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SUMMARY

In September 1979, the U.S. Army Research and Technology
Laboratory awarded the AiResearch Manufacturing Company of
Arizona a contract, DAAKS51-79-C-0057, to conduct an analysis of
regenerative turboshaft engines suitable for helicopter applica-
tion. The objectives of the program were to identify promising
heat-exchanger concepts and to conduct a preliminary design and
analysis of a fuel-efficient, regenerative turboshaft engine.

During the program study, 90 engine/heat-exchanger cycle
and configuration combinations were screened. These included
variations of compressor-staging arrangement, COmMpressor pres-
sure ratio, turbine design-point rotor inlet temperature, heat-
exchanger effectiveness, and heat-exchanger pressure loss. Com-
ponent efficiences and turbine-cooling flows were also varied as
appropriate to the configuration and cycle conditions. Screening
was performed on the basis of a figure of merit that considered
fuel consumption, weight, and cost.

The basic engine configuration consists of a high-pressure
spool that includes a centrifugal compressor, a reverse-flow
annular combustor, and a cooled radial turbine; a low-pressure
spool that includes a two-stage, variable-geometry axial turbine
that drives the output shaft through a spur reduction-gear set;
and a tubular heat exchanger mounted aft of the engine to receive
the turbine exhaust gas directly. An inlet-particle separator is
incorporated as an integral part of the engine inlet and output
shaft reduction gearbox, and the accessory gearbox is mounted aft
of the inlet-particle separator on top of the engine. The engine
is of modular construction and incorporates an integral lubrica-
tion system.

Both plate-fin and tubular heat-exchanger types were con-
sidered in the study; however, from the standpoint of configura-
tion arrangement, installation, and weight, it was concluded
early in the study that even though costs may be higher, the tub-
ular configquration offered more advantages than the plate-fin.
Therefore, a tubular unit was used as the baseline throughout the
90-engine parametric analysis., Subsequently, comparisons with
plate-fin units were made for specific engine configurations and
conditions.

As part of the initial heat-exchanger-design analysis, a
wide variety of configuration arrangements and features were con-
sidered in an effort to identify promising concepts for heli-
copter applications. The aero/thermodynamic characteristics of
heat exchangers is well understood, and thus, improvements in
pressure loss and heat-transfer characteristics were not con-
sidered immediately possible. However, two areas were identified
in which future improvements are considered to be feasible. They
are advanced materials and improved fabrication methods. The




development of advanced materials with improved physical proper-
ties will allow reductions in both weight and volume with
improved heat-transfer characteristics. The development of
improved fabrication methods, with a reduction in hand-labor
requirements, is required in order to reduce costs.

A most promising cycle was selected from the screening pro-
cess for more detailed evaluation and preliminary design., This
engine has the following characteristics at standard sea-level
static conditions: '

Characteristic 500 SHP 250 SHP
Compressor stages 1 1
Compressor pressure ratio 10.0:1 5.48:1
Air flow rate, 1lb/s 3.26 1.77
Turbine inlet temperature, °F 2300 2300
Specific fuel consumption, 1lb/hr-hp 0.425 0.437
Specific power, hp/lb/s 153.4 -
Heat exchanger effectiveness, % 70 73
Heat exchrnger pressure loss, % 10 5.7
Length, in. 52.2 -
Maximum diameter, in. 21.9 --
Weight, 1b 299.0 -
Acquisition cost, K3 151.3 -

Since a principal reason for performing this study involved
the escalation in cost of fuel and its wuncertain future
availability, a brief examination of the sensitivity of the heat-

exchanger configuration to fuel cost was conducted. This
examination showed that as fuel costs increase, a higher heat-
exchanger effectiveness 1is desirable. The examination also

verified that a tubular heat exchanger is preferable to a plate-
fin configuration.

During the course of the study, engine-configuration and
performance characteristics were reviewed with airframe manu-
facturers to determine what advantages or disadvantages might be
introduced by the addition of the heat exchanger. The consensus
was that any fuel saving was an advantage, weight and balance
were manageable problems, and drag resulting from heat-exchanger
bulk would not be a limiting factor.

As a result of this study, it was concluded that SFC was the
: prime mover in the selection of future helicopter propulsion
systems, and the added bulk, weight, and cost associated with the
heat exchanger were of significantly less concern than in pre-
vious studies and could be accommodated by the airframe manufac-

turer,
E
!
:




PREFACE

A parametric study and preliminary design analysis of fuel-
efficient regenerative turboshaft engines suitable for heli-
copter application was conducted by the AiResearch Manufacturing
Companies of Arizona and California for the U.S. Army Research
and Technology Laboratory under Contract DAAK51-79-C-0057. The
study was initiated in October 1979 and completed in May 1980.

The study was performed under the cognizance of
Mr. A. E. Easterling of USARTL. The AiResearch Program Manager
was Mr. R. W. Heldenbrand. Engine analysis efforts were per-
formed by Mr. F. W. Lewis, who acted as technical director for
those tasks, and Messrs. R. C. Davis and B. J. Gray. Heat-
exchanger analyses were performed by Mr. W. S. Miller, and
Mr. S. J. Lee.

The assistance of Bell Helicopter Textron, Ft. Worth, Texas,
and Hughes Helicopter, Culver City, California, in providing
helpful suggestions and constructive advice during this study is
gratefully acknowledged.
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INTRODUCTION

During the past 15 years, studies have been made in an
effort to establish the benefits of regenerative gas turbines for
helicopters. In these studies, the trade-offs of weight and cost
associated with the heat exchanger were examined in relation to
mission duration and heat-exchanger effectiveness. In general,
it was concluded that for the missions considered, the additional
weight (and attendant bulk and cost) was not worth the fuel
saved. For these studies, fuel cost was a relatively insignifi-
cant factor, and the cost associated with the heat exchangers
were excessive by comparison. Furthermore, the installation of
an additional component, for which maintenance requirements were
not defined, and survivability was uncertain on an already
weight-sensitive vehicle, was not considered worth the risk.

However, in the last five years, several factors have
resulted in a renewed interest in the helicopter regenerative
engine cycle. Principal among these are the rapidly increasing
cost of fuel and the combined uncertainty of its future avail-
ability. In addition, advances in helicopter aerodynamic and
propulsion technology have tended to reduce the vehicles sensiti-
vity to the installed weight of the heat exchanger. Brief exper-
ience with development units in a ground vehicle installation and
one flight unitl indicate that heat-exchanger maintenance should
not be a serious problem. Finally, as a result of the fuel situa-
tion and its anticipated intensification, the civilian sector has
shown interest in the regenerative cycle.

Survivability/vulnerability continue to be an issue, but
some data exists that shows a recuperator reduces the IR signa-
ture. It was beyond the scope of this study to address surviva-
bility/vulnerability.

In view of the above, the Applied Technology Laboratory
funded three regenerative engine analysis programs to identify
promising heat-exchanger concepts and to conduct a preliminary
design and analysis of a fuel-efficient, regenerative, turboshaft
engine suitable for helicopter application. This document pre-
sents the results of the study performed by the AiResearch Manu-
facturing Company of Arizona.

1Privoznik, Edward J., "T63 Regenerative Engine Program"”, Allison

Division, General Motors Corporation; USAAVLABS Technical
Report 68-9, U.S. Army Aviation Materiel Laboratories, Fort
Eustis, Virginia, May 1963, AD675444.
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The requirements for the turboshaft engine itself were as
follows:

e 500-SHP class
® Front drive

® Free output-shaft speed of 20,000 rpm

° Integral inlet-particle separator

° Modular construction

® Minimum SFC (specific fuel consumption) at cruise power
(50-percent intermediate)

° zgchnology level consistent with current demonstra-
ion,

In addition, for the parametric studies, cycle parameters
were also specified. However, other than the ranges of effec-
tiveness and overall pressure loss, no constraints were placed on
the heat exchanger with respect to configuration, type, or mate-
rials. Thus, the designers were allowed to optimize the heat
exchangers with respect to location and flow paths, choice of
tubular or plate-fin types, and selection of best materials for
the operating temperatures.

Since a major part of the program was to provide a defini-
tion of engine performance, installation characteristics, and
cost, with a primary objective of minimizing engine weight, a
formula was derived for a figure of merit (FOM) that included
SFC, weight, and cost considerations as follows:

FOM = K _SFC_ + K WT + K §_

1 SFCBL 2 WTBL 3 $BL

where the relationship among the K coefficients is based on life-
cycle cost analyses and depends on details such as fuel cost,
mission type, and mission duration, Once the values for the K
coefficients were defined and confirmed after consultation with
airframe manufacturers, the equation was used to screen a variety
of configuration and cycle combinations. As the study pro-
gressed, the FOM equation was modified to reflect fuel cost and
mission variations in order to examine trends; however, these
modified FOM equations were not used to alter or otherwise adjust
the results obtained with the initial parametric screening.

