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PRELIMINARY STULY OF THE FUEL SAVING POTENTIAL OF REGENERATIVE
TURBOFANS FOR COMMERCIAL SUBSONIC TRANSPORTS

by Gerald A. Kraft
Lewis Research Center

SUMMARY

The fuel savings potential of a regenerative turbofan was calculated
and compared with that of a reference turbofan for use in an advanced
subsonic transport. The technology of all the engines was considerably
advanced and could not be expected to be ready for commercial service be-
fore the mid-198U's. All the engines were designed for a cruise altitude
of 10.67 kilometers (35 000 ft) and Mach 0.80. The reference turbofan
had an overall pressure ratio of 40, a fan pressure ratio of 1.6, a by~
pass ratio of 10.4, and a turbine inlet temperature of 1620 K (2910° R).
The regenerative turbofans had overall pressure ratios ¢f 10 to 20, a fan
pressure ratio of 1.6, bypass ratios of 8 to 10 and a turbine inlet tem-
perature of 1700 K (3060° R). The heat exchanger was a rotary drum type
using a ceramic matrix. The effectiveness was varied from 0.80 to 0.90
and the pressure drop from 4 to 8 percent. In addition, a total of 4 per-
cent pressure drop was assumed in the air ducts used in conjunction with
the heat exchanger.

The mission called for a payload of 18 144 kilograms (40 000 1b) to
be carried a range of 5500 kilometers (3000 n mi). As gross weight
changed, wing, landing gear, and engine weight varied while the fusclage
and wing loading were fixed. The drag due to the changing propulsion
system and wing size was taken into account.

The reference turbofan in this study used about 22 percent less fuel
than a current (bypass ratio 5 to 6) turbofan if used on the same air-
craft, The results of this study indicate that, relative to the refer-
ence turbofan, the regenerative turbofan could save 4.1 percent in fuel
and about break even in takeoff gross weight. The change in direct oper-
ating cost ranged from 6 percent worse to 3.7 percent hetter depending
on the fuel cost and the cost of the regenerative turbofun.

INTRODUCTION

Current aircraft are totally dependent on the cil supply for their
fuels, and United States civil aircraft uow use about 3.8 percent of all
the oil used in the United States. Reference 1 projects that by 1984 the
United States Certified Air Carriers will double their revenue passenger
miles., In the same time, the jet fuel used by these carriers is esti-
mated to increase by 50 percent. New fuel-conservative aircraft could re-



duce this fuel demand substantially. Numerous studies of such aircraft
by industry and government agencies have been initiated. An example of
this type of work is reported in reference 2, which was done for STOL
transports, The turboprop in reference 2 showed a 38 percent savings in
fuel compared to a turbofan. Other references on the subject are 3 to 6.
In reference 6 the author estimates that the optimum turbofan has a by-
pass ratio of 10.4, an overall pressure ratio of 40, and a fan pressure
ratio of 1.6 at a noise goal of FAR-36 minus 10 dB., It is also estimated
that the optimum turbofan used 22 percent less fuel than a current high
bypass turbofan if it were installed on the same type of aircraft. Some
of the references listed differ in results and conclusions, but all tes-
tify to the search for ways to save fuel. Many were written before the
cost of fuel started to increase so rapidly in late 1973 and the full im-
pact of present day fuel cost was not factored into their conclusions.

There are several ways to reduce commercial airline use of fuel.
Flying slower reduces fuel consumption as does restricting flight fre-
quency which forces load factors up. Improvements are possible to exist-
ing engines and aircraft that would reduce fuel consumption. Finally, an
entirely new aircraft, engine, or both could possibly result in fuel sav-
ings. The purpose of this study is to investigate the fuel saving poten-
tial of regenerative turbofans on an advanced subsonic transport compared
to an advanced turbofan and the same aircraft.

Regenerative turbofans are of interest because of their ability to
absorb wasted thermal energy in the primary exhaust stream and use this
energy to increase the air temperature entering the combustor. This in
turn means that less fuel is needed to reach any given level of turbine-
inlet temperature.

The regenerative turbofans in this study had a design-turbine-inlet
temperature of 1700 K (3060° R). The overall pressure ratio was varied
from 10 to 20, the bypass ratio from 8 to 10, the heat exchanger effec-
tiveness from 0.80 to 0.90 and the heat exchanger pressure drop from 4
to 8 percent. The fan pressure ratio was fixed at 1.6 and the pressure
drop in the ducts leading to and from the heat exchanger was fixed at
4 percent total. The heat exchanger itself was a ceramic matrix drum
type that was mounted at the end of the last turbine stage on the engine
centerline. This kept engine frontal area to a minimum but did lengthen
the engine which resulted in some drag increases. Al! the engines were
designed to operate at 10.67 kilometers (35 000 ft) and Mach 0.80. The
design range was 5500 kilometers (3000 n mi) with a payload of 18 144
kilograms (40 000 1b) which is 200 passengers. As the aircraft changed
design weight, the engines, wings, and landing gear were resized. The
wing loading was held fixed at 5980 newtons per square meter (125 1b/ft2).
Changss in engine and wing size res:lted in drag changes to the aircraft.

