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Abstract

Small aircraft engines traditionally have poorer performance compared to larger engines,
which until recently, has been a factor that outweighed the aerodynamic benefits of com-
moditized and distributed propulsion. Improvements in the performance of small engines
have, however, prompted another look at this old concept.

This thesis examines aspects of aircraft engines that may have application to commod-
ity thrust or distributed propulsion applications. Trends of engine performance with size
and time are investigated. These trends are further extended to justify parameter choices
for conceptual engines of the current, mid-term (10 years) and far-term (20 years). Unin-
stalled and installed performances are evaluated for these engines, and parametric studies
are performed to determine the most influential and limiting factors.

It is found that scaling down of engines is detrimental to SFC and fuel burn, mainly
due to the Reynolds number effect. The more scaling done, the more prominent the effect.
It is determined that new technology such as higher TIT, OPR and turbomachinery 7,,,’s
for small aircraft engines enable the operation of larger bypass ratios, which is the most
influential parameter to SFC and fuel burn. The increase of bypass ratio up to a value of 8
is found to be effective for such improvement. SFC decrease from the current to mid-term
model is found to be ~20% and ~9% from mid-term to far-term. Range and endurance
improvements are found to be ~30% and ~10% respectively for the mission examined.
Finally, the mid-term engine model has performance comparable to that of a current, larger
state-of-the-art engine, thus suggesting that improvement in small gas turbine technology
in the next 10 years will make the application of commodity thrust or distributed propulsion
an attractive option for future aircraft.

Thesis Supervisor: Alan Epstein
Title: R. C. MacLaurin Professor of Aeronautics and Astronautics
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Chapter 1

Introduction

1.1 Context and Background

Historically, it is considered that for aircraft, the bigger the better [2]. The same applies
for aircraft engines and until recently, the conventional transport aircraft has favored twin-
engine configurations [22]. It is possible however, to distribute the airflows and forces
generated by the propulsive systems to improve the flight vehicle’s aerodynamics, propul-
sive efficiency [36, 18], structural efficiency and/or aeroelasticity. Such a concept can be
more broadly defined as distributed propulsion. It is implemented via an array of many
small engines, rather than a few larger ones. However, smaller engines have poorer perfor-
mance compared to their larger counterparts [6]. As such, it is traditionally viewed that this
observation, along with the complexity, weight and possible impracticality of installation
outweigh the gains associated with distributed propulsion.

Other than aerodynamic benefits, distributed propulsion enables propulsion-enhanced
concepts, circulation control and viscous flow control. Circulation control works by in-
creasing the velocity of the airflow over the leading edge and trailing edge of a wing via
blowing [28]. In the context of distributed propulsion, this can be achieved through the ex-
haust of the propulsive systems if the engines are embedded in the wing (such an example
is studied by Ko et al. [18]). These concepts allow for the blowing and/or suction of airflow
over aerodynamics surfaces to enable boundary layer control, high lift augmentation and

reduced drag [28, 29]. Further, there has been significant improvement in performance of
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small engines [3], largely due to advancement of materials and manufacturing techniques
[26, 6], in recent years. These factors, along with possible cost benefits through economies
of scale, have prompted a re-evaluation of small aircraft engines in the application of com-

modity and distributed thrust.

1.2 Objectives and Outline

An integral part of such a distributed propulsion aircraft is the propulsive system, which is
the focus of this study. This propulsive system is conceptualized as an array of many small
engines (rated at between 1,000 and 10,0001bs). As scaling down of engines affects its per-
formance non-linearly, it is deemed important to detail trends of how engine performance
varies with respect to size. The improvement of small engines with time is also examined
to determine how attractive distributed propulsion is now, and will be in the future.

Chapter 2 details and justifies these trends, of how engines performance varies with
size, and how that has developed over time. More specifically, the chapter evaluates the
relationships between SFC, thrust-weight ratio and, to a lesser extent, fuel burn with size
and time. Loss effects and weight trimming tradeoffs from engine scaling are analyzed.
Economic, reliability, noise and emission implications of distributed propulsion are also
discussed.

The focus of chapter 3 is to determine how developing technology in small aircraft
engines affects the application of commoditized thrust and distributed propulsion. Trends
from chapter 2 are used in chapter 3 to develop conceptual engines for a distributed propul-
sion aircraft for the current, mid-term and far-term. Mid-term and far-term loosely rep-
resent 10 and 20 years from now. The trends from chapter 2 help justify the parameter
choices (such as overall pressure ratio) for the mid-term and far-term engines. The unin-
stalled and installed performance of these model engines are examined to determine the
viability of an ESTOL distributed propulsion aircraft today, and in the future. Further,
parametric studies are performed to single out the most influential and limiting factors on
performance. Finally, a mission for each installed engine model is analyzed to compare

their performance, and hence compare the performance of today’s conceptualized ESTOL
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distributed propulsion aircraft with that of 10 years and 20 years away.
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Chapter 2

Trends of Aircraft Engine Performance

The beginning of this chapter will focus on two important trends for distributed propulsion,
aircraft engine performance as functions of time and size. The latter section will discuss
the remaining trends and also factors invisible to the data points such as the economics of
commodity thrust. Engine data used in this section are predominantly obtained from Jane’s

Aero-engines [1].