15
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ENGINE PARAMETRIC STUDY

The initial task of the regenerative engine analysis study
was to perform a multi-cycle parametric analysis of regenerative
turboshaft engine configurations in order to select a most prom-
ising cycle for further detailed analysis and preliminary design.
The baseline engine configuration used for this parametric anal-
ysis is shown in Figure 1. This engine incorporates an integral
particle separator; a main reduction gearbox; a top-mounted
accessory gearbox; a single-stage centrifugal compressor; a
reverse-flow annular combustor; a single-stage laminated-
construction, cooled radial turbine; a two-stage axial power tur-
bine; and a two-pass cross-counterflow tubular heat exchanger.

CYCLE VARIABLES

The cycle and configuration variables used for the parame-
tric analysis were as follows:

e Single~-stage compressors with pressure ratios of 7:1
and 10:1

L Two-stage compressors with pressure ratios of 7:1, 10:1
and 13:1

® Turbine rotor inlet temperatures of 2100°F, 2200°F, and
2300°F

o Heat-exchanger effectivenesses of 60, 70, and 80 per-
cent

° Heat exchanger pressure losses of 5 and 10 percent.

The combination of these variables result in five families
of engines with a total of 90 different cycles. Throughout the
study, a given cycle combination was identified and referred to
by an engine number, as indicated in Figure 2. In addition to
the above variables, other cycle parameters, including component
efficiencies and turbine cooling flows, were varied appropri-
ately, as discussed in subsequent paragraphs.

In order to provide a low specific fuel consumption over a
broad power range, it was assumed that all 90 cycles incorporated
a variable-geometry power turbine., To verify the advantage of
this feature, six of the engine cycles were selected for study
with fixed-geometry power turbines. These and other variants of
the baseline configuration, including a lower speed power turbine
designed to eliminate the need for a reduction gearbox, a bypass
heat exchanger, and compressor inlet-guide vanes, are discussed
in a subsequent section,
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Figure 1. Baseline Engine.
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Figure 2. 90-Engine Parametric Study.
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The compressor components selected for the five engine fami- 4
lies were based on current AiResearch technology. The single-
stage, 7:1 compressors were derived from the Model TSE36-10 tur-
poshaft engine. The single-stage, 10:1 compressor was based on
the predicted performance for a research unit being tested at
AiResearch under USARTL sponsorship. The two-sta_e, 7:1 compres-
sor was derived from the Model GT60l truck engine currently under
development. The two-stage, 10:1 compressor was taken from the
Model TPE331L turboprop engine. The two-stage, 13:1 compressor
was based on an advanced compressor design for the Model TPE331 ]
turboprop engine. As the study progressed, an addtional 13:1
compressor was added. This compressor was taken from a Model
GT1801 tank engine currently under study, and incorporated inlet
guide vanes.

In order to facilitate the screening of the 90 engines, per-
formance-cycle calculations were performed on a design-point
basis at the 500-SHP design point and at 50 %5 percent of that
power. The selection of compressor and turbine match points at
the part-power condition was based on previous experience with
the constraint that the calculated available shaft power must be
between 225 and 275 SHP. The actual values were spread over that
full range with the average for each of the five engine families
as shown in Table 1. Variations among the families was due pri-
marily to compressor-match estimation, as explained later.

Design considerations in setting up the engine models were
as follows: Since the variable-geometry power turbine allows for
power modulation at a constant gas-generator turbine-inlet tem-
perature, then, for any chosen operating point, all other points
along the operating line are readily predictable from the rela-
tionships:

(ﬂi@) = CONSTANT
P GG

All engines were matched with a minimum of five-percent compres-
sor surge margin, where surge margin is defined as:

WJo % OPERATING POINT
5

SM = - 1| x 100
H%Q % SURGE LINE

and the operating line was adjusted, if necessary, to obtain the
minimum-range margin. This required that the full-power match
points be modified from peak efficiency as shown in Table 2.
This table also shows the efficiencies for the gas generator and
power turbines. It should be noted that the turbine efficiencies
were the same at full load and part load during the screening
process. However, the gas generator turbine efficiency was
reduced as cycle pressure ratio increased, consistent with the
higher turbine-work requirements.




TABLE 1. REGENERATIVE ENGINE ANALYSIS STUDY 90-ENGINE
CYCLE SCREENING AVERAGE PART-LOAD SHAFT POWER

| |
] Average
Compressor Family Part Load SHP
Single-stage 7:1 262.3 L
3
Single-stage 10:1 267.9
Two-stage 7:1 265.5
Two-stage 10:1 235.2

Two-stage 13:1 282.3

TABLE 2. COMPONENT EFFICIENCY

‘ Single-Stage Two-Stage
]“‘ 7:1 10:1 7:1 10:1 13:1
}
‘ Peak 71 78.5 77.0 81L.0 79.2 77.7
Actual 7
, Full/Part 77/75.2 76.8/77.4 80/80.7 78.2/75.1 175.2/70.8
p
| Actual
Corrected
‘ Speed, %N/Jp 100 101 100 98 99
? Gas Generator
f Turbine n
' (Radial) 91.0 89.5 91.0 89.5 88.0

Power turbine
n (Axial) 88.5 88.5 88.5 88.5 88.5




Table 2 also shows that the actual compressor match points
were not at the peak efficiency. Further, because of the surge-
margin constraint and the resulting nature of the turbine oper-
ating lines, some of the compressors experienced a large change
in efficiency from the full-load condition to the part-load con-
dition, whereas other compressors showed a modest gain from full
load to part load. The efficiency of the two-stage 13:1 compres-
sor at part load was so low that during the more detailed anal-
ysis of the three more promising cycles later in the study, the
original compressor was abandoned in favor of a configuration
with inlet guide vanes. The part-load compressor efficiency of
fixed-geometry power turbine engines was approximately one-
percent higher than that of the variable-geometry power turbine
engines. This was principally the result of a difference in safe
operating line and the higher corrected speed at part power of
the fixed-geometry engines.

In establishing the models for the 90 engine cycles, the
variable power turbine efficiency was held constant for the full-
and part-load points. This assumption was justified on the basis
of the characteristics shown in Figure 3. The left side of this
figure shows the design-point power turbine efficiency character-
istic versus pressure ratio as a function of corrected speed.
The right side shows the ratio of the power turbine cycle effi-
ciency to design-point efficiency versus the area ratio of the
variable-inlet nozzle. Under the conditions assumed for this
program, the power turbine pressure ratio changes only a small
amount from full load to part load. Thus, with the slight reduc-
tion in corrected speed, efficiency tends to remain constant.
Further, the power turbine inlet nozzle vane area was intention-
ally opened at full load to obtain slightly lower than peak
efficiency so that the part-load efficiency at the smaller nozzle
area would be increased or equal to that at full load.

Cooling flows for the gas generator turbine stator and rotor
were varied as a function of cycle pressure ratio and gas gener-
ator turbine rotor inlet temperature, as shown in Figure 4. The
cooling-flow rate is higher for the variable-geometry power-
turbine configuration since, with the variable-geometry power
turbine, the gas-generator turbine inlet temperature is constant
over the load range from 100 percent to less than 50 percent.
Thus, the higher cooling-air-flow rate provides a gas generator
turbine life equal to that for the fixed-geometry power-turbine
configuration. A rotor life of 5000 hours was assumed for this
application. As noted in Figure 4, the rotor cooling flows are
the combined disk and blade flows. The gas generator stator-
cooling flows, which were not charged to the cycle, are identical
for both power-~turbine configurations. In addition to the
cooling flows shown in Figure 4, a constant 1.5 percent of the
core flow was used for the first-stage power turbine disk
cooling.
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HEAT-EXCHANGER PARAMETRICS

The two general classes of heat exchangers considered for
gas-turbine applications are the periodic or rotary regenerator
in which heat is alternately absorbed and rejected by a mass of
material that rotates through fixed fluid streams, and the fixed-
boundary recuperator in which compressor discharge air and tur-
bine exhaust gas exchange thermal energy directly through the
separating heat-transfer surface. Because the rotary regener-
ators suffer from wear and leakage at cycle pressure ratios above
6:1, this study was limited to fixed-boundary recuperators.

Among the fixed-boundary heat exchangers, two design con-
cepts were considered--the plate-fin and the tubular construc-
tion. For the 90-engine cycle parametric analysis, a tubular
heat exchanger of an annular cross counterflow basic configura-
tion was selected based principally on consideration of weight
and packaging. This basic configuration was expanded into 18
groups based on heat-exchanger effectiveness, overall pressure
loss, and cycle pressure ratio. Within each of the five engine
families, a nominal heat exchanger was designed for flow rates in
the middle of the family range. Characteristics such as weight,
geometry, and number of tubes for other heat exchangers in each
family were obtained by scaling from the nominal configuration.

A detailed discussion of the heat-exchanger design analysis
for the 90-engine parametric study is given in a subsequent sec-
tion. A comparison of tubular and plate-fin configurations is
also given.

