brayton Cycle 

James Prescott Joule (1818-1889) published his paper, “On the air-engine”, describing a constant-pressure heat-addition cycle, in 1852 [33].  This 

published paper was co-authored with William Thomson (later Lord Kelvin), and is effectively an expansion of an earlier paper of the same name 

solely by Joule which was read in front of the Society on 19th June, 1851.  In it he describes the workings of the eponymous cycle, that it could 

operate with either external or internal combustion, and calculates various temperatures and pressures around it, together with likely work outputs.  

While it describes the cycle theoretically, however, Joule imagined a machine to operate it using reciprocating pistons.  He is not believed to have 

attempted to build it, but refined the concept with Thomson. 

 

George Brayton (1830–1892) applied for a patent on his “Ready Motor”, using the same cycle and also with reciprocating pistons, in 1872 [34], thus 

some 20 years after Joule’s original disclosure.  By virtue of the fact that Brayton actually built a functioning device, and was awarded a patent for it, 

some would argue that this is reason enough to name the cycle after him.  However, the cycle itself is a theoretical air-standard one and therefore it is 

arguably irrelevant that it be built and proven to be attributed.  Brayton had some commercial success with his engine, it also being used to power 

automobiles, and it is these applications that may have led to the incorrect accreditation for the cycle.  

 

In actual fact the basis of the cycle was proposed by John Barber (1734–1793) in 1791 [34].  However, the level of understanding available to Barber 

at that time was not great enough for him to theoretically understand the cycle as Joule did, and so Joule is remembered as being the first to 

accurately describe it. 
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Appendix 2: Ford Type 704 Engine Data in the Original Imperial Units 

The original data in Imperial units in the Ford paper on the 704 engine by Swatman and Malone [11] is reproduced in Tables A1 and A2, 

corresponding to the SI units in Tables 1 and 3 in the main text.  Note that this data has been reproduced verbatim here: those authors used five 

significant figures in places, as shown in Table A1.  For the main text the Imperial data reproduced here was converted to SI units using standard 

conversions. 

Using the values quoted in Table A2 of 223.96 psia at the HP compressor exit versus 14.45 psia at entry to the LP compressor, the operating PR of 

the Ford 704 engine compressor cascade is 15.5. 

Table A1: Ford 704 engine design point operating pressures and temperatures reproduced from [11] and in the original Imperial units quoted there.  Stage numbers 

referred to can be seen in Figure 1 

Stage Name Pt (psia) Tt (degR) 

0 Inlet - silencer 14.70 560 

1 Inlet - LP compressor 14.45 560 

2 Inlet - intercooler 57.80 896 

3 Inlet - HP compressor 56.00 682 

4 Exit - HP compressor 223.98 1085 

5 Inlet - recuperator 221.74 1085 

6 Inlet - primary 

combustion chamber 

220.97 1426 

7 Inlet - HP turbine 212.13 2160 

8 Exit - HP turbine 84.57 1795 

9 Inlet - secondary 

combustion chamber 

83.89 1795 

10 Inlet - power turbine 81.37 2160 

11 Exit - power turbine 39.89 1864 

12 Inlet - LP turbine 39.57 1864 

13 Exit - LP turbine 15.92 1539 

14 Inlet - recuperator 15.92 1539 

15 Inlet - exhaust pipe 15.05 1203 

 

Table A2: Ford 704 performance and consumption data, reproduced from [11] and in the original Imperial units quoted there 

Air mass flow 2.71 lb/s 

Drive shaft power 300 hp 

Drive shaft specific fuel consumption 0.566 lb/hph 

Fuel flow - primary combustor 112.7 lb/h 

Fuel flow - secondary combustor 57 lb/h 

Fuel flow – total 169.7 lb/h 

 