2.1 Key Trends for Distributed Propulsion

2.1.1 Performance, Size and Time

The purpose of this research is to evaluate propulsive systems in the application of com-
moditized or distributed propulsion. If distributed propulsion is applied to a Boeing 747
that initially operates four turbofan engines rated at 50,000Ib each, the resulting 200,0001b
of static thrust could hypothetically be divided into 10, 20 or any other number of engines.
While the conceptual design for these smaller engines could be a scale down of the original
engine, the performance of simply scaled down engines would be worse due to a variety of
factors that are discussed in this chapter.

The first trend assessed is the relationship between engine performance and size, the
second between performance and technology available at the time of development. His-

torically, gains in aircraft performance through distributed propulsion were outweighed by
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its complexity and the poor performance of small aircraft engines [6]. Improvement in
performance through time has prompted a revisit of the concept. By reviewing trends of
performance (and other parameters) versus time, one could project a conceptual engine’s
performance and evaluate its value for distributed propulsion. Examples are examined in

chapter 3.

Before these trends can be developed, engine performance, time and size need to be
quantified. Performance can be broadly defined to include thrust to weight ratio, fuel con-
sumption, operability, emissions and noise. The focus of this analysis will be on thrust to
weight ratio and fuel consumption, which are measured by % itself and thrust specific fuel
consumption (SFC) respectively. SFC is defined by equation 2.1, and is inversely propor-
tional to thermal efficiency. In this equation, m; is the fuel mass flow, T is the net thrust,

and 5y, is the thermal efficiency.

mf 1 |
SFC=— ~0(—) 2.1)
T Ntn

Thermal efficiency can be conceptually viewed as the fraction of thermal energy con-
verted into mechanical work. This work is then converted into propulsive work on the
aircraft. The efficiency in which the mechanical work is converted into propulsive work
is called the propulsive efficiency (77,,0p). The multiplication of 77y, and 1,,,, is essentially
the overall efficiency (7,vera, €quation 2.2). Several other efficiencies can be defined (such
as the transmission efficiency), but r,, and 7,,,, are particularly important in the efficiency
discussion of aircraft engines [5]. The focus of studying SFC is on addressing 7,,, which is
the cycle efficiency. Data for 7,,,, is lacking since it also depends on the operating aircraft
flight conditions. As a result, 7,,,, is not studied as a trend but discussed briefly in this

chapter.

Noverall = Nih * ’]prop (22)

The most important output for transport aircraft is fuel burn. Its relationship with engine
and aircraft parameters is demonstrated in the classic Brequet Range Equation (2.3) [5, p.5]

where i, is the flight velocity, ISP is the specific impulse, which is inversely proportional to

20



SFC (equation 2.4), ;L)- is the lift-drag ratio, W, is the takeoff gross weight and W is weight

of fuel burned. g in equation 2.4 is earth’s gravitational acceleration.

L W,
Range = IS P * uy = D *In W, _ng 2.3)
ISP = ! 2.4)
- SFCxg ’

For a given range, a commercial aircraft’s likely mission is to minimize cost per passen-
ger. £ and ug are predominantly governed by the airframe design. The engine contributes
to the equation in the form of cycle efficiency (ISP) and engine weight (part of W,). In this
chapter, SFC is used instead of ISP, and engine weight is non-dimensionalized in the form
of L.

When the relationships between fuel burn, size and time are studied, it can be seen that
other factors, including weight and SFC, affect it, as shown by the range equation. How-
ever, trend analysis in this chapter is limited to two dimensions, which limits the validity
of conclusions drawn in this chapter with regards to fuel burn. A breakdown of fuel burn
into its simpler parts could yield insight into how it may be affected by technology. This

breakdown can be separated into weight, SFC and propulsive efficiency (17,,,,)-

Other parameter choices for this trends analysis are time and size. These are respec-
tively quantified by year of certification and the engine’s rated thrust at sea level static (SLS)
conditions. The quantities more frequently associated with size are volume and mass. Vol-
ume varies greatly with the bypass ratio (BPR), which would provide a false sense of size.
For example, two engines with different BPR’s operating with the same technology (such
as the same turbine inlet temperature (TIT)) may produce the same thrust, but because they
operate at different BPR’s, they would be sized differently and hence their volumes would
be different. As a result, comparison of these engines by volume would not be fair. Mass,
directly related to volume, also varies with BPR and technology. The higher the BPR,
the larger the fan and hence the more casing required to contain blades. With technology,
lighter and more performance-effective material may become available, affecting the den-

sity and volume, and subsequently mass of the engines. Thrust is also dependent on BPR
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but its effects are mitigated by observing the trends for different ranges of BPR’s separately.

Before presenting the trends, it is important to note that they offer insight, but are not
necessarily quantitatively accurate. Factors for this include the mission for which the en-
gine is designed for, the multi-dimensional dependence of parameters, etc. These factors

are discussed in the chapter.

2.1.2 Performance vs. Size
T .
W VS. S1Z¢

In order to analyze % with varying size, some meaningful relationship between the two
must be developed. One approach is to assume that as size of an engine increases, the
length (1) increase is proportional to the fan radius (r) increase. This is a reasonable as-
sumption, considering that engines in general have similar shapes. With this assumption,
that 1 and r are of the same order, it can be deduced that weight increases with the cube of r
(equation 2.5). Thrust on the other hand, increases with the square of the r (equation 2.6).
Combining these relations leads to what is known as the cube-square law, where weight
increases by a factor of -32- faster than thrust with increasing diameter. Theoretically, this
law shows that as thrust of the engine increases, £ should vary by 0(#) (equation 2.7).
Note that in equation 2.5, g is gravitational acceleration, p,,, is the average density of the
engine (irrelevant but included for completeness) and in equation 2.6, my,, is the total mass
flow, V; is the mixed out exhaust velocity, V5 is the fan inlet velocity and p,;, is the density

of air.