PERFORMANCE

Cycle calculations for the 90-engine cycles at the full- and
part-load conditions were performed using an AiResearch engine-
design-point computer program identified as 770. Program 770
accepts various cycle parameters as inputs and can either calcu-
late airflow required for a specified shaft horsepower or thrust
or calculate output thrust or shaft horsepower for a specified
airflow. The program will also accommodate various spool
arrangements, as well as recuperators and intercoolers. The
losses assumed for the cycle calculations are given in Table 3.

The evaluation of the 90 engines and cycles was performed on
the basis of performance at the 50-percent load condition.
Therefore, carpet plots of SFC were prepared for each of the five
engine families as functions of gas generator turbine inlet tem-
perature, heat-exchanger effectiveness, and heat-exchanger pres-
sure loss. The SFC values for the 90-engine cycles at the sea-
level, standard-day, static, 50-percent load condition are shown
in Figure 5. Full load performance for selected engines is given
in Table 4. The cycles with the highest compressor efficiencies
at part load--the single-stage 1lG:l1 and the two-stage 7:l--have
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CYCLE LOSSES ASSUMED

TABLE 3. REAP PARAMETRIC ANALYSIS PART LOAD

Efficiencies

Combustor 0.998

Combined Shafts and Gearbox 0.980

Pressure Losses (AP/P)

Inlet Particle Separator 0.025

Combustor 0.035

Inter-Turbine Duct 0.015

Turbine Diffuser 0.015

Heat Exchanger, Hot Side 0.035

Heat Exchanger, Cold Side 0.015

Heat Exchanger, Ducts 0.040

Leakages (Percent Compressor Flow)

Compressor P/P = 7:1 0.40

Compressor P/P = 10:1 0.65

Compressor P/P = 13:1 0.85

Cooling Flow (Percent Core Flow)

VG Power Turbine Disk 1.5

TABLE 4. FULL LOAD PERFORMANCE

Engine No. 1 30 38 64 89
Compressor Stages 1l 1 2 2 2
Compressor Pressure Ratio 7:1 10:1 7:1 10:1 13:1
Turbine Rotor Inlet Temp. 2100 2200 2100 2200 2300
Heat Exchanger Effectiveness 0.6 0.8 0.6 0.7 0.8
Heat Exchanger Pressure Loss 0.05 0.10 0.10 0.10 0.05
Output Shaft Horsepower 500 500 500 500 500
Specific Fuel Consumption 0.445 0.415 0.448 0.423 0.426
Specific Power 141.3 146.9 139.9 151.0 154.9
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the lowest overall SFCs. However, because of other cycle condi-
tions, principally slight differences in flow rates and recupera-
tor temperatures, the single-stage 10:1 cycle engines have
slightly lower SFCs at the lower recuperator effectiveness. The
SFCs shown in Figure 5 were used as a part of the FOM evaluation.

WEIGHT

The weights of the bare engine were calculated with a com-
puter program developed by the Boeing Airplane Company?2 primarily
for large engines and subsequently modified by AiResearch for
small engines. The program, entitled WATE (Weight Analysis of
Turbine Engines) accepts as inputs the geometric, thermodynamic,
mechanical, and aerodynamic design data of the engine components.
It provides individual component weights based on data given as
inputs as well as data generated internally. The program has
been calibrated with the known weight of the AiResearch produc-
tion Model TFE731 turbofan engine and, prior to use in this
study, was also calibrated against the component weights esti-
mated for a similar turboshaft engine. The use of the WATE pro-
gram allowed the rapid evaluation of a large number cf similar
components with the ability to account for relatively small
changes in turbine temperatures and air-flow rates.

The flow path for the WATE program as structured for the
regenerative engine analysis study is given in Figure 6. The
program output provides weights for each of the numbered compo-
nents and sums them for a total engine weight. While the program
did calculate a heat-exchanger weight (H-X, Item 1ll), that weight
was not used. 1Instead, the heat-exchanger weights were calcu-
lated separately, as discussed below.

The weights of the heat exchanger were calculated as a part
of the heat-exchanger design analysis and, for the 90-engine
parametric analysis, were based on the tube weight times an empi-
rical "wrap-up" factor that accounts for manifolds, headers, and
support structure. The wrap-up factor for the tubular configura-
tion used in this study is based on a current production heat
exchanger and provides reasonably accurate results. A summary of
the weight model for the heat exchangers is given in Table 5.

2ONAT, E., and G.W. Klees, "A Method to Estimate Weight and Dimen-

sions of Large and Small Gas Turbine Engines", Boeing Military
Airplane Development; NASA-Lewis Research Center CR159431, Jan-
uary 1979.
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TABLE 5. HEAT EXCHANGER WEIGHT MODEL

® Tube weight based on computer calculations for 0.007-inch
wall thickness tubing

® Total weight based on "wrap-up" factor for DC-10 precooler

Wrap-up Includes Does Not Include

Egg-~crate headers (2) Hot gas ducting
tubing for U-bends

Manifolds (2)

Sound suppression
baffles

Tube support plates

Antifretting
ferrules

Side plates
Bracing

Mounts

® Total weight = 1.85 x tube weight




The weights of the engine and the combined engine and heat-
exchanger weights of the 90 engines are given in Figure 7. As
shown, the engine weights are relatively constant within each
family, with the lower turbine inlet temperature engines slightly
heavier. However, the total weight with the heat exchanger is
strongly influenced by the heat-exchanger effectiveness and some-
what less influenced by heat-exchanger pressure drop. As would
be expected, a higher effectiveness requires a larger and heavier
tube bundle, and similarly, a lower-pressure drop requires larger
tubes, greater tube spacing, or some combination of these, which
results in greater weight. These, and other factors that affect
the heat-exchanger design are discussed in subsequent sections.

COST

Costs are a sensitive part of any study; however, in order
to provide a reasonably valid evaluation of the large number of
engines considered in this study, it was considered necessary to
address costs on an equal basis with weight, Accordingly, it was
initially planned to use a form of the Materials Index Factor
(MIF) method to estimate component costs for each of the 90
engines rather than any of the less sophisticated methods that
employ basic performance and cycle parameters in relatively
simple equations. The MIF method has been successfully applied
to engines similar to those examined in this study; however, it
soon became apparent that the detailed manufacturing, weight, and
materials indices (required for each engine component) exceeded
the scope and resources of this study. Accordingly, a less com-
plex approach was taken in which the cost of each component was
estimated based on the known cost of a counterpart component in a
similar engine. The procedure used was as follows:

(1) Determine the component weight from the WATE program

(2) Determine the ratio of cost to weight of the known
counterpart component in a similar engine, (The weight
of the counterpart component was adjusted to account
for any material or configuration differences. This
could involve a simple change from titanium to steel,
or a more complex change involving numbers of turbo-
machinery blades and their aspect ratios.)

(3) Determine an escalation cost index that accounts for
materials and labor cost differences due to the time
differential between the known component and the study
engine component.

30
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The individual component weights were calculated by combin-
ing the three factors defined above as follows:

COUNTERPART
COMPONENT
COST
WATE
ESCALATION 1980
et X X COST = COMPONENT
ADJUSTED INDEX COST
COUNTERPART
COMPONENT
WEIGHT '
The component costs were then summed to obtain a total engine 1
(Less heat exchanger) cost; the results are shown in Figure 8.
It should be noted that the costs shown in Figure 8 are a
parametric summation of the acquisition costs estimated to manu-
facture the parts associated with each engine in constant 1980
dollars. These rough, order-of-magnitude costs are considered
valid for relative parametric evaluations. L
Heat-exchanger costs were estimated with an equation that

related the number of tubes, tube length, tube weight, and appro-
priate material indices. The equation is described in the heat-
! exchanger analysis section. The heat-exchanger costs, shown in
Figure 9, are also based on mature units with a production rate
of 300 per year. As indicated in Figure 9, two materials were
assumed for the heat-exchanger designs; Type 347 stainless steel
was assumed for all units with hot-side inlet temperatures less
than 1340°F; Inconel 625, a more expensive material, was assumed
for all units with hot-side inlet temperatures equal to or
greater than 1340°F. The discontinuities in the plots in Fig-
ure 9 are the points at which material changes occur.

The total costs for the engines with heat exchangers are
given in Figqure 10. Also shown are the points at which heat-
exchanger material changes occur.

FIGURE OF MERIT (FOM)

The final evaluation of the 90-engine cycles was performed
with an FOM equation that was developed with life-cycle-cost
techniques, The form of the equation was:

SFC WT COST
+ K, =m— + K, =So=——

1 SFCAV 2 WTAV 3 COSTAv

in which low values of FOM are superior to high values, The three

K factors were derived from life-cycle-cost analyses. These

analyses are based on a simplified life-cycle cost (LCC) model

developed by AiResearch for a military helicopter mission and

FOM = K
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scenario that incorporates interactive resizing of the airframe
and engine for a constnt mission and includes airframe effects in
the LCC sensitivities. These analyses reflected the relative
importance of the SFC, weight, and cost ratios in the overall
analyses. The K factors are structured so that their sum is
unity; thus the total of the three FOM terms did not vary greatly
from unity. The values in the denominator of each term are the
average of the 90 values calculated. For consistency, these
average values were used in all subsequent FOM analyses,
including those for the more promising cycles examined later in
the study.