SYMBOLS

ALPH heat transfer area/volume, m'l



BPR

Camber

f/a

10C

L/D

matrix

ref
QEW

OPR

AP

AP,
AP
RHOM

RTF

aspect ratio

bypass ratio

camber of airfoil

lift coefficient at minimum drag

minimum drag coefficient

conductivity of matrix material, W/m/K
specific heat at constant pressure, J/kg/K
compressor pressure ratio

diameter of matrix drum, m

diameter of reference matrix drum, m
hydraulic diameter of holes in matrix, m
fan pressure ratio

fuel to air ratio

ratio of cold to hot areas in the heat exchanger
indirect operating cost

lift to drag ratio of the aircraft

length of matrix drum, m

length of reference matrix drum, m
operating empty weight of the aircraft
overall pressure ratio of the engine

total pressure drop in all ducts leading to and from the heat
exchanger

total pressure drop across hot side nf heat exchanger
total pressure drop across hot and cold side of heat exchanger
3

density of matrix material, kg/m

regenerative turbofan
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SFC specific fuel consumption, kg/hr/N

SIG free flow area of matrix/frontal area

STOL short takeoff and landing aircraft

T‘ turbine-rotor-inlet temperature, K

Te-in cold side air temperature into heat exchanger, K
Te=-out cold side air temperature out of heat exchanger, K
TF turbofan

Th=in hot side gas temperature into heat exchanger, K

Th=-out hot side gas temperature out of heat exchanger, K

TOGW takeoff gross weight, kg

t/c thickness to chord ratio of the wing

H‘ compressor exit airflow, kg/sec

€ effectiveness of the rotary heat exchanger

METHOD OF ANALYSIS
Mission

The mission assumptions were as shown in figurec Taxi-out was
9 minutes at idle power and takeoff was 1 minute at full power. The
climb, cruise, and letdown accouncted for the total range of 5500 kilo~-
meters (3000 n mi). Taxi-in was 5 minutes at idle power. The reserves
consisted of 1 hour at the final cruise fuel rate, 2 minutes at full
power for missed approach, and a 370 kilometer (200 n mi) alternate mis-
sion at lower speed and altitude. The normal cruise speed of the air-
craft was Mach 0.80 at 10.67 kilometers (35 000 ft). The payload was
assumed to be 18 144 kilograms (40 000 1b) or 200 passengers and baggage.

Adrcraft

Adrcraft layouts =~ ¥igitd 2 i a sketch of the reference aircrafe
showing the general lavout and engine placement. The sketch is meant to
be representative of tiwe family of advanced aircraft studied and not a
precise drawing. In the case of the regenerative turbofan (RTF) the air-
craft would look almost the same except the engines would definitely be
longer ang probably a little wider. Cfince the payload remained coastar ™
for all the aircraft studied, the fusfelags also “imdained fiied. Only the
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wing, landing gear, and engines changed. The wing changed size so that
wing loading remained fixed at 5980 newtons per square meter (125 1b/fe?)
as takeoff gross weight (TOGW) varied.

Aircraft drag. - The assumptions that went into calculating the drag
of the aircraft are shown in table /. These characteristics are typical
for the type of aircraft studied in this report. Figure 3 shows the drag
polar for the refererce turbofan powered four-engine transport. The ref-
erence aircraft had engines with a bypass ratio BPR of 10.4 and an over-
all pressure ratio (OPR) of 40, The polar was generated by the aircraft
mission analysis code (AMAC) which is an undocumented in-house code that
calculates the airplane size, component weights, drag, mission fuel, and
the direct and indirect operating cost (DOC and 10C). When engine types
were switched, the drag of the reference TF engines was subtracted and
the drag of the new engines was added as if they were isolated engines.
The aircraft as designed achieves 1ift to drag ‘L/D) ratios that range
from a little over 16 at the start of cruise to a little less than 15 at
the end of the constant altitude cruise.

Engines

Reference turbofan. - A sketch of a typical turbofan engine is shown
in figure 4(a). This engine was chosen because of its optimum fuel burn-
ing characteristics as discussed in reference 6. This engine also met
the noise goal of Federal Air Regulation, Part 36 (FAR-36) minus 10 EPNdB.
The cycle assumptions that went intuv the reference TF are shown in
table II. The level of technology used in all the engines could be avail-
able early in the 1980's. All of the cycle calculations for the refer-
ence TF and the RTF were done using engine matching codes, references 7
and 8 or modified versions thereof.

Regenerative turbofan. - A sketch of a typical regenerative turbofan
engine is shown in figure 4(b). The technology level of the engine itself,
excluding the heat exchanger, was chosen to be of the same level as the
reference TF engine. Cycle thermodynamic considerations require that the
OPR be lower when a heat exchanger is used in this cycle. This is re-
flected in the values studied as shown in table II for the RTF. The
sketch in figure 4(b) indicates the placement of the rotary drum matrix
nehind the low pressure turbine. It also indicates that while the com-
pressor and low pressure turbine will most likely be reduced in stages
#nd therefore length, the added length of the heat exchanger will most
«ikely more than offset this. Thus the RTF will be somewhat longer than
the reference Tr. The diameter of the nacelle may also be increased due
to the heat exchanger ducting which must pass around the case cf the low
pressure turbine thus forcing the bypass duct outward to some extent. The
reverse flow combustors and radial compressor are other ways that could be
used to shorten the RTF engine. The engine length calculation assumes
they are used but an in depth design study would be needed to determine
their final feasibility.




6

As noted in table II, the T, of the RTF is 1700 K while the T,
of the reference TF is only 1615 K. Normally in a study of this type the
T4 of the competing cycles might be expected to be the same. The refer-
ence TF's T, was optimized in refecence 6. That is why the 1615 K was
used for that cycle. However, the RTF is a completely different cycle
and changes in T, affect it differently. It will be shown later that
the slightly higher T4 of the RTF was necessary to minimize the fuel
used. This was a result of the heat exchanger getting smaller as T,
increased, which in turn helped reduce the drag and weight of the RTF
engines.