W = g * Volume * Density = gnr*lpg,, ~ O(r*) (2.5)

T = Myo * (Vg — V2) = pai, Vo (Vg — V2) ~ O(r) (2.6)
T r 1 1

7 0(;) ~ 0(;) ~ O(ﬁ) 2.7

Figure 2-1 compares this theoretical trend to engine data. While the cube-square law
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TWs sqrt(T)

* .
2P y = 35300
TW~ X(Vsqt(T)
0 : . . : ; : :
0.00 5000 100.00 150,00 20000 25000 300,00 3000 40000

Figure 2-1: % vs. VT: Brown line indicates how % should theoretically vary with VT,
black line indicates power-based trendline for actual data
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predicts that % should be decreasing with increasing engine size (i.e. VT), the figure shows
that the actual -;—, is increasing slightly. This difference can be attributed largely to the fact
that accessory weights do not scale linearly with size [6, p.18]. Furthermore, the relatively
thicker casing (to contain the blades)[6, p.25] and larger combustor [6, p.21] also contribute

to this difference between actual and theoretical trend.

It has been conjectured that the cube-square law may be more accurately characterized
asa % law [6, 16]. However, the observations from figure 2-1 suggest that even this charac-
terization does not describe the data. In addition, the reference to the % law may be outdated

since the cited paper [16] was presented in 1955.

A further explanation is that the mission requirements drive the weight of larger engines
to be proportionately less. Larger engines were, and are developed for applications that
justify higher development costs compared to smaller engines [6, 11]. Therefore, more
resources may have been put into design, expensive materials, and complex manufacturing
techniques such as hollow blades that may not have been an option for small engines due to
cost. The weight of the small engine and thrust density may therefore lag behind its larger
counterpart.

SKFC vs. Size

The SFC is examined at cruise conditions since fuel efficiency matters most at this flight
condition. The data demonstrates that larger engines with higher thrust ratings have lower
cruise SFC compared to smaller engines as shown in figure 2-2. Several factors contribute
to this higher efficiency (lower SFC). A reason for why larger engines have higher overall
pressure ratios (OPR) and lower SFC'’s is that they are designed for such demands even at
the tradeoff expense of increased weight and cost [6, p.16] [11]. In addition, this accumula-
tion of data represents engines intended for many different applications from different era.
A more careful evaluation of the data needs to be done before definitive statements can be

made.
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SFC vs. Cruise Thrust
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Figure 2-2: Cruise SFC vs. SLS Thrust [1]

Turbomachinery’s Scaling Effects on SFC

Smaller engines have larger tip clearances relative to their blade and vane lengths, and
as a result induce higher pressure losses in the flow percentagewise [4, 6]. Similarly, the
boundary layers developed are larger in scale for the smaller engines, meaning viscous
losses are proportionally higher. The Reynolds number effect further contributes to viscous
losses. With shorter chord blades, the Reynolds number of the flow is lower. These lower
Reynolds numbers result in higher drag coefficients [14]. Further, smaller engines suffer
loss in turbomachinery efficiency due to reduced Reynolds numbers from increasing alti-
tude [6, P.18] [12, 14]. Lower Reynolds numbers with laminar flow can also result in tip
clearance losses as high as twice that of high Reynolds number flows [15].

Figure 2-3 depicts the OPR as a function of SLS thrust. It can be seen that OPR in-
creases with increasing size. A major reason for the lower OPR of small engines is the
development cost associated with high OPR’s. Whereas for large engines, higher OPR’s

are selected to achieve a lower SFC, which is worth the tradeoff of higher cost and possibly

25



OPRvs Thrust

1500 T

10.00 ¥

500

000

0 20,000 40,000 60,000 80,000 100,000 120,000
Max. Thrust (Ib)

Figure 2-3: Overall Pressure Ratio vs. SLS Thrust

weight [11]. The Reynolds number effect and boundary layers further contribute to this
OPR differential between large and small engines by inducing greater pressure loss. As a
result of different design motivation, a better comparison between large and small engines

would be pressure rise per compressor stage.

Smaller engines have the disadvantage of limited capability for effective cooling due to
manufacturing, material and cost constraints [6, p.23]. Its ability to achieve higher turbine
inlet temperatures (TIT’s) is affected as a result. The predominant laminar boundary layer
of smaller engines due to the Reynolds number effect also plays a role in limiting the
maximum achievable TIT. A higher TIT allows for higher thermal efficiency though for a
given BPR, propulsive efficiency suffers due to the greater exhaust velocity. While there is
this tradeoff, a more powerful core enables the use of larger fans, which in turn improves

propulsive efficiency [5, p.69].
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A Study of Reynolds Number Effect on Polytropic Efficiency

To quantify the Reynolds number (Re) effect on polytropic efficiency (77,0;,) and SFC, a
study is performed based on the empirical model expressed in equation 2.8 [4, 7, 8]. In
this equation, 7,4, is the polytropic efficiency of the compressor, k is a constant, Re, is the
Reynold number based on chord at the midspan of the compressor, and n is a parameter
dependent on the engine and blade geometry. Typical values for n are between 0.1 and 0.3
[4]; a value of 0.2 is used in this study.