Two FOM equations were used for the parametric evaluation:

FOM = 0.55 gf,'g + 0.14 :’% +0.31 gg%ﬁ-— 0
AV AV AV

FOM = 0.56 %—— +0.19 ;‘qi',i,—'— + 0.25 gggg - 2)
AV AV AV

Equation (1) was based on a military attack mission with a
duration of 2.5 hours and on a fuel cost of $0.60 per gallon.
Equation (2) was based on a cruise mission with a longer duration
of 3.4 hours and the same fuel cost. Additional equations, based
on somewhat different missions and higher fuel costs, were devel-
oped later in the study; however, they did not influence the
basic results of the parametric evaluation.

Equation (1) was used for the initial FOM evaluation of the
90-engine cycles, A computer program was used to perform the
calculation and to rank the 10 engines with the lowest FOMs. The
printout from this program is shown in Table 6, and Figure 11
shows carpet plots of the 90 engines' FOMs for Equation (l1). It
is clear from Table 6 and Figure 11 that the single-stage 10:1
compressor engines are superior, with Engine 34 having the lowest
FOM. This conclusion might have been inferred from the SFC,
weight, and cost plots of Figures 5, 7 and 10. However, the
influence coefficients in the FOM equation can have a normalizing
effect that is not always predictable.

Equation (2) was used to evaluate the engines for the longer
mission. The 10 engines with the lowest FOM were the same as for
Equation (1), with the ranking identical except that Engines 26
and 28 had exchanged positions. Engine 34, again, had the lowest
FOM, followed by Engines 32, 33, and 31, in that order.

In order to check the validity of these FOM equations, an
inquiry was made of Bell Helicopter Textron. Bell responded that
in their opinion, the equations were satisfactory and that the
three influence coefficients were of the right magnitude.
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With the confirmation of the FOM equations from Bell, Engine
34, with a single-staqge 10:1 compressor, was selected for more
detailed analysis and as a leading candidate for the most promis-
ing cycle preliminary design. In addition, Engine 70 with a two-
stage 10:1 compressor and Engine 88 with a two-stage 13:1 com-
pressor were selected for more detailed analysis in order to
evaluate configurations from different engine families. These
choices were supported by the FOM values for these engines and
also by their relatively high full-load specific powers, shown in
Figure 12.

PROMISING CYCLES

The cycle conditions originally calculated by the design-
point program for Engines 34, 70, and 88 are given in Table 7.
Subsequently, off-design computer models were established for
these engines, which included compressor and turbine performance
maps, a schedule for variable power turbine efficiency as a func-
tion of power turbine-nozzle area, heat-exchanger effectiveness
as a function of inlet-airflow rate, and heat-exchanger pressure
loss (AP/P) splits between the hot and cold sides as functions of
inlet corrected-flow rates. The full- and part-load performance
of these engines was defined with these models, and the results
showed that the FOM for Engine 88 was considerably higher than
anticipated due to poor part-load efficiency of the compressor.
This compressor was therefore abandoned 'n favor of another
design that incorporated inlet guide vanes to improve the part-
load efficiency. Full- and part-load performance was then calcu-
lated for this engine, designated as Number 88A, with the off-
design computer model, and the results are given in Table 8 with
the results for Engines 34 and 70. A comparison of the detailed
cycle values at the part-load conditions for the design-point
program (Table 7) and the off-~design program (Table 8) confirmed
that the part-load compressor match points chosen for the initial
parametric study with the 770 design-point program were satis-
factory. The higher FOM values shown in Table 8 are due to the
increased SFC, which is the result of the off-design program
match at lower efficiencies for the high- and low-pressure tur-
bines. The differences between the design-point and off-design-
point program results are illustrated in Figures 13, 14, and 15,
which show the SFC and individual component conditions for
Engines 34, 70, and §8A. These figures show the off-design
performance plotted versus shaft horsepower from full load to 50-
percent load, as calculated by the off-design program and the 50-
percent-load conditions as calculated by the design-point pro-
gram.

The operating lines for each of these engines on their
respective compressor maps are shown in Figure 16. As may
readily be inferred from this figure and as discussed previously,
the performance of these engines is extremely sensitive to the
orientation of the operating line with respect to the compressor
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surge line and the efficiency contours. For example, the oper-
ating line for Engines 34 and 88A are aligned so that they take
maximum advantage of the peak efficiencies over a broad speed
rande, while the line for Engine 70 passes through the peak-
efficiency island into an area of lower efficiency at the part-
power, lower-speed regime. It may be noted that guide vanes
(IGVs) were required for Engine 88A in order to control the loca-
tions of the engine operating line with respect to peak efficien-
cies and to the surge line. 1IGVs were not considered necessary
for Engine 34 since the location of its operating line was satis-
factory.

Cross-section drawings of Engines 34, 70, and 88A were pre-
pared (along with drawings of the alternative configurations dis-
cussed in subsequent paragraphs) in order to facilitate estimates
of weight and cost. The drawings, shown in Figures 17, 18, and
19, show the arrangement of the major components. Note that
engine 34 is shown in the top half of Figure 17, while the bottom
half shows Engine 34A, which incorporates the bypass recuperator
discussed in the following section. Detailed weight and cost
estimates were prepared from these drawings, and the results are
summarized in Table 9 and compared with the results of the pre-
vious analyses.

The results show that the cost of Engine 34A is higher than
70 and 88A, which is surprising as 34A has less turbomachinery.
Actually, the gas turbine portion of 34A is less expensive, but
the recuperator cost is higher. The offsetting cost of the
recuperator is most significant in the case of Engine 88A and is
due to the higher cycle pressure ratio and its effect on heat
exchanger core size,

The FOMs shown in Table 9 are based on Equation (1), defined
earlier, and use the same average values of SFC, weight, and cost
as were used for the 90-engine parametric study. The use of
these average values was arbitrary; any similar values could have
been used. The objective was simply to obtain FOM values near
unity. Of more significance are the relative FOM values since
they indicate the ranking within each group, and for the final
group which includes the refinements of the off-design computer
model and the detailed weight and cost analyses, it is seen that
the relative FOM values are quite close. Although Engine 88A is
the superior engine based on the FOM analysis, Engine 34 was
chosen for preliminary design and evaluation of alternative
configurations, Engine 88A was introduced late in the study
(after engines 34, 70, and 88 were selected for futher analyses)
and was not developed to the degree that Engine 34 was.
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TABLE 9. REGENERATIVE ENGINE ANALYSIS
PARAMETRIC STUDY SUMMARY

ENGINE

STUDY PHASE 34 70 88

90-Engine Design-Point

Parametric Analysis
SFC (LB/HR-HP) 0.415 0.432 0.457
Weight (LB) 155.9 156.3 163.3
Cost (K$) 90385 87728 94467
FOM 0.907 0.922 0.978
Relative FOM 1.000 1.01e 1,078

Off-Design Program Study (88A)
SFC (LB/HR~HP) 0.437 0.443 0.421
Weight (LB) 155.9 156.3 163.3
Cost (K$) 90385 87728 94467
FOM 0.935 G.936 0.932
Relative FOM 1.000 1.001 0.996

Cross-Section Drawing

Analysis (88A)
SFC (LB/HR-HP) 0.437 0.443 0.421
Weight (LB) 179.5 187.3 189.3
Cost (K$) 95004 96786 96511
FOM 0.966 0.984 0.957
Relative FOM 1.000 1.019 0.991
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CONFIGURATION VARIANTS

Several variations on the basic-engine configuration were
examined in order to determine their potential advantages or dis-
advantages. These included:

) Fixed-geometry power turbine
® Low-speed power turbine

) Bypass heat exchanger

° Plate-fin heat exchanger

The first three items are discussed in the following para-
graphs. A discussion of the plate-fin heat exchanger is included
in the detailed discussion of heat exchangers in a subsequent
section.

Fixed Geometry Power Turbine

Since it has been generally established that variable-
geometry power turbine engines will exhibit an advantageous
specific fuel consumption at part-power conditions, the six
engines defined in Table 10 were selected for examination with
fixed-geometry power turbines to determine the magnitude of the
variable power turbine advantage for the regenerative engine
cycles under study. The match conditions for the fixed-geometry
(FG) power turbine engines were essentially the same as those for
the variable-geometry (VG) engines; however, because of leakage
and other secondary effects, the FG power turbine efficiency was
assumed to be slightly higher than that of the VG power turbines.
The full-load power turbine efficiency for the FG engines was set
at 90 percent. The part-load FG power turbine efficiencies were
developed from another encine study. Principal engine parameters
are given in Table 10 for the full load condition.

As expected, the part-load specific fuel consumption of the
FG power turbine engines was significantly higher than that of
the VG power turbine engines, as illustrated in Figure 20.