Turbire cooling bleed. - The turbine bleed calculations are based on
the full-coverage film technique described in reference 9. The refer-
ence TF assumed a one-stage high-pressure turbine and a four-stage low-
pressure turbine. This resulted in a total chargeable cooling bleed flow
of 8 percent as shown in table II. This bleed flow was taken from the
exit of the high pressure compressor where the air is unusually hot due
to the high OPR. It was estimated in reference 6 that if a heat ex-
changer was used between the cooling air and the fan bypass air, the re-
sulting temperature of the turbine cooling air would allow the bleed flow
to be reduced from 8 to 4 2 percent which in turn reduced the SFC by
2.8 percent. This lower SFC engine is not used as the reference TF in
this report but is mentioned because the RTF engines did require such a
heat exchanger for the cooling bleed in order to be competitive. This
effect will be considered in the report at a later point.

The RTF engines in the report required the cooling bleed heat ex-
changer because with the higher T,'s and the lower CPR's, the low pres-
sure turbine encountered very high gas temperatures. As a result of
this, the cooling bleed for the low pressure turbine was becoming very
large and masking the otherwise good effect of the high T, on the RTF.
The heat exchanger for the cooling bleed was assimed to have an ¢ of
0.85. No weight penalty was charged for the heat exchanger in this study.
The effect of this assumption will be assessed later in this report.

Heat Exchanger

Design philosophy. - The heat exchanger in this study is a rotary
regenerator. The rotating component is alternately exposed to the hot
gas stream and the cold air stream. Thus, heat is at first absorbed and
then given up by the matrix material. While disk-shaped regenerators are
used in auto, truck, and power s_ation applications, such a shape would
pose a problem for a turbofan engine. The disk tends tc have a very
large diameter compared to the turbine case at the exit of the low-
pressure turbine. Therefore, the packaging for an aircraft application
would require putting the disk in a wing if the engines were wing mounted
or in the fuselage if that is where the engines were mounted. In this
study the engines were on the wing and the wing weight equations did not
account for the disk structure. In this study the heat exchanger was as-
sumed to be attached tn the engine behind the low-pressure turbine on the
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engine ceuterline. This arrangement was easier to analyze than the disk
concept and appeared to minimize the heavy duct weights,

For this study the rotating matrix has been assumed to be a hollow
ceramic drum, It would resemble a tin can with both ends removed. It
was sized to fit behind the turbine case of every engine examined. The
length and thickness are determined Ly the characteristics assigned to it
at the design point. The greater the pressure drop allowed, the thicker
the walls of the drum are and the shorter the drum becomes. The smaller
the pressure drop allowed, the thinner the walls are and the longer the
drum. A sketch of what the drum might look like behind an engine is
shown in figure 4(b). The drum is of constant radius and the nozzle exit
flows of the primary and secondary streams are shown in a way that could
result in some mixing of the streams. The effect of mixing was not con-
sidered in the study due to the large uncertainties in the nozzle re-
quirements and design at this preliminary stage. However, the velocity
ratio between the primary and secondary stream was about 1.5 which is
favorable for mixing.

Depending on the compressor pressure ratio chosen, it is likely that
the compressor could be as much as 30 percent shorter than the compressor
on the reference TF. It is possible that at least the final stage of
compression might be supplied by a ralial stage since the flow must be
turned outward for ducting to the heat exchanger anyway. This would
shorten the compressor even further. A detailed analysis beyond the
scope of this report would be needed to determine the feasibility of such
a scheme. The conditions entering the low pressure turbine determine the
number of stages needed there. In some cases this means a reduction of
stages there also compared to the reference TF. It is even possible that
a reverse flow combustor might be practical since the airflow returning
from the heat exchanger is traveling in a reverse direction around the
outside of the turbine case already. So there are some tendencies for
the RTF to have a shorter basic engine than the reference TF. Tais helps
to offset, to some extent, the added length of the regenerator. Even
with these differences, it is predicted that the RTF nacelle will be some-
what longer and slightly larger in diaceter than the reference TF. The
sketches in figure 4 try to show this,

More detailed sketches of a typical heat exchanger and the necessary
duct work are shown in figures 5 and 6. It can be seen from these sketches
that the cecld air (compressor exit) enters two outer ducts opposite each
other, These ducts are tapered to a reduced height at the rear of the
matrix. By this time most of the flow has passed radially inward through
the rotating matrix drum, has been collected in the inner ducts, and is
flowing in a reverse direction toward the combustor (not shown). The hot
turbine exhaust gas enters the two inner ducts and passes radially out-
ward through the rotating matrix. It is collected ir outer ducts and
leaves in an axial direction producing thrust. Since the two flows are
in opposite directions through the matrix, there is a natural tendency
for the matrix to be self-cleaning.



The position of the sea s is shown in figure 6. Since they are of
som2 substantial length, it +as found that they need back support for
their entire length, in order to minimize leakage from the high to low
pressure side. In the initial cycle calculation it was assumed that the
leakage and carryover was zero. In the final results the effect of leak-
age and carryover was considered.

Theory. - The general theory and methodology used for the heat ex-
changer calculatior.s was taken from reference 10. The actual subroutine
used to calculate the size and weight of the matrix material was written
by Mr. Paul Kerwin of the NASA Lewis Research Center. The heat exchanger
effectiveness was an input at the design point and was defined as

Tcout il Tcin

€ = (1)
in ~ T¢4q
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The idea was to input € and go through the cycle to calculate Tcy,
and Thy,. These terms would allow the calculation of Tc,,, from equa-
tion (1%. A heat balance such as

out’
(2)

£
W x (L4 8) ¥ ) x (Teg, = Teg) = W » (1 + ;) < c, * (Thy, - Th

allowed the calculation of Thyye. An iteration was necessary since f/a
was changing. Since turbine cooling bleed (8) was being calculated. it
was also changing in equation (2), thus requiring an additional iteration,
An additional iteration was necessary on top of the rest because the heat
exchanger calculation divided up the AP, into a AP(cold) and a
AP(hot) . These in turn occasionally changed the cycle performance enough
to require rebalancing of the heat transfer.