1 — npoty = kRe," 2.8)

For this model, it is assumed that the Reynolds number losses are independent of Mach
number. Concerns regarding the correlation of flow Mach number and Reynolds number
are discussed in [7]. The reference engine used in this study is the CFM56-7B22, for which
a cycle model is developed using GasTurb [25]. The design point is at top-of-climb such
that the OPR, maximum climb thrust and corrected airflow are matched (data obtained from
[1, 9]). It is assumed that the 7,,;’s of the compressors are 0.89, 1,0;,’s of the turbines are
0.90 and the Re, is 1% 10%, which are believed to be representative values for state-of-the-art
engines of this size. With these assumptions, the constant k is determined.

uc

Re, = — 2.9)
1 4

Reynolds number based on chord is defined in equation 2.9. In this equation, u is the
incident flow velocity, c is the chord and v is the kinematic viscosity. It is assumed that
u and v remain constant with the scaling of the engine. Since it is also assumed that the
compressor tip velocity remains constant during scaling, the mid-span velocity of the blade,
and hence u, also stay the same. With v and u constant, Re, is thus linearly correlated to
chord, which means that scaling down of the engine affects Re, linearly. The resulting
COMPIESSOr 7,01, 'S are shown in figure 2-4.

Since scaling up is not considered, the point of highest efficiency is associated with
the CFM56 model. The graph shows that the compressor 17,,;, decreases faster when at

lower Reynold numbers. In other words, the smaller the engine becomes, the more the
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Reynolds Nummber Effect on Compressor Polytropic Efficiency
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Figure 2-4: Reynolds number effect on compressor polytropic efficiency

compressor efficiencies suffer from scaling down.

The effects of Reynolds number on turbomachinery efficiency is taken one step further
by examining the cycle in which these turbomachineries operate. These efficiencies are
adapted into the engine cycle model to reflect Reynolds number effects from scaling down
the CFM56. Note that thus far, the efficiencies estimated are for compressors. For simplic-
ity, the turbines are assumed to follow the same trend as the compressors but with 1.5%
higher polytropic efficiencies. Each of these scaled down models have fan pressure ratios
(FPR) optimized for cruise. The result of this analysis is shown in figure 2-5, which is a
plot of SFC versus Reynolds number. As in the case of 1,,,, the SFC degradation due to
the Reynolds number effect is greatest at low Reynolds numbers. This indicates that losses

in very small engines are dominated by the Reynolds number effects.

So far, the study has been limited to the conceptual scaling of the CFM56. In the appli-
cation of commoditized and distributed propulsion, this concept can be further developed

by implementing the scaled models into a baseline aircraft, such as the Boeing 737. This
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Effect of Reynolds Nummber on SFC
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Figure 2-5: Reynolds number effect on cruise SFC of CFM56 model

case is examined to evaluate the installed performance of scaled engines via parameters

such as fuel burn and range. The Breguet Range equation (2.3) is used for this analysis.

% and u, are constant for each configuration so the insight gained from this study is
how engine weight and cycle efficiency trade off. The weight of the CFM56 is 52161b and
its length is 98.7in. In theory, weight should scale with length cubically, but components
such as accessories, casing and blades do not scaling accordingly [6]. For simplicity, the %
law [6, 16] is adopted for relating weight to thrust when scaling. This is a rough estimate,
especially since earlier in the chapter, data presented raised questions regarding the validity
of this % observation. Recall that the lack of % gain in smaller engines is partly due to the
cost of development [6]. If a transport aircraft, such as one similar to the Boeing 737, is
designed using distributed propulsion, there may be added incentive and funds to develop
this lower % potential of smaller engines. In light of this, it is believed that the % observation
is a realistic goal for the future (if distributed propulsion were to become a priority), and

hence adopted for this study.
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Table 2.1: Baseline Aircraft Parameters: Adaptation of a Boeing 737-600 [10]

Aircraft Empty Weight with Payload (Ib) 88500

Range (nmi) 3000
Cruise Speed (M) 0.785
Cruise Altitude (ft) 35,0001t

The lower thrust from scaling is represented by the decrease in mass flow through the
inlet, which simply varies with the square of the engine length (equation 2.10). This mass
flow is an input to the cycle model, which returns the thrust at cruise for a given scaled-

down model. The % observation is then used to estimate the weight of the engines from

scaling down.

Maot = Pair VaTPgy ~ O(P) (2.10)

By knowing the thrust that each engine produces at takeoff, the number of engines
needed to power the baseline aircraft can be determined. This number is determined by
matching the total takeoff thrust to that of two CFM56 engines (45,400Ib). This method
is a rough estimate, since it assumes that the takeoff thrust required for all configurations
are the same, which is not the case when considering that each engine has a different -v{;
However, a more thorough estimate would require more assumptions, such as ones for the

aircraft takeoff parameters, which would in turn introduce more errors.

The takeoff thrust is calculated in the engine models with the same turbine inlet temper-
ature (TIT). This value is derived from the CFM56 baseline model such that the maximum
takeoff thrust of 22,7001b is achieved.