A further comparison of the FG power turbine engines was
made with the FOM equation used for the 90-engine parametric
analysis. Weights and costs were estimated in the same manner as
for the 90 VG power turbine engines, and the same military attack
mission FOM equation was applied. The results are given in
Table 11 and compared with similar values for the VG power tur-
bine versions of the same engines, These results show a clear
advantage for the VG engines. Even though the VG engines weigh
more than the FG engines, and the costs of the VG engines are
higher, the SFC advantage dominates in the FOM equation.
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TABLE 10. FIXED-GEOMETRY POWER TURBINE ENGINES

Engine Number 5 17 35 41 53 71
Compressor Stages One One One Two Two Two
compressor

Pressure Ratio 7:1 7:1 10:1 7:1 7:1 10:1

Turbine Inlet
Temperature, °F 2100 2300 2300 2100 2300 2300

Heat Exchanger
Effectiveness 0.8 0.8 0.8 0.8 0.8 0.8

Heat Exchanger
Pressure Loss,

AP/P 0.05 0.05 0.05 0.05 0.05 0.05
HP Compressor

Airflow, Lb/Sec 3.47 3.03 2.93 3.33 2.92 2.87
HP Turbine

Pressure Ratio 2.38 2.25 2.92 2.30 2.18 2.86
LP Turbine

Pressure Ratio 2.45 2.59 2.85 2.54 2.67 2.91
HP Compressor

Efficiency 0.770 0.770 0.768 0.800 0.800 0.782
HP Turbine

Efficiency 0.910 0.910 0.895 0.910 0.910 0.895
LP Turbine

Efficiency 0.900 0.900 0.900 0.900 0.900 0.900

OQutput Shaft
Horsepower 500 500 500 500 500 500

Specific Fuel
Consumption,
LB/HR-HP 0.388 0.378 0.384 0.374 0.366 0.377
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Low-Speed Power Turbine

A significant portion of the engine weight is represented by
the main reduction gear train. To eliminate this weight, an
alternative low-pressure turbine configuration was examined,
with the single constraint that the ungeared output shaft speed
remain at 20,000 rpm. The resulting engine configuration,
designated Engine 34C, is shown in Figure 21, This engine con-
figuration has no advantages over the basic Engine 34 as the
comparison in Table 12 indicates. The power-turbine design
requires five stages in order to meet the 20,000-rpm requirement
while maintaining an efficiency level equal to that of the
higher-speed two-stage design. As a result, the weight and cost
are considerably higher than those of Engine 34, and the
resulting FOM is also higher. The alternatives of using three or
four stages were not examined since efficiency would suffer and
SFC would increase, with the results that FOM would be higher.
Accordingly, on the basis of FOM, it was decided that the config-
uration of Engine 34 would be retained.

Bypass Heat Exchanger

Since most of the helicopter engine operation occurs at
approximately 50 percent of intermediate rated power (IRP) with
the resulting relatively lower compressor flow rate, an alterna-
tive configuration heat exchanger sized for the lower-flow rate
offers a potential weight saving, while still providing the
advantage of low SFC. However, at the higher-flow-rate, full-
load condition, this heat exchanger must also have provision for
bypassing some or all of the turbine exhaust gas around the
smaller tube bundle in order to prevent excessive back pressure
on the engine, Further, some compromise must be made in its
design to preclude excessive pressure losses on the cold side
during full-load operation, since the tubes must still carry all
of the full-load compressor discharge airflow.

The configuration examined for this cycle variation is shown
in the bottom half of Figure 17, designated Engine 34A., A com-
parison of the performance and cycle conditions for Engines 34
and 34A is given in Table 13, [This table also shows the weights,
costs and FOM for the two engines.

Several items in Table 13 warrant discussion. A comparison
of the full-load, airflow rates shows in excess of a 6-percent
reduction from the full heat exchanger to the bypass heat-
exchanger configuration. This reduction is accounted for by the
lower pressure loss in the heat exchanger hot side.

As would be expected, the bypass heat exchanger is consider-
ably lighter weight than the full version; however, this is some-
what offset by the slightly increased engine weight due to the
valves required for the bypass feature. The overall result is an
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TABLE 12. LOW-SPEED POWER TURBINE COMPARISON

Engine
34 34C
SFC, lb/hr-hp 0.437 0.437
Weight, 1b 179.5 189.6
Cost, K$ 63.5 68.5
Relative FOM 1.000 1.031

TABLE 13. BYPASS HEAT

Engine Power, shp

EXCHANGER COMPARISON

500 250

Heat Exchanger Type
SFC, lb/hr-hp
Airflow Rate, lb/sec

Heat Exchanger
Effectiveness

Heat Exchanger Pressure Loss,
AP/P
Cold Side
Hot Side

Weight, 1b
Engine
Heat Exchanger
Total

Cost, K$
Engine
Heat Exchanger
Total

Relative Figure of Merit

Full Bypass Full Bypass
0.425 0.523 0.437 0.454
3.26 3.05 1.77 1.80

0.700 -- 0.728 0.700

0.04 0.04 0.032 0.033
0.06 0.01 0.025 0.060

127.0 130.6
52.5 34.6
179.5 165.2

44 .4 44.9
18.6 14.9
63.0 59.8

1.000 0.998




8-percent lower-weight system. It should be noted that the
weight estimate for Engine 34A does not include the additional
weight of the control system required for the bypass feature
since that control system has not been defined.

Cost of the bypass heat exchanger is also lower than the
cost of the full unit. However, the cost of the engine is
slightly higher since the cost of the bypass valves is charged to
the engine. As was noted in the discussion of weight in the pre-
vious paragraph, the cost estimate for Engine 34A does not
include the additional cost of the bypass control system since
that system was not defined.

The relative FOM for Engines 34 and 34A based on the factors
available for this analysis indicate that these systems are
essentially equal. However, with the additional complexity,
weight, and cost of the bypass control system for which the
definition was not within the scope of this study, Engine 34A
would undoubtedly have a higher relative FOM and would be judged
undesirable.
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HEAT-EXCHANGER ANALYSIS

In recent years, recuperators have been applied to several
vehicular applications where the environment is harsh due to the
many start/stop cycles and vibrations. A similar environment can
be expected for the present aircraft applicacic of concern to
this study. As a result of the recent work on vehicular recuper-
ators, sophisticated structural-design techniques and thermal-
analytical procedures have been developed.

Aircraft applications of heat exchangers result in the use
of compact heat-~transfer surfaces to minimize weight and volume.
Not only are the weight and volume important, but the shape of
the heat exchanger must lend itself to packaging. Packaging is
always an important design constraint for aircraft applications
and is one of the major reasons recuperators are not in use on
existing aircraft. Advanced-design procedures in manifolding,
ducting, and core fluid interface arrangements have been used in
this study to aid in the packaging investigation. An essential
feature of such an investigation is close coordination between
the engine and recuperator designs to ensure efficient packaging.

CANDIDATE RECUPERATOR TYPES

There are two main types of heat exchangers currently being
used as recuperators for gas turbine engine applications. One is
the fixed-boundary recuperator, which is often referred to as a
conventional direct-transfer heat exchanger, in which the
compressor-discharge air and turbine exhaust gas exchange thermal
energy directly through, and are separated by, the heat transfer
surface itself. The other type is a periodic-flow recuperator,
like the common Ljungstrom air preheater, in which the heat is
alternately absorbed and rejected by a mass of material that
rotates through fixed fluid streams, and is exposed periodically
to the high-temperature gas and low-temperature air.

The periodic or rotary regenerator is well suited to low
pressure ratio turbine engines. For operation at pressure ratios
above approximately 6:1, however, these devices suffer from
excegssive wear and leakage of the seals between the high and low
pressure gas streams. For this reason the rotary regenerator was
not considered as a candidate for the present study where the
high-performance engines of interest operate at pressure ratios
above 6:1. The study was therefore limited to fixed-boundary
recuperators.

FLOW-PATH CONFIGURATIONS

Among the fixed-boundary heat exchangers, two design con-
cepts are most promising for the present application. These are
the plate-fin and the tubular construction. For each of these
concepts, a wide range of flow-arrangement options is available.
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The choice of a particular combination of hot and cold flow paths
depends largely on the desired thermal performance, on the turbo-
machinery interface, and on the packaging envelope. These will
be summarized here in light of present performance levels and
packaging requirements.

The two, basic-flow configurations considered in the study
are crossflow and counterflow. As shown in Figure 22, these con-
figurations can be combined into a number of passes to form more
complex yet efficient flow arrangements. A number of these can
be initially eliminated because of packaging restrictions. The
recuperator hcs to occupy an annular space, having the turbine
exhaust diffuser boundary at its inner diameter.