In order to calculate the turbine case diameter the turbine-exit
Mach number was assumed to be 0 45 and the hub-to-tip radius ratio of the
last low-pressure-turbine stage was assumed to be 0.60. inese are the
same values used in the reference TF. The thickness of the matrix drum
walls was a function of the AP, mainly. The matrix weight was a func~-
tion of the volume of material needed, which was in turn a function of
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the heat to be transferred. Knowing the volume, the thickness and the
required diameter of the matrix, the length was calculatad.

Of f-design calculations were accomplish . by varying 4P to
achieve the proper thickness and varying ¢ to achieve the proper volume
of the matrix material. It was assumed that the regenerator was in full
operation at all off-desigr conditions. No determination was made if
this was the best situation under such conditions as takeoff. It is pos-
sible that at takeoff it may be desirable to bypass the regenerator to
get more thrust,

Weight

Heat exchanger weight. - While the ' eight of the heat exchanger
matrix is a straightf. ward calculation, the weight of the heat exchanger
ducts, seals, drive w<.emblies, and supporting structure is not. Previ-
ous in-house studies (no: reported) resulted in a preliminary design of a
heat exchanger for thie application. As a result of this design efifort
a good first order approximation of these other weights was obtained. In
this study these weights were scaled to account for differen: cycle ef-
fects on the heat exchanger size. The total weight of the heat exchanger
{(Wt. Hx) was

Wt. Hx = Wt, matrix1A+BlDD 'LL (3)
ref ref
where
A was the weight of the ducts from the compressor to the heat

exchanger and from there back to the combuster for the in-
house designed RTF. 163 kg (360 1b)

B was the weight of the rest of the ducts in and around the
heat exchanger plus the seals and the drive motors and sup-
porting structures. 381 kg (540 1b)

Dreg  1.12 m (44 in.)

Lref 1.78 m (70 in.)

Engine weight. - The bare engine weights were calculated by the
method of reterence 11. The nacelle and pylon weights are calculated
for each of the engines assuming they are long duct engines. The other
inputs necessary for the engine weight calculation are the airflow, BPR,
OPR, T4, year of initial entry into service (1985), and the design Mach
number. In the case of the RTF's, the weight of the heat exchanger must
pe added to the bare engine weight to get the total.

Airciaft weight. - The rest of the aircraft weights are calculated
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by the AMAC program. Since the aircraft in this study had a fixed pay-
load, 200 passengers, the fuselage remained fixed. As the engine size
and weight changed the wing and landing gear changed. A weight breakdown
by components is shown in table III for the reference turbofan-powered
aircraft.

Cost

The cost of the airframe is a function of many things Two of the
main parameters are tihe quantity to be produced and th. airframe weight,
Since all the aircraft in this report will be treated equaliy, the abso-
lute number to be produced has only a sezond order effect on a comparison.
The assumed cost of the airframe per pound is shown ‘= figure 7. It was
takeu: from the center of the band of data reported in reference 12.

The cost of the turbofan bare engine (Ceng) and the cost of the RTF
bare engine (without the heat exchanger) was estimated to be

35

Ceng 17 (1974 dollars) = 1.2x10% (engine airflow/1300)°" %)

The cost of the heat exchanger must be added to this in the case of the
RTF engine. However, for the arrangement anticipated in the present
application, no heat exchanger cost reference was found. So it was as-
sumed to cost $500 per pound, which is about what the turbofan engines
cost per pound. The cost of the RTF engine was varied to determine the
effect of direct operating cost (DOC).

Direct Operating Cost

No matter what method is usead fcr calculating DOC, the absolute
level is always in question. In this study, the aircraft being compared
are essentially the same except for the propulsion differences. For this
reason the percent change in DOC was used to make the comparisons. The
1967 ATA DOC method, reference 13, was used in this study. However, the
equations were updated to 1974 dollars, Also, the engine maintenance for-
mulas were not used. In their place the maintenance formulas developed
by American Airlines were used (ref. 14). The cost of fuel was set at
$66,05 per cubic meter (25¢/gal) for this domestic range aircraft. This
value corresponds to the average domestic price paid by United Sta es air-
lines in December of 1974 according to the Civil Aeronautics Board (CAB).
Fuel cost was varied from that level up to $132.1 per cubic meter
(50¢/gal) to determine its effect on the DOC comparisons.

RESULTS AND DISCUSSION
General Trends

Fuel against changes in S7C and propulsion system weight. - In a
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study of this type it is important to use simple methods to det. r~ine the
best cycle parameters to investigate in more depth. This is because the
number of variables to be considered in the engine and heat exchanger are
80 numerous that the possible combination becomes too large to handle ef-
ficiently unless a prescreening of some sort is done. So, one of the
first curves generated for this study shows the change in fuel used as
SFC and propulsion system weight are varied (fig. 8). On this curve, a
quick evaluation can be made for any propulsion system if the SFC and
weight are known. For example: 1if a propulsion system weighed 4000 kil-
ograms more than the reference system but provided a 10 percent reduction
in SFC, the fuel saved would be 1270 kilograms, No account is made in
this figure for changes in drag. That is a second order effect and will
be evaluated after the initial screening.

Cycle, engine, and heat exchanger trends. - Figure 9 along with fig-
ures 11 and 12 use a relative scale to show the figure of merit trends.
This is because the data was run under slightly different ground rules
than the final data. So to avoid confusing comparisons of absolute values,

-se absolute values are omitted in these figures. This in no way appre-
. »1y changes the trends shown in these figures.