These scaled engine models are implemented in a baseline aircraft, which is the 737-
600. This aircraft is selected as it operates the CFM56-7B22 engine. The aircraft parame-
ters are depicted in table 2.1. The £ is calibrated such that the CFM56 baseline configura-
tion completes the cruise mission with the initial fuel load specified for the 737 (~464001b)
[10]. This £ is 10.3, which seems a slightly low estimation. The £ of the airplane at cruise
should be more like 15~17. However, this £ is applied for all configurations, and has no

effect on the results for comparing the scaled engine models since it is an aircraft parameter
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Figure 2-6: Initial Fuel Weight vs. Number of Engines

and not an engine one.

Figure 2-6 shows the initial fuel weight as a function of the number of engines. This
initial fuel weight is computed using the range equation (2.3) to satisfy the range of the
baseline aircraft (3000nmi). It can be seen that the fuel weight required increases when
scaling down the engines, thus indicating that the Reynolds number effect on the cycle
efficiency dominates that of the lower weight. As the number of engines increases, this
worse fuel burn tapers, not because the Reynolds number effect becomes less dominant,
but because the number of engines increases disproportionately. Simply stated, doubling
the number of engines when there are only 2 results in 4 engines, but doubling 50 en-
gines results in an absolute increase of 50 engines, thus stretching the x-axis of the graph
disproportionately.

Figure 2-7 depicts a plot of the takeoff gross weight against the number of engines. The
first data point, with 2 engines, is that of the CFM56 model. It can be seen that the first

two iterations, which require 3 and 5 engines, result in a lower takeoff gross weight. This
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Figure 2-7: Aircraft Takeoff Gross Weight vs. Number of Engines

reduced weight indicates that the trimmed weight of the engines from scaling is greater than
the fuel weight increase due to the Reynolds number effect. The goal for scaling however,
is ultimately to lower the fuel burn since this is a commercial transport category aircraft. As
a result, the lower takeoff gross weight achieved is null in this case, but it does indicate that

depending on the mission, lower fuel burn can be achieved through £ gains from scaling.

To demonstrate that for shorter missions, lower fuel burn can be achieved through scal-
ing, a mission for the same baseline aircraft is performed for a target range of 1000nmi.
The empty weight of the aircraft is kept for consistency, i.e. such that the takeoff thrust re-
quired is similar. Further, it is assumed that 5001bs of engine weight trimmed corresponds
to approximately 1% in SFC for a CFM56 class engine flying such a range. The same
analysis is thus performed for this “corrected SFC” approach as a check for the Reynolds
scaling approach. The results for both approaches are shown in figure 2-8. Blue represents
the original model and pink represents the “corrected SFC” model. It can be seen that both

approaches follow the same trend, but diverge as the number of engines increases. The
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Figure 2-8: 1000nmi mission: Reynolds effect analysis and check of Reynolds scaling
approach. Pink represents the ”5001b to 1% SFC” model, blue is the original Reynolds
scaling model applied to the Breguet range equation.
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maximum difference (not necessarily uncertainty, since both approaches are estimates) is
~ 10%, which is reasonable considering the high level nature of both models.

Referring to the original model, there is a slight decrease in initial fuel required by
increasing the number of engines (up to 5 engines). This indicates that for the shorter range
mission of 1,000nmi, the % improvement effect from scaling initially dominates (though
marginally) that of the Reynolds number effect. For significant scaling down, however, it
is clear that the Reynolds number effect negatively impacts the cycle efficiency too much
for - to compensate. If the empty weight of the aircraft is lower, or if missions are even

shorter, the beneficial effects of < from scaling would likely be more prominent.

Comparison of 2 Scaling with 2 Scaling

An examination of % (cube-square) scaling demonstrates the extent to which scaling down
may improve fuel efficiency of an aircraft. Again, such improvement is achieved through
the benefits of increased % outweighing those of the Reynolds number effect. Figure 2-
9 depicts a comparison of cube-square scaling and % scaling for the Boeing 737-class,
3,000nmi mission. It can be seen that with cube-square scaling, the fuel efficiency improves
initially with scaling down of the engine. This beneficial L effect of scaling, however, is
outweighed by the Reynolds number effect beyond 10 engines. For the given mission, it can
be determined that scaling down of the CFM56 can improve overall aircraft fuel efficiency
if 2 scaling is achieved.

An alternative view of - effects from scaling down is its implication on SFC. In this
case, 1% lowered SFC is assumed to be the benefit of every 500lbs engine weight saved
from scaling down. Implications of this are similar to that of analysis already performed: it
is essentially the extent to which SFC deficit due to the Reynolds number effect is balanced
or superseded by the —‘Ti gains from scaling down. Comparison of this method with the
original model are performed and demonstrated in figure 2-8, which was discussed earlier
in this section.

Recall from figure 2-1, data showed that % does not follow the cube-square law. The
argument for this is that low weight and high efficiency is not a high priority for today’s

small aircraft engines. Rather, it is often low cost that is the driver. For larger engines,
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Figure 2-9: A comparison of % scaling and % scaling: Initial fuel weight versus number of
engines for a Boeing 737 class, 3,000nmi mission.

this priority exists, since the associated aircraft and missions demand this low weight and
high performance. The first-order estimation performed in this study demonstrates that
there is opportunity for improvement in fuel efficiency with the application of scaled down
engines. As a result, the missions that currently operate larger engines may have a competi-
tive alternative by using small engines with the application of commoditized and distributed

propulsion. With incentive in place, the cube-square law may be realized.