The most practical tubular flow configuration satisfying
this requirement is the annular cross-counterflow design, with
the tubes oriented in the direction of the turbine exhaust dif-
fuser axis. Figqure 23 gives an example of this configuration.
An alternate approach consists of a circumferentially-arranged,
cross-counterflow tubular unit. In the latter, the tube axes are
oriented in a circumferential direction. The recuperator is
split into a number of modules, which are arranged around the
periphery of the annular space downstream of the turbine exhaust
diffuser. Figure 24 is an example of this flow arrangement.

Selection of one arrangement in place of the other depends
on the pressure-drop-split requirements between the exhaust gas
and the high-pressure air circuits. As this split is varied, the
tubular heat-exchanger configuration and size also vary. Thus,
the design of the heat exchanger involves an iterative interac-
tion with the engine thermodynamic cycle as well as with the
engine-flow geometry. For the range of parameters for the
present application, the annular configuration was selected.
This configuration, shown in Figure 23, simplifies the manifold-
ing and ducting, and costs less than the circumferential tube
arrangement.

The above statements are also true for plate-fin recuper-
ators, although these are characteristically less sensitive to
pressure-drop split. Past studies of plate-fin recuperators
applied to gas turbine engines with cycles within the range of
the present application have shown that crossflow and counterflow
units have the same weight for effectiveness levels, around 0.70.
For effectiveness levels above this value, the counterflow con-
figuration has a lower weight for the same packaging envelope.
For this reason, crossflow plate-fin units were not considered in
this study. Because of the flow arrangement inherent in the
counterflow concept, a counterflow unit is difficult to package
into an annular space. It must be divided into a number of mod-
ules, which increases the complexity of the installation. As
shown subsequently, plate-fin designs are not competitive weight-
wise with tubular designs for the present application, and their
study was therefore not emphasized.
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Figure 22. Possible Recuperator Flow Configurations.
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Figure 23. T-53 Gas Turbine Engine Recuperator.
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Figure 24. T-78 Recuperator.
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The two heat-exchanger concepts most likely to succeed for
aircraft recuperator applications are the plate-fin and tubular
construction. Figure 25 shows the heat-transfer surfaces
typically used for each heat-exchanger type. Figures 26 and 27
are examples of tubular and plate-fin recuperator cores. The
tubular unit shown in Figure 26 uses ring-dimpled tubes to
increase the heat-transfer coefficient on the inside of the
tubes. The plate-fin unit shown in Figure 27 uses very compact
offset fins (37 fins per inch) on the air side for the same pur-
pose. The units are typical of the type of design for the present
applications.

For a fixed set of gas and air inlet conditions and allow-
able pressure drops, the effectiveness of the recuperator is the
major performance parameter that influences the size and weight
of the recuperator. The definition of effectiveness is given in
Figure 28. For the present application, the optimum overall
engine cycle can be expected to be in the effectiveness range of
0.7 to 0.8, In this range, tubular recuperators tend to be
lighter than corresponding plate-fin units. Their lower weight
is partly due to the simplicity of construction and partly to the
excellent inherent pressure-containment characteristics associ-
ated with tubes. With high-pressure differentials present
between hot and cold fluids in the recuperator, the high-pressure
fluid can be made to flow inside a small diameter tube bundle
while the low-pressure gas flows outside. In this way, full
advantage is taken of the pressure-containment capability of the
tubes while keeping the weight of the external shell low. Fur-
thermore, because of their configuration, tubular heat exchangers
can be readily packaged into an annular envelope with efficient
use of space inside that envelope.

However, tubular heat-exchanger-design concepts, while sim-
pler than their plate-fin counterparts, are less compact from a
heat-transfer surface viewpoint. Al though the tubes can be
arranged in a staggered pattern for better heat transfer, and
their spacing and diameter varied to suit design requirements,
tubular units are not as flexible as plate-fin units in their
geometry. The main disadvantage of tubular designs is the poor
internal heat-transfer coefficient because of boundary-layer
buildup. This can be alleviated in part by the use of ring-
dimpled tubes. This causes a breakup of the boundary layer on
the tube walls giving improved heat transfer. However, it also
exacts a penalty in terms of pressure drop. Also, addition of
external fins to the tubes seldom results in a smaller, lighter
recuperator because the heat transfer coefficient inside the
tubes controls the design. Thus, essentially the same surface
area is available on the air and gas sides of the core.
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Figure 25. Heat Transfer Surfaces.
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Figure 28. Recuperated Engine Cycle.
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In the plate-fin recuperator construction, the hot and cold
fluids are separated by parallel plates. Heat transfer in the
fluid passages is enhanced by the presence of fins attached
between the plates. Because passage height and fin geometry can
be varied independently for the two fluids, there is considerable
flexibility in the heat-—-exchanger design geometry. Near optimum
designs with high compactness and balanced heat-transfer conduc-
tances can thus be achieved.

However, because of the flow arrangement inherent in the
plate-fin concept, additional minimum requirements are placed on
the heat-exchanger size. Thus, flow distribution and pressure-
drop requirements dictate a minimum size for the ducting and
manifolds leading the ho. and cold fluids in and out of the core.
Additionally, structural considerations impose minimum-flow
length and core-aspect-ratio restrictions. These also affect the
recuperator size adversely from a cylindrical packaging view-
point.

Figure 29 is a comparison of plate-fin and tubular recuper-
ator weight as a function of air-side effectiveness for engine
condition numbers 34 and 36. The units of each type have been
optimized to minimize their respective weights. At the lower end
of the effectiveness range, the weight advantage of the tubular
unit is nearly 2 to 1. Though this weight advantage decreases at
higher effectiveness, on the basis of weight the tubular concept
is clearly the best choice. For this reason, plate-fin units
were not considered in the major part of the parametric studies
conducted in this program. Spot checks were made, however, to
ensure that the plate-fin design was not overlooked as a good
candidate design.

TUBULAR DESIGN PARAMETERS

Based on experience with other aircraft reCUperatorsl’3, the
range of tubular-design parameters to be investigated in this
study can be reduced to those given in Table 14. Then by para-
metric evaluation of recuperator designs over the range of para-
meters indicated in Table 14, the best set of design parameters
can be selected. The parametric evaluation was limited to plain
tube and ring-dimpled tubes with the tube bundle arrangements
shown in Figure 30. Though other tube configurations such as
spiral tubes could be included in the program, these are not
expected to survive the vibration environment.

3'McDonald, Colin F., "Study of a Lightweight Integral Regener-

ative Gas Turbine For High Performance", USAAVLABS Technical
Report 70-39, Fort Eustis, Virginia: US Army Aviation Materiel
Laboratories, 1970; AD877464.
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TABLE 14. TUBULAR RECUPERATOR DESIGN PARAMETER RANGES

Tube Diameter 0.1 to 0.2 inch

Gas Stream Pressure Loss 20 to 80 percent
of total AP/P

Air Manifold Pressure Loss Allowance 5 to 20 percent
of total AP/P

Tube Ring Dimple Geometry (4) 0.03 to 0.08 and
plain tube

Tube Module Arrangement 1.25 to 2.0

Transverse Spacing tube diameter
Longitudinal Spacing Tube OD

Figure 31 gives the influence of the ring-dimple geometry as
compared with plain tubes. This evaluation was conducted using
an average engine design problem statement (Engine No. 75)--
similar results can be expected for the other engines covered by
this study. Several design characteristics become apparent upon
review of Figure 31l. The ring-dimple tubes give lighter weight
recuperators with shorter overall length; the short tube length
is beneficial to overall engine C.G. balance. The number of
tubes and the core diameter both increase as the dimples get
deeper. The number of tubes is an important cost consideration
where the cost increases with the number of tubes. At a i (see
Figure 30) of 0.05, a near minimum weight is obtained with a
reasonable tube count and short overall length.

Figure 32 gives the influence of tube diameter and pressure
drop on core diameter, tube length, number of tubes, and tube
weight. Here it is shown that smaller tube sizes result in
lighter recuperators; however, as the tube size decreases, the
number of tubes increases. A realistic choice of tube size is
0.125~in. OD, where a lightweight design is achieved at a reason-
able tube count. Figure 32 also shows that the optimum weightwise
pressure-drop split between the gas and air sides of the recuper-
ator is around 60 percent of the total aAP/P for the gas side
(i.e., 60 percent of the total allowable of 5 percent for 3 per-
cent on the gas side).

Figure 33 gives the influence of the ratio of transverse
tube spacing to tube OD on the major design characteristics of
the recuperator. For ratios below 1.5, there is a drastic change
in the core diameters due to the restricted gas-flow area over
the tubes. At ratios over 1.5, there is a great deal of la:itude
in selecting the tube spacing.
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Based on the results of the parametric study represented in
Figures 30 through 33, the parameters given in Table 15 were
selected for use in developing recuperator designs for the 90
engines that were evaluated in this study. The choice of each
parameter is based on obtaining a low-weight design that is cost
effective with respect to its fabrication.