Some important trends that helped determine the impact of OPR and
T4 on the more important engine parameters are shown in figure 9. In
part (a) of the figure it can be seen that increasing T4 increases SFC.
This is due in part to the low OPR's, the nonoptimum BPR, and the fect
that more cooling bleed was needcd for the turbines as T, was increased
even though a precooler is assumed to precool the turbine cooling air with
the duct stream air. Increasing OPR reduces SFC at any given T4. If
the curves wert far enough, there would be a minimum of course. The cir-
cular point on figure 9(a) is just a particular point which is common to
figures 9, 11, and 12 and is therefore used as a reference point for the
relative scale.

Part (b) of the figure shows that increasing T; does improve the
thrust of the engine and thus reduce its size. Increasing the OPR has
the same effect. So in both parts of the figure increacing OPR was good
while increasing T, was gcod for thrust but bad for SFC.

Since the heat exchanger is a drum shape that fits behind the low
pressure turbine, its length is important. A long heat exchanger will
increase the nacelle length and therefore cause a weight and drag penalty.
From figure 9(c) it is obvious that increasing T; reduces the heat ex-
changer length as does increasing the OPR. It would appear, therefore,
that increasing T; and OPR to some point are both beneficisl in reduc-
ing the heat exchanger length.

From figure 9(d) it can be seen that increasing T, and OPx are
also beneficial in reducing the engine weight. Thus, the four parameters
examined: SFC, thrust, heat exchanger length, and engine weight are all
improved as OPR is increased to some point and three of the four improve
as T4 1is increased.
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One additional parameter that proved to be significant in reducing
the heat exchanger size and weight was HAR (ratio of cold to hot areas).
These trends are displayed in figure 10. This figure is for one engine
only and neglects th2 fact that as HAR changes, the turbine case radius
changes slightly. The effect of chis will be discussed shortly.

The first part of the figure shows that as HAR is increased, well
over 90 percent of the total pressure drop is across the hot side of the
heat exchanger. This is presented for informational purposes but is of
interest because the value of HAR finally selected was 0.7 where 99 per-
cent of the pressure is dropped ucross the hot side. Part (b) of the fig-
ure is of interest because it is important that the walls of the matrix
do not get too thin. Something on the order of 2 inches should be satis-
factory for structural considerations.

The real heart of this figure is parts (c) and (d). In part (c) it
will be noted that if HAR should be chosen at a low value, the length of
the drum would be very large and so the engine would be very large. Thus
there would be a large drag penalty for the engine. As shown in part (d)
of the figure, the ' nger drum would result in longer ducts which accord-
ing to equation (3) .n the METHOD OF ANALYSIS would result in heavy ducts.
As shown in figure 10(d), decreasing the value of HAR from 0.7 to 0.1
would increase the length of the heat exchanger three times, the matrix
weight three times, and the entire heat exchanger weight 2.5 times. 1In
the actual engine calculations the diameter of the low pressure turbine
changed slightly as HAR varied. This caused a minimum in heat exchanger
waight and length to occur between HAR of 0.6 and 0.8. Since the curves
were pretty flat in this region, the HAR value of 0.7 was chosen 1rom
that data and retained for the rest of this study.

Selecting the Range of Cycle Variables

From reference 6 the best advanced turbofan had a FPR of 1.6 at
cruise and a T4 of 1615 K. The FPR was selected at as high a value as
could be tolerated by the FAR 36 - 10 dB noise criteria selected for that
study. Since that is basically the reference turbofan used in this study,
the FPR selected for the RTF was also 1.6. However, due to the nature of
the regenerative turbofan, it was felt to be unfair to restrict the T,
studied to 1615 K. This, after all, is one of the main contrcls used to
size the heat exchanger. Thus it was felt that the value of T, should
be picked based on its merits in the RTF.

In order to determine the bes. range and combination cf cycle param-
eters, figure 11 can be examined. From the previous discussion of fig-
ure 9 it will be recalled that only the SFC got worse with increasing T,.
So, with the aid of figure 10(a) it can be seen that the minimum SFC for
a FPR of 1.6 occurs near a BPR of 8.0, This is at a T, of 1590 K. The
entire figure 10(a) is for a ¢ of 0.80 and the turbine cooling air pre-
cooler is assumed to be used in this figure and figure 12.
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If the level of ¢ 1is increased to 0.90 as in figure 10(b), the min-
imum SFC still occurs around a BPR of 8.25 and a T4 = 1590 K. So from
SFC considerations alone, this might be a good area to investigate. It
will be recalled from previous discuseions that increasing T, did re-
sult in shorter, lighter, smaller engines. If this trend were to con-
tinue, a T, above 1590 K might be slightly better. So at this point it
is not obvious that a T4 of 1590 K represents the best trade between
SFC and size and weight

For these reasons figure 12 was constructed. This figure takes into
account the weight effec’s of the propulsion systems. With the aid of
figure 8 the effect of SFC and weight were combined to show the effect on
fuel burned. Th2 same range of T, was investigated over a range of OPR
from 10 to 20. Note that the minimum fuel used in both cases occurred at
or near a T, of 1700 K instead of 1590 K. So the suspicion that lighter
engine weights might tip the scale in favor of T,'s higher than 1590 K
is borne out by the results shown in figure 12,

It was concluded from figures 9 to 12 that for this study a T, of
1700 K should be used in conjunction with the FPR of 1.6. It was further
decided that the BPR should be varied from 8 to 10. Other in-house
studies led to the conclusion that the AP, for the heat exchanger should
be varied from 4 to 8 percent, that the ¢ should be varied from 0.80 to
0,90, and that the OPR should be varied from 10 to 20. Thus the range of
parameters studied is shown below.