A factor unaccounted for in this analysis is that the Federal Aviation Regulations (FAR)
requires aircraft with 4 or more engines to produce less thrust for takeoff than 2 engine
aircraft; thus there would be weight savings that would ultimately lead to higher fuel effi-
ciency. Further, the Reynolds number effect estimated in this study is empirically based on
turbomachinery that currently exist. With technology improvements, it is likely that this

effect will be less prominent in the future.
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Figure 2-10: Cruise SFC vs. SLS Thrust for BPR < 4

Table 2.2: Cruise SFC variation with Thrust for different BPR’s

BPR SFC vs. Thrust slope

<4 2.4 %107
4-6 —4.9 %107
> 6 -83%10°
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Figure 2-11: Cruise SFC vs. SLS Thrust for BPR of 4-6

Bypass Ratio’s Effect on SFC

The SFC versus SLS thrust can be broken down into ranges of BPR. Figures 2-10, 2-11,
and 2-12 depict the cruise SFC versus SLS thrust for BPR’s below 4, between 4 and 6,
and over 6 respectively. Like before, cruise SFC is examined because of the importance of
efficiency at cruise (compared to takeoff). SLS thrust is used instead of cruise thrust since
it is the reference for sizing the engine throughout this chapter.

The slopes of these graphs represent the rate of change of cruise SFC with size (ta-
ble 2.2). The decrease in SFC with increasing thrust is doubled from a sub-4 BPR to a
midrange BPR of 4-6, and then a further factor of 1.6 for higher BPR’s, thus indicating that
having larger engines is more beneficial for higher BPR’s. It has to be noted howeyver, that
the comparisons are of engines that vary in design dates and uses.

Due to the uncertainty associated with the data, the theoretical effects of BPR is exam-
ined in figure 2-13 [5, p.50]. The curves depicted in the figure assume ideal BPR, which is

considerably different than ones chosen for real engines. Nonetheless, trends can be drawn
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Figure 2-13: Effect of BPR on specific impulse and thrust per unit mass flow at flight
conditions of 6, = 7.5 and M, = 0.8, [5, p.50]
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Figure 2-14: SFC vs. Year of Certification for all engines

from such a case to demonstrate its theoretical effects. With a fixed Mach number of 0.8
and TIT-atmospheric temperature ratio (0,) of 7.5, the effect of BPR on specific impulse
(ISP) and thrust per unit mass flow is plotted. ISP is inversely proportional to SFC, so an
increase of ISP can be viewed as an equivalent decrease of SFC. With higher BPR’s, it can
be seen that ISP increases but with a diminishing gradient, indicating that efficiency gains
from increasing BPR is most significant in the lower BPR range. Further, the thrust per
unit mass decreases dramatically with increasing BPR in a tapered manner. This decrease
in thrust per unit mass implies that a proportional increase in total SLS thrust would require
a much bigger engine for higher BPR’s. In other words, thrust increase from scaling an en-
gine is not linear, but depends on BPR. The extra gain in size leads to gains in performance
through size effects, which can account for much of the steeper SFC vs. thrust slopes of

larger BPR’s in table 2.2.
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Figure 2-15: SFC vs. Year of Certification for engines with SLS thrust under 150001b

Table 2.3: Cruise SFC vs. Year slopes segmented by thrust rating

Thrust  SFC vs. Year slope Relative improvement compared to average

All —8.4%x1073 =
< 150001b -9.2x%1073 +9.5%
> 150001b ~7.6%1073 -9.5%
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Figure 2-16: SFC vs. Year of Certification for engines with SLS thrust over 150001b

2.1.3 Performance vs. Time

SFC vs. Time

As expected, smaller engines have poorer cycle efficiency, but it is important to realize how
much worse and how that has changed over time. Figure 2-14 demonstrates the overall
improvement of SFC with time. For engines of a very similar class, SFC has improved by
about 1.5% per year over the last 20 years. Of interest to the distributed propulsion con-
figuration are the smaller engines. By segmenting the data, improvement of engines with
SLS thrust of less than 15000Ib can be compared with those with more than 15000Ib. Fig-
ures 2-15 and 2-16 represent these SFC timelines respectively. The slopes of these graphs
demonstrate the rate at which SFC decreases over time. Table 2.3 depicts this improvement
rate against the average (all engines). While the table indicates that smaller (sub-150001b
thrust) engines are improving faster, the uncertainty is too high to reach this conclusion.

The results do demonstrate that the SFC improvement with time is at least similar for en-
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Figure 2-17: % vs. Year of Certification for all engines

gines of different sizes.