PARAMETRIC STUDY

(a)

(b)

Preliminary Screening - From the previous discussion,
the basic heat-exchanger configuration of a tubular
two-pass cross counterflow and the tubular heat-
transfer geometry given in Table 15 were selected for
the parametric study. The parametric study covered 90
engines in a preliminary screening process. To facili-
tate the work, the engines were divided into 18 groups
based on recuperator effectiveness, recuperator AP/P
and cycle pressure ratio. The values of these param-
eters are given in Table 16. Each group consisted of
engines for three turbine-inlet temperatures and one or
two compressor stages, with two-stage compressors only
for the pressure ratio of 13.

Within each group of engines, a recuperator was
designed for flow rates in the middle of the ranges.
Recuperator weights could then be obtained for other
engines in the same group by linearly scaling with flow
rate. The other recuperator characteristics such as
tube length, diameters, and number of tubes were based
on the scaled weights. The results of this preliminary
screening study yielded the recuperator characteris-
tics given in Tables 17 and 18. This data was pro-
vided to the engine study for a selection of the most
promising engine cycles.

Off-Design Performance - To aid in the screening
process, off-design performance data was also gener-
ated. Pressure-drop performance of specific recuper-
ators can be obtained by similarity to the pressure-
drop characteristics of flow through and across tube
banks. This allows the use of a simplified process to
accurately estimate the off-design pressure drop of the
tubular recuperators. The solid lines in Figure 34
represent the hot- and cold-side pressure drop of a
specific recuperator (i.e., that designed for the
fixed-geometry Engine No. 17). To estimate the pres-
sure drop of other recuperators, it is only necessary
to calculate the full-power corrected flow (W 0 )
defined in Figure 34 and draw a line parallel tg §§e
appropriate solid line. The dashed lines represent an
example calculation giving the pressure drop of both
the gas and air sides of a candidate design.
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TABLE 15. SELECTED PARAMETER VALUES

Tube Diameter

Pressure Drop Used on
Gas Stream

Air Manifold Pressure
Loss Allowance

Tube Ring Dimple Geometry, ¥

Tube Bundle Arrangement

0.125 inch

60 percent of
total AP/P

5 percent of
total ApP/P

0.05

Varied for each
recuperator design

TABLE 16. 500-HP ENGINE TUBULAR RECUPERATOR DESIGN STUDY

Divide 90 engines into 18 groups based on combinations

of:
3 Recuperator effectiveness
2 Recuperator AP/P

3 Cycle Pressure Ratio

0.6, 0.7, 0.8

5%, 10%

7, 10, 13

TABLE 17. SCREENING STUDY RESULTS

For Each Engine, Supplied

Range

Tube Weight
Overall Weight
Tube Length
Overall Length
Outer Diameter
Inner Diameter
Cost

Number of Tubes

78

15.5 - 96 1b
28.7 - 178 1b
5.3 - 18.1 in.
7.1 - 20.4 in.
12.5 - 27.4 in.
7.3 - 23.9 in.
12 - 50K §

2704 - 9632




TABLE 18. PRELIMINARY RECUPERATOR CHARACTERISTICS

cngne | serigne T orratt T eore Tore [ secaine T overalt o, o
No. 1b 1b in, | in, in. in., | Tubes
1 25.0 w6.2 | 7+ | 7 5.3 7.1 6408
2 20.8 38.5 | 8+ | 8 5.7 7.7 4950
3 bh.1 81.6 | 9+ | 9 7.8 9.7 7608
4 37.0 68.4 |10+ |10 8.4 10.6 5926
5 89.8 166.2 | 47+ | 47 12.8 15.2 9488
6 73.8 136.5 | 48+ | 48 13.5 16.2 7356
7 23.3 43.1 | 27.4 | 23.9 5.3 7.1 5984
8 19.4 35.9 |19.6 | 15.7 5.7 7.7 4612
9 .2 76.2 | 26.4 | 22.5 7.8 9.7 7106
10 34.5 63.8 | 19.1 | 14.7 8.4 10.6 5526
n 84.0 155.4 | 47+ | 47 12.8 15.2 8870
12 68.8 127.3 | 48+ | 48 13.5 16.2 6860
13 21.9 4.5 | 7- | 7 5.3 7.1 5626
14 18.2 33.7 | 8- 5.7 7.7 4332
15 38.7 n.ag | 9 | 9 7.8 9.7 6680
16 32.4 59.9 | 10- | 10 8.4 10.6 5186
17 79.0 we.1 | u7- | 47 12.8 15.2 8340
18 64.6 119.6 | 48- | 48 13.5 16.2 bbb
19 22.1 4.9 |25+ |25 6.5 8.1 4698
20 18.4 34.0 |26+ | 26 6.9 8.3 3606
21 38.7 7.5 |27+ | 27 9.3 1.1 5610
22 32.2 59.5 |28+ | 28 10.0 1.6 4324
23 77.2 142.9 |65+ | 65 15.0 17.2 6962
24 63.5 117.5 |66+ | 66 16.0 18.5 5362
25 20.5 37.9 |21.5 | 18.3 6.5 8.1 4358
26 17.0 31.5 | 17.7 | 15.0 6.9 8.3 3340
27 35.9 66.4 |21.1 | 17.5 9.3 1.1 5210
28 29.8 55.1 | 17.5 | 14.3 10.0 1.6 1006
} 29 71.7 132.7 |65+ | 65 15.0 17.2 6464
30 58.9 109.0 |66+ | 66 16.0 18.5 4970




TABLE 18. Continued.

Engine Straight Ov?rall Core | Core Stralght Overall No. of
No. Tube Wt., Weight, 9D, !D, Tube Length, Lquth, Tubes
b Ib in. in. in. in.

31 20.7 38.4 25- 25 6.5 8.1 hio
32 15.9 29.4 26- 26 6.9 8.3 3120
33 33.6 62.2 27- 27 9.3 1.1 4876
34 27.9 51.6 28- 28 10.0 11.6 3746
35 67.1 124.2 65- 65 15.0 17.2 6050
36 55.0 101.8 66- 66 16.0 18.5 Leh4
37 23.9 44.3 7+ 7 5.3 7.1 6146
38 19.9 36.9 8+ 8 5.7 7.7 k738
39 42.3 78.2 9+ 9 7.8 9.7 7292
40 35.4 65.5 10+ 10 8.4 10.6 5670
] 86.2 159.4 47+ 47 12.8 15.2 9102
42 70.5 130.5 48+ 48 13.5 16.2 7034
43 22.4 hi.s 7- 7 5.3 7.1 5756
Ly 18.6 34.5 8- 8 5.7 7.7 L428
45 39.6 73.3 9- 7.8 9.7 6836
L6 33.1 61.2 10- 10 8.4 10.6 5302
47 80.7 149.3 24,1 19.2 12.8 15.2 8524
48 66.0 122.1 17.7 { 12. 13.5 16.2 6582
ha 210 39.1 7- 7 5.3 7.1 5426

50 17.5 32.5 8- 8 5.7 7.7 k7o |
51 37.4 69.1 9- 9 7.8 9.7 6442
52 31.2 57.7 10~ 10 8.4 10.6 4992
53 76.1 140.8 47- 47 12.8 15.2 8042
54 62.2 115.0 48- " 48 13.5 16.2 6198
55 21.5 39.8 25+ 25 6.5 8.1 4578
56 17.9 33.1 26+ 26 6.9 8.3 3510
57 37.7 69.8 27+ 27 9.3 1.1 5472
58 31.3 58.0 28+ 28 10.0 11.6 4210
59 75.3 139.2 65+ 65 15.0 17.2 6784
60 61.9 14,4 66+ 66 16.0 18.5 5220
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TABLE 18. Continued.

gioe [sizaigne Tovrat Toeore Teare T siriane T ovmrat Ty o
: 1b 1b in, | in. n. in.
61 20.0 37.1 | 25- | 25 6.5 8.1 4258
62 16.6 30.7 | 26- | 26 6.9 8.3 3258
63 35.1 64.8 | 27- | 27 9.3 1.1 5086
64 29.1 53.8 | 28- | 28 10.0 1.6 3908
65 70.0 129.5 | 19.7 | 15.2 15.0 17.2 6310
66 57.6 106.6 | 14.5 | 9.5 16.0 18.5 4862
67 18.8 4.7 | 25- |25 6.5 8.1 3990
68 15.5 28.7 | 26- |26 6.9 8.3 3050
69 32.9 60.8 | 27- | 27 9.3 1.1 4772
70 27.2 50.4 | 28- | 28 10.0 1.6 3658
7 65.7 121.5 | 65- | 65 15.0 17.2 5920
72 53.8 39.5 | 66- | 66 16.0 18.5 4540
73 22 .4 m.as | 79+ | 79 7.3 8.8 126
74 18.8 34.7 | 8o+ | 80 8.0 9.3 3176
75 18.6 715 | 81+ | 8 10.6 12.3 4908
4 76 32.3 59.7 | 82+ | 82 1.5 13.0 3786
77 76.6 141.6 | 83+ | 83 16.9 19.0 6116
78 63.6 117.6 | 84+ | 84 18.1 20.4 4720
79 20.6 38.1 | 19.6 | 16.5 7.3 8.8 3794
80 17.2 31.8 | 16.1 | 13.5 8.0 9.3 2914
81 35.5 65.7 | 19.4 | 15.9 10.5 12.3 4518
82 29.6 54.8 | 16.0 | 13.0 1.5 13.0 3474
83 70.4 130.2 | 18.6 | 14.4 16.9 19.0 5624
84 58.3 107.9 | 13.7 | 9.0 18.1 20.4 4330
85 19.1 35.4 | 79- |79 7.3 8.8 3526
86 16.0 29.5 | 80- | 80 8.0 9.3 270k
87 33.0 61.0 | 81- | 8 10.6 12.3 4198
88 27.5 50.8 | 82- |82 1.5 13.0 3226
89 65.5 121.2 | 83- | 83 16.9 19.0 5232
90 54 .1 100.1 | 84 | 84 18.1 20.4 4020
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Figure 34. Estimated Off-Design Pressure Drop, 500 HP
Engine Recuperator (AP/PT = 5%).