FPR 1.6
OPR 10, 15, 20
T; 1700 K
E 0.80, 0.85, 0.90
APy 4, 6, 8 percent

This results in 81 engine combinations which are still too many to
investigate in real depth. So, some further sorting had to be doae.

General Results Excluding Drag, Leakage, and Carryover Effects

The next five figures will describe how the nine best engines were
selected from the 81 engine matrix and the results of the fuel use calcu-
lations for these nine engines. At this point the calculations are still
done using figure 8. This means that the drag effect of different lenjth
engines is not considered at this point. Also the effect of seal leakage
and carryover losses is not included in any of the performance values at
this point. The effect of these parameters will be considered later.

Figure 13 is for an € = 0.80 and a AP, = 4 percent. It covers
nine engine combina..ons of OPR = 10, 15, and 20 and BPR's of 3, 9, and
10. The trends in SFC shown in figure 13(a) indicate SFC is improving as
BPR increases. However, the minimum point is at increasingly higher OPR
as BPR increases. The lower thrust per pound of air that goes with the
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higher BPR's means a larger engine. Thus in figure 13(b) it turns out
the lightest engines are at a BPR of 8. Combining the effects of weight
and SFC by using figure 8, the fuel change can be plotted for these nine
engines in figure 13(c). The best BPR depends on the OPR. At an OPR of
10, the best BPR is 9 but at OPR's greater than 15, the best BPR is 10.
What is shown in the figure as a dashed line is a minimum envelope curve
which indicates that the very best engine would have an OPR of 17 and a
BPR of 10. So out of these nine engines, that one was chosen as best.

The next nine engines cover the same range of parameters but the ¢
is 0,85 instead of 0.80, This data is shown in figure 14. Note that the
improvement in SFC is greater than in figure 13 due to the higher «¢.

The higher € also means a larger heat exchanger and less thrust per
pound of air which drives the engine weight up some compared to figure 13.
When the changes in SFC were combined with the weight changes, the fuel
changes could be plotted in figure 14(c). Note that due to the higher ¢,
the optimum OPR has been reduced from 17 in figure 13 to 14 in fig-

ure 1l4(c). The optimum BPR is now 9.5.

In figure 15 can be seen exactly the same trends. This is for an ¢
of 0.90. The SFC is still improving, the weight is still increasing,
and the fuel savings is still improving. The effect of drag on the
larger engines is still not included in the calculations at this point
as was mentioned earlier, This will be chown to minimize the benefits
of increasing € later. Note the optimum OPR is now 12 at a BPR of
9,25. This decreasing optimum OPR is due to the increasing level of e.
More of the temperature rise before the combustor is being accomplished
by heat exchange; therefore, less is needed by compression,

So far, figures 13 to 15 have shown the trends as ¢ increased from
0.80 to 0.90. Figure 16 is meant to show the effect of P, at a con-
stant € of 0.85., So figure 16 should be compared to figure 14. Notice
that the trends are about the same in the two figures but due to the
greater APy in figure 16, the SFC benefits are not as great. The
greater APy does, however, reduce the heat exchanger length and thus
its weight. The engine weight shown in figure 16 is less therefore than
in figure 14. This lower weight is not enough to oifset the degraded SFC
however, and thus the fuel saved as shown in figure 16(c) is not as great
as in figure 1l4(c). When the drag of the shorter engine is included
later this trend will be shown to reverse. The optimum OPR in fig-
ure 16(c) is 15 at a BPR of 9.25. This is nearly the same as that for
figure 13(c).

In each of the figures 13 to 16, nine engines were examined and one
optimum determined for each nine. This process was completed even though
all of the data are not presented here. Thus from the 81 engines exam-
ined, nine were selected for further analysis. These nine are listed by
their cycle characteristics below.



3 AP¢ , Optimum Optimum
percent OPR BPR
0.80 4 17 10.0
.85 l 14 9.5
.90 12 9:25
.80 6 17 10.0
.85 15 9.5
.90 13 9.25
.80 8 18 10.25
.85 l 15 9.25
.90 12 9

Figure 17 is meant to be a summary up to this point. The optimum
OPR and BPR is plotted against ¢ for the three levels of AP;. Thus
all nine of the optimum engines are represented in each part of figure 17.
The tasic trends are toward lower OPR as ¢ 1is increased. This in re-
turn will support lower BPR's as shown in part (b) of the figure. The
fuel saved shows a tendency to linearly increase with ¢. At low levels
of € the lower levels of AP, are best, but at the higher levels of ¢,
the higher levels of APy are starting to look better. The most fuel
saved is about 1630 kilograms (3600 1b).

Result Including Drag

The nine best engines were actually flown in a flight deck (AMAC)
which accounts for the drag of different size engines. The results are
shown in figure 18. Note that in figure 18(a) the curves have a minimum
in contrast to figure 17(a). This is because the higher levels of ¢
require a longer heat exchanger and results in higher drag and heavier
ducts. For the same reasons the greater APy now look better than the
lower AP;. Higher AP, heat exchangers result in thicker walled drums
which are in turn shorter and thus reduce the drag and duct weight. In
terms of percentage, the best engine would appear to save about 5 percent
in fuel compared to the reference TF. If higher AP, were used, the
envelope around those curves would bottom out at about 6 percent fuel
saved.

The TOGW reduction at this point is about 1 percent or a little more
according to figure 18(b). The gain here is less because of the heavier
engines offsetting some of the SFC benefits.

The DOC change is plotted in figure 18(c). All of the changes are
positive. This is due to the cost of the RTF engines which includes the
cost of the heat exchanger. This area of heat exchanger cost is rela-
tively unknown and thus the cost of the engine will be varied parametri-
cally to show what the cost would have to be in order to break even.
This will be done in a following figure. First however, the effects of
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leakage and carrycover are considered.