Another consideration with time is that more powerful cores are being produced. This
is due to improvement in manufacturing techniques, material and other design advances
such as cooling technology [3]. For smaller engines, a higher BPR can now be operated
since the smaller, but more energy-dense cores can generate the power to drive the larger
fan. Referring back to figure 2-13, the largest gains in ISP from increasing BPR are at
small BPR’s, especially up to about 8. Gains taper off significantly thereafter. Currently,
the upper bound of BPR for engines under 15000Ib SLS thrust is 6.2, and for engines
under 40001b the cap is 4.0 [1]. Thus there is room for improvement for SFC by increasing
the operating BPR. For example, if an old core that powered a fan with BPR of 4.0 is
adapted with new technology and is now able to power a fan with BPR of 8.0, the SFC
improvement is approximately 40% all else being equal. However, all else is not equal
such as the decrease of thrust density from increasing BPR; such tradeoffs are discussed in

the next chapter.
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w VS Time

Figure 2-17 shows that the trend for ;TV— is improving with time. This improvement can be
segmented into the thrust aspect and the weight aspect. The thrust improvement is due to
the same reasons as the improvement in SFC. The decrease in weight of newer engines can
be attributed in part to improved engine efficiency, however the more significant factor is
likely to be the advancement of materials technology that allowed for lighter blades/vanes
and casing. There is no indication that smaller engines are improving at a different rate

compared to larger engines.

Propulsive Efficiency

. Mprop Can be defined by equation (2.11) [5, p.3] where my,, is the inlet mass flow and exhaust
mass flow (since bleed and fuel flow are neglected), u, is the mixed out exhaust velocity

and uq is the inlet velocity.

Myor(Ute — Up)lho _ 2uy
Mao(W2[2 — u3[2) U, + up

(2.11)

nprop =

The equation demonstrates that 7,,,, increases as the ratio of exhaust velocity to flight
velocity decreases. BPR has this effect, in that it diverts power from the core (and hence
core exhaust) to the bypass exhaust, thus lowering the mean jet velocity and increasing the
Nprop- It has to be noted that while there is an improvement in 7,,,,, there is a decrease in

specific thrust. This can be seen in equation (2.12) where F is the net thrust.

= (u — Uo) (2.12)

This tradeoff of specific thrust with 7,,,, applies generally to all aircraft engines [5]. So
while increasing BPR improves 7,,,,, specific thrust decreases and as a result more mass
flow is required for a prescribed net thrust. This increased mass flow would require larger
engines, which adds to weight. The increased BPR also adds weight to the engines as there
is a larger fan and casing. Weight of high BPR engines has decreased with time in the form

of material improvements and as a result it is more viable to operate higher and higher
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Figure 2-18: OPR vs. Year of Certification for sub-5000Ib engines

BPR’s, such as the GE-90 (with a BPR of 8.5) [26].

OPR vs. Time

Values of OPR for small engines are considerably lower than those of larger engines. The
main explanation is that engines below 5,0001b thrust are constrained in manufacturing
cost due to their market and use [6, 11], which makes raising the OPR limited since it is
expensive to develop. Further, pressure losses per blade/vane row due to Reynolds number

effects enhance the OPR differences between large and small engines.

gines. By enabling long-range aircraft capabilities using such engines, SFC becomes more
important and therefore OPR as well. So while the OPR capabilities of engines are already
increasing by a factor of about 1.5 every 10 years for small engines (figure 2-18), there
is opportunity for accelerated improvement if OPR were to become a priority for small

engines in the future, which distributed propulsion promises.
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2.14 Fuel Burn

Recall that the range equation (2.3) relates fuel burn to SFC and weight. While the goal
for almost all commercial aircraft is to minimize cost, the manner in which this is achieved
in the engines differs considerably. The most important factor for any given mission may
vary from %, to SFC, to cost of development and maintenance. This brings up an earlier
point that multiple factors affect fuel burn. However, the breakdown studies of SFC and L
demonstrate that both are improving with time, and therefore so is fuel burn. This trend
of decreasing fuel burn is not quantified, but it suggests that gross weights of aircraft are

decreasing due to more efficient and power-dense engines.

2.2 Further Considerations

2.2.1 Economics

With the application of distributed propulsion, the cost landscape can be altered in several
ways. The obvious change is that many more engines are used per aircraft. To the furthest
extent, it would be possible to produce a “’standard engine”. This engine would have a
set thrust rating and the same engine could theoretically be employed by a number of
different aircraft utilizing distributed propulsion. The difference would be the number of
’standard engines” in each of these aircraft according to their total thrust requirement. This
commoditization of thrust would allow for cost savings in development, manufacturing and

maintenance.

Even if the ”standard engine” were used in only two airframes, and granted that there
would be non-overlapping development costs such as engine integration, it would still
equate to one less engine being required for development. Even for small engines, this
development cost can be in excess of tens of millions of dollars [27]. Further, for each
aircraft, many more engines and spare parts would have to be made which would open up

opportunities for manufacturing and maintenance savings through economies of scale.
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Table 2.4: In-flight Engine Failure Analysis

2 engines 4 engines 10engines 50 engines

Assumed Engine Failure Rate 0.1% 0.1% 0.1% 0.1%
Prob. of 1+ engine failing 0.0020 0.0040 0.0099 0.048
Prob. of 2+ engines failing 10%10° 6.0x10% 45%10° 12x1073

Prob. of not meeting FAA regulations 1.0*10° 40107 21%107® 12x10"%
(more than half engines failing)

2.2.2 Mission Reliability and Safety

In the context of propulsive systems, mission reliability and safety addresses issues of
in-flight shutdowns and aborted missions. A two-engine aircraft must be able to provide
an “essential load” (which is the required power supply for functioning under operating
conditions of the aircraft) after failure of one of the two engines [32]. For aircraft with
three or more engines, essential loads must be provided in the event of two engines failing
[32].