82




Typical off-design thermal performance of tubular
recuperators is given in Fiqure 35. Here, the effec-
tiveness of recuperators for three engines is given as
a function of the ratio of actual flow to the design
flow. For these data, the ratio of hot-to-cold flow
was held constant and equal to that at full power.

Figure 35 shows a characteristic inherent of two-pass cross-
counterflow tubular units; the effectiveness does not greatly
increase at reduced flow. This can influence the fuel savings at
part power settings. For comparison, Figure 36 represents the
effectiveness of a counterflow plate-fin unit designed for Engine
36. Here it is seen that the effectiveness is significantly
higher at reduced flow. Thus, though plate-fin units are heavier
than their tubular counterparts, they have better off-design per-
formance at part-power-flow rates.

WEIGHT MODEL

Detail weight analysis of tubular heat exchangers is a
tedious process, requiring considerable time. For parametric
analyses, it is impractical to perform detail weight calcula-
tions. Fortunately, reasonably accurate weights of tubular units
can be obtained by using a wrap-up factor obtained by taking the
ratio of total unit weight to tube weight for heat exchangers of
similar construction. The DC-10 precooler unit presently in pro-
duction is similar to the present recuperators and was used as
the basis for the wrap-up factor used in the parametric. The
resulting wrap-up factor is 1.85 which includes the following:

°® Tube weight based on computer calculations for 0.007-in.
wall thickness tubing
° Total weight based on "Wrap-up" factor for DC-10 precooler
s Wrap-up Includes Dues Not Include
r Egg-crate headers (2) Hot gas ducting

tubing for U-bends
Manifolds (2)
Sound suppression baffles
Tube support plates
Anti-fretting ferrules
Side plates
Bracing

Mounts
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® Total weight = 1.85 x tube weight
COST MODEL

For the parametric analysis, a cost model was developed to
allow comparisons between the recuperators for the various
engines. This model includes the cost elements 1listed in
Table 19. The model is expressed in terms of material type,
weight, number of tubes, tube length, and a fixed cost. U-tube
construction is assumed in the interest of structural integrity.
The relative-cost model is expressed as:

= L
C = {wM + NT (K, + K, L + Ky INT (§))+ K, }Kg
where:
C = Acquisition Cost
W = Straight tube weight, 1lb
M = Material factor, a function of hot side inlet tempera-
tures
Material of
Inlet Temp, °F Construction M
t; < 1340 347 Stainless Steel 5.96
ti3'1340 Inconel 625 10.43

NT = Number of tubes
Kl through K = Constants

L

Straight tube length

L

INT(%) Rounded integer value of ry

The unit cost from this model is based on a production rate of 300
units per year. The use of this model should be limited to com-
parisons rather than absolute cost evaluations.

REFINED RECUPERATOR DESIGNS

Following the parametric study, the recuperator designs were
refined for the more promising engine cycles. The basic design
data for the recuperators is given in Table 20. This data was
provided to the engine study to aid in the final engine selection
for the Phase 2 effort.




o

TABLE 19. TUBULAR HEAT EXCHANGER COST MODEL ELEMENTS

Component Basis
Tubing Weight and material
Dimpling Length

Balance of material
Support plates
Drill
Ferrules

Install ferrules

Headers

Drill

Install egg crate
Stacking
Final assembly
Acceptance test

Ship

Cost per plate
is function of
No. tubes

Weight and material

No. of plates
is function of
tube length

Per hole
Per hole

Per tube

Fixed cost per
heat exchanger

Profit G & A etc., based on sales to U.S. Army
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TABLE 20. REFINED RECUPERATOR DESIGN CHARACTERISTICS

Design Overall Core Core Overall

Engine Engine Gas Flow, Weight, oD, ID, Length,
Number Geometry 1b/sec 1b in. in. in.
34 Variable LPT 3.212 52.5 14,1 8.7 12.0
70 Variable LPT 3.137 51.3 13.9 8.5 12.0

88A  Variable LPT

& IGV 3.264 49.6 12.5 7.3 13.2
*34A Variable LPT 1.801 34.6 13.5 9.0 9.0
5 Fixed 3.508 178.2 22.3 15.5 16.9
17 Fixed 3.070 140.0 20.5 14.3 15.7
35 Fixed 2.969 115.6 l16.6 10.9 17.4
41 Fixed 3.366 170.6 21.5 14.6 16.9
53 Fixed 2.961 134.7 19.8 13.6 15.7
71 Fixed 2.905 113.0 16.2 10.6 17.4

*Bypassed recuperator

PLATE-FIN CHARACTERISTICS FOR ENGINE NO. 36

To provide comparative data between plate-fin and tubular
units, the detail characteristics of a plate-fin unit designed
for the conditions of Engine 36 are presented here. This plate-
fin unit consists of six modules; the individual module config-
uration is shown in Figure 37. The detail characteristics are
given in Table 21, which also includes the characteristics of a
plate-fin design for engine No. 34. The modules are counterflow
with triangular end sections as shown. Six modules are required
per engine; these are arranged around the diffuser in an annular
package. The air side employs very compact offset fins (37 fins
per inch); the gas side also uses offset fins with a fin count of
22 fins per inch. These are the same fins used in the GT601
recuperator and are near optimum weightwise for this application.
The unit weight is 138 pounds compared with 102 pounds for its
tubular counterpart.
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Figure 37, Plate-Fin Module Configuration for Engine 36.

TABLE 21. PLATE-FIN CHARACTERISTICS FOR
ENGINE NOS. 34 AND 36.

Effectiveness 0.7 0.8
Total AP/P, % 10 10
Engine Number 34 36
Module
width, W, in. 5.3 5.3
Length, L, in. 9.8 10.8
Stack Height, H, in. 8.3 9.7
Weight, 1b 17 23
Total (6 modules)
Weight, 1b 102 138

Weight is based on stainless steel

The thermal performance of the unit is given in Figure 38.
This figure shows the superior off-design performance of the
plate-fin unit at reduced flows compared to its tubular counter-
part. This performance characteristic can result in fuel savings
for the plate-fin unit at part-power conditions. The off-design
pressure-drop characteristics for the air- and gas-side fluid
passages of the unit are given in Figure 39,
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Figure 39. Estimated Off-Design Pressure Dro p
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MOST PROMISING CYCLE PRELIMINARY DESIGN

A preliminary design of Engine 34 was performed to define
engine and heat-exchanger configurations more representative
of production designs, to specify component materials, to define
weight and cost, and to prepare performance estimates for sea-
level and cruise conditions.

ENGINE DEFINITION

The overall dimensions and center of gravity of the engine
are shown in Figure 40, and the cycle parameters are given on
Table 22. This design is essentially unchanged from that shown
for Engine 34 in Figure 17. The aeromechanical design incor-
porates an inlet particle separator that includes an engine-
driven scavenge blower for the bypass air, a spur gear set
to reduce the 30,000-rpm power-turbine speed to an output-shaft
speed of 20,000 rpm, a top-mounted accessory gearbox on which
a starter-generator and the fuel-control package are mounted,
a 10:1 pressure ratio centrifugal compressor based on a design
currently under development at AiResearch for the Applied Tech-
nology Laboratory (ATL), a reverse-flow annular combustor developed
by AiResearch under ATL sponsorship, a laminated, cooled, radial,
high-pressure turbine also under development at AiResearch
for ATL, a two-stage axial power turbine that incorporates
a variable-geometry first-stage stator, and a tubular two-pass
cross-counterflow heat exchanger that provides for recuperation
of thermal energy from the engine exhaust to the combustor
inlet air. The principal difference between the design shown
in Figure 40 and that of Figure 17 is in the configuration
of the heat exchanger and its attachment to the engine. The
heat exchanger U-tube radii were increased for improved manufac-
turability, and bellows were incorporated in the ducts that
connect the heat exchanger and the engine to allow for thermal
growth between the engine and the heat exchanger. A more
detailed description of the heat exchanger is given in the fol-
lowing section.

The materials selected for the principal engine components
are lis