Results Including Carryover and Leakage

Sensitivity studies were performed that showed for every 1 percent
of leakage or carryover loss, the SFC suffered 0.6 percent. Furthermore,
the designers estimated the leakage could be held to 2 percent and the
carryover to 1 percent for a total 3 percent. Thus the SFC would be de-
graded by 1.8 percent. Since small changes in SFC result in about the
same change in fuel, about 1.8 percent of the fuel saved should be sub-
tracted from the curves in figure 18(a). When this is done, figure 19 is
the result. In figurel9, the curves were cross plotted so the curves
could be extrapolated to higher AP, (the dashed lines). If an envelope
were drawn around these curves, the most fuel would be saved at a AP
of about 12 and an € of 0.91. At this point about 4.1 percent of the
fuel would be saved and the reduction in TOGW would be expected to still
be near 1 percent.

As was mentioned in the "METHOD OF ANALYSIS," the reference TF did
not use a preccoler for the turbine cooliag bleed but the RTF did. There-
fore, the couparison could be questioned on this basis. If this differ-
ence is accounted for, the reference TF's SFC would improve 2.8 percent.
This would translate almost directly into a 2.8 percent fuel savings if
the weight penalty of the heat exchanger is ignored. Thus the 4.1 per-
cent fuel advantage of the RTF shown in figure 19 would be eroded to
1.3 percent or in other words, the two concepts would be very competitive
from the fuel standpoint. The weight of the extra heat exchanger was not
considered because it would be nearly the same on either type of engine,
thus, not affecting the comparison to any significant degree.

Because the time required to design the heat exchanger ducts for low
pressure drop was too demanding, they were mainly designed for structural
consideration. It was hoped that a refined design would result in ducts
which had a minimum pressure drop. The number used in this report was
4 percent which represents a reasonably ambitious goal. It could be
argued, however, that this pressure drop might be larger. In that case
the RTF performance would be decreased from that shown in figure 19. To
show t.ue effect of the AP4 assumption, the effect of APy on fuel used
is shown in figure 20. It can be seen from the figure that an increase
in AP4 would cause an increase in SFC which woull cause an increase in
fuel used. For small changes in SFC, the changes in fuel would be about
the same percent. So if the APy was 10 percent instead of 4 percent,
the RTF would use about 2 percent more fuel thus reducing the gains shown
in figure 19 by a like amount.

Table IV compares weights, costs, and DOC cf the reference TF and
the best RTF for which data was actually calculated. This would be an
engine with a ¢ = 0.90, P, = 8 percent, FPR = 1.6, OPR = 12, BPR = 9,
HAR = 0.70, and a T4 = 1700 K. The best engine shown in figure 19 would
be very similar but the ¢ would be 0.91 and the APy would be 12 per-
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cent. The OPR and BPR would probably change some small amount toward
a smaller number.

Effect of Engine and Fuel Price on DOC

The cost of the basic engine in front of the regenerator on the RTF
was based on airflow of the fan, as was discussed in the '"Method of
Analysis." This may not be exactly right due to the low OPR of the gas
generator and the other unusual features. The cost of the heat exchanger
was also roughly estimated. Thus the actual cost of the RTF is more
questionable than that of the reference TF where the engine is more con-
ventional.

The cost of the RIF, compared to the reference TF, is explored in
figure 21 as fuel price is allowed to vary. The seal and carryover
losses are included for the RTF in this {igure so the fuel savings is
only 4.1 percent. When the RTF engine costs 1.65 times as much as the
reference TF, the DOC will be 6.6 percent higher than the reference TF .t
a fuel price of $66 per cubic meter (25¢/gal). Within the range of the
fuel prices investigated, the DOC of the RTF would never be as low as
that of the reference TF at this engine price ratio. The fuel savings of
4.1 percent is just not enough to offset the higher engine cost. When
the engine cost of the RTF is only 1.25 times that of the reference TF,
the DOC's will be the same at a fuel price of $135 per cubic meter
(51.5¢/gal).

Figure 21 indicates that the cost of the RTF would have to be nearly
equal to the cost of the reference TF before appreciable venefits in DOC
could result, This is reasonable since the TOGW is nearly equal and only
4.1 percent of the fuel was saved. So in the final analysis, the trade
off here is between the maintenance problems of high pressure ratio TF's
and those of a heat exchanger behind a relatively low pressure ratio TF,
Which would be the hardest to wmaintain is not known at this time, nor is
the cost of the RTF really clear. Some hardware developments and tests
could go a long way to resolve these unknowns.

CONCLUSIONS

The fuel savings potential of a reference advanced turbofan was cal-
culated and compared to that of a family of advanced regenerative turbo-
fans for use in an advanced subsonic transport. The main figure of merit
was fuel consumed. However, takeoff gross weight (TOGW) and direct oper-
ating cost (DOC) were also calculated. The reference turbofan had a cruise
turbine-rotor-inlet temperature of 1615 K while the regenerative turbofans
cruised at their optimum of 1700 K. The overall pressure ratio of the
reference turbofan was 40 while the optimum for the regenerative engines
ranged from 12 to 18. All the engines had a fan pressure ratio of 1.6 at
a cruise speed of Mach 0.80 and 10.67 kilometers (35 000 ft). The bypass
ratio of the reference turbofan was 10,4 while that of the regenerative
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engines ranged from 8 to 10. The rotary heat exchanger used a ceramic
matrix shaped as a hollow drum which fit behind the low pressure turbine
on the engine centerline. The range of effectiveness investigated was
0.80 to 0.90 along with pressure drops from 4 to 8 percent in the matrix
and 4 percent in the ducts. A leakage of 2 percent and a carryover of