A straightforward reliability analysis of a 2-engine configuration, a 4-engine configu-
ration, a 10-engine configuration and a 50-engine configuration shows that a distributed
propulsion configuration operating many engines is less likely to have a mission-aborting
case due to engine(s) failure. Reliability of engines varies over time, and likely over size
(due to manufacturing accuracy, material tolerance, among other factors). The data for this
is unavailable, however, so an assumption that engines of all sizes have the same reliability
(failure rate) is made. Further, for simplicity assume that this rate is 0.1% per flight. A
trial for how likely k number of engines fail out of n engines can be modeled as a binomial
(equation 2.13 [33]) where p is the probability of an engine failing and py is the probability

that event X happens (be it 1 engine failing, 2 engines failing, etc.).

px(k) = (:)pk(l -p*, k=0,1,..,n, (2.13)

Table 2.4 shows the probabilities of 1 engine failing, 2 engines failing and the prob-
ability that the aircraft loses more than half its thrust (i.e. both engines for the 2-engine

configuration, 3 for the 4-engine configuration, 6 for the 10-engine configuration and 26
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for the 50-engine configuration). The study assumes that the configurations do not satisfy
the essential load when they lose more than half their thrust, which is the same as half their

engines.

From the table, it can be deduced that the more engines there are, the greater the like-
lihood for an engine failure, but it is still orders of magnitude less likely for multi-engine
configurations to fail critically, which is to lose half its total thrust. More specifically, com-
pared to the twin-engine configuration, the 4-engine configuration is O(10°) less likely, the
10-engine configuration is O(10'°) less likely and the 50-engine configuration is O(10°®)
less likely. While this is an oversimplification for a reliability analysis, it does offer insight

into how significant the difference is in probability of critical failure.

One can further argue that even if multiple engines fail in a 50-engine configuration,
only a small percentage of total thrust is lost. For example, the probability of 2 engines
failing (based on the previous example) is about 1.2 x 10~ for the 50-engine configuration,
which is less than the probability of 1 engine failing for the twin-engine case (2.0 * 1073).
The thrust lost for the 50-engine case would be 4%, whereas for the twin-engine it would
be 50%. So not only would 2 engines failing on the 50-engine configuration be less likely
to occur, it also loses about 12 times less thrust compared to if the twin-engine configura-
tion were to lose 1 engine. The significance of this is that the twin-engine configuration
would have to abort its mission while the 50-engine aircraft would likely satisfy its thrust

requirements and complete its mission.

Of greater concern to an aircraft using distributed propulsion is how an engine-out
situation in-flight could affect its neighboring engines. This is of higher importance than
in a conventional configuration as the engines are inevitably grouped much closer together,
and hence have more coupled airflow. These effects are case-dependent on the overall
propulsive system and airframe interface. Further, the Federal Aviation Administration
(FAA) requires “engine isolation” such that a failed engine would not require the crew’s
attention nor would it affect the safe operation of the neighboring engines [34]. While, it
is extremely likely that the performance of neighboring engines are affected due to their
proximity, it is critical that the stability margins of the compressors not be shifted as to

affect operability of the engine [30, 31].
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2.2.3 Operability, Noise and Emissions

As mentioned earlier in the chapter, operability, noise and emissions are part of perfor-
mance considerations. Due to lack of data and qualitative aspects of these factors, they are
not reviewed in the earlier section regarding trends. A distributed propulsion setup would
by nature operate a more complex system, as it incorporates more engines and coupling
of these engines with the wing and control surfaces. This puts into question operability
since these systems are much less tested, though in theory, physics does not prohibit such
a configuration.

Noise would likely be reduced by a distributed propulsion configured aircraft due to the
higher degrees of freedom offered for design to make such reductions. Many engines and
their coupling with aerodynamics surfaces allow for designs that promote interference that
would reduce noise [17].

While smaller engines have poorer performance, improvements in such engines over
time coupled with the aerodynamic benefits of distributed propulsion may make the overall
aircraft more fuel efficient, resulting in lower emissions. Further, there has been devel-
opment that suggest emissions from small engines are being lowered significantly, mainly

through combustor improvements [20, 21].

2.3 Uncertainty

As can be observed in figures from this section, the data is relatively scattered. Data used
in this chapter’s analysis is accurate but varies significantly due to many factors. The main
reason for this scatter is that the trend analyses are based on two dimensions. Each parame-
ter, however, such as fuel burn has dependence on multiple factors making the methodology
flawed.

Different design objectives of each engine also contribute to the scatter. For example,
performance parameters of gas turbines can vary between military aircraft and civil aircraft
because their missions are so different. A civil engine is likely to be designed to maxi-
mize cruise performance whereas a military engine might be designed to maximize —vT; with

less regard for cruise SFC. This discrepancy in design goals can lead to greatly differing
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performance data. For this analysis, civil and military engines are not separated because
there lacked data for small civil engines, especially for the early 90’s. While there has been
development of small civil engines in recent years, their shipments have declined in recent
decades until the turn of the century when the economy rebounded [6, p.805] [13].

Another factor that led to more scattered data may be the capabilities of each company
or country. A Russian-built gas turbine may have used different technology from one that
Rolls Royce built even if they were designed in the same time period.

The date of certification is the best available indicator for the timeline of