1 percent was allowed. The aircraft carried 200 passengers, a total of
5500 kilometers (3000 n mi). The aircraft cruise L/D was about 16,

The study indicated a fuel savings by the best regenerative turbofan
of 4.1 percent compared to the reference turbofan. The TOGW improvement
was a modest 1 percent while the DOC ranged from competitive values to as
much as 6 percent higher depending on the actual cost of the regenerative
turbofan and the cost of the fuel. In order to use the high turbine-
rotor-inlet temperatures in the regenerative turbofans, a turbine cooling
air heat exchanger was needed to precool the cooling air. The heat ex-
changer was assumed to be in the fan bypass stream. If this same advan-
tage was given to the reference turbofan, the regenerative turbofan would
have saved only 0.5 percent of the fuel and the TOGW would have been
nearly equal for the two concepts.

It is the conclusion of this report that for this application either
a high pressure ratio turbofan or a low pressure ratio regenerative tur-
bofan would use ahout the same amount of fuel and result in an aircraft
of about equal TOGW. The deciding factors would be the engine costs, the
re’iability of the two competing concepts, their maintainability, and
possibly the relative ease of meeting some emission standards. Since the
RTF does use a low overall pressure ratio, the problem of emissions may
be more easily solved. Not enough is known about either concept at this
time to determine these factors.
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TABLE 1. - BASIC AIRCRAFT DRAG INPUT DATA

AR 9.4
t/c side of body 0.164
t/c wing tip 0.080
Leading edge sweep, deg 27.4
Taper (tip cord/root cord) 0.33
Camber 0.07
Wing loading, N/m? 5980
Ciyg 0.06
acdgp 0.022
Supercritical wing Yes

4Calculated value from AMAC Program.
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TABLE II. - CYCLE INPUTS AT THE CRUISE DESIGN POINT

Engine type Ref. TF RTF
Inlet recovery 1.0 1.0
Overall pressure ratio 40 10 to 20
Fan pressure ratio 1.6 1.6
Cruise turbine rotor inlet temperature, K 1615 1700
Adiabatic efficiency of the
Fan 0.86 0.86
Compressor 0.85 0.854 to 0.865
All turbines 0.90 0.90
Efficiency cf the combustor 1.0 1.0
Turbine cooling bleed, percent of compressor air 8.0 7.0 to 8.5
Cooling bleed precool heat exchanger No Yes
Cv, both nozzles 0.8 0.98
Pressure loss, AP/P:
Fan duct 0.02 0.02
Combustor 0.06 0.06
Turbine exit guide vanes 0.012 0.012
Heai cvrhanger cold side — <0.,005
Heat exchanger hot side @ |  ====as 0.035 to 0.075
Total of heat exchanger ducts | ===== 0.04
Area cold side/area hot side (heat exchanger) s 0.7 (opt)
Heat exchanger leakage, percent = | ——ee- 2
Heat exchanger carryover, percent = | eeee- 1
Heat exchanger effectiveness ————— 0.8 to 0,9
Number of spools 2 2
Bypass ratio 10.4 8 to 10
Aititude, km 10.67 10.67
Mach number 0.80 0,80
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TABLE II1. - TYPICAL WEIGHT BREAKDOWN OF AIRCRAFT DESIGNED FOR

MACH 0.80 USING THE REFERENCE TURBOFAN ENGINES

Structure weight, kg 27 211 " Operating items, kg 5 293
Wing 9 801 Flight crew (3) 231
Horizontal tail 1 353 Cabin crew (7) 413
Vertical tail 852 Crew baggage 113
Body 8 955 Briefcases and navigation 11
Landing gear 3 884 Unusable fuel 133
Nacelle struts 844 011 91
Nacelles 1 522 Emergency equipment 5

Passenger accommodations 3 107

Propulsion system weights, | 5 675 Cargo containers 1 207

k

h"‘1’0::\:1' engines 3 375 Operating empty weight, kg 52 736
Accessories 181
Noise suppressicn 408 Usable fuel, kg 26 226
Controls 72
Starting system 91 Payload (200 passengers), kg | 18 144
Fuel system 544
Thrust reversers 1 004 Cargo, kg 0

Fixed equipment weight, kg |14 557 Takeoff gross weight, kg 97 106
Instruments 313
Surface controls 1787
Hydraulic system 510
Pneumatic system 315
Electrical system 986
Electronics 597
Flightdeck accommodations 410
Passenger accommodations | 6 790
Cargo accommodations 1 056
Emergency equipment 292
Air conditioning 976
Anti-icing 143
Auxiliary power units 382
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TABLE IV. - COMPARISON OF ENGINE TYPES AT MACA 0.80

ON A 5500 KILOMETER (3000 N MI) MISSION

Engine type Reference TF RTF
Weights, kg
TOGW 97 106 96 243
OEW (less propulsion system) 47 061 46 949
Wing 9 801 9 724
Landing gear 3 884 3 B49
Other 33 376 33 376
Propulsion system (less nacelles) 5 675 6 254
Four engines 5 675 3 943
Four rotary heat exchangers ————— 2 311
Payload (200 passengers) 18 144 18 144
Design point fuel load 26 226 24 896
Fuel used 21 145 20 062
Reserve fuel 5 081 4 B34

Initial costs, 100 s (1974)

Complete aircraft 15.042 18,206
Aircraft (less engines) 9.673 9.654
Each complete engine .921 1.533

Bare engine .921 .896
Heat exchanger @ | = ====== .637
Spares 1.685 2.420

Direct operating cost, ¢/seat/km

DOC 0.525 0.556
Relative DOC 1.00 1.06

3No seal leakage or carryover loss included.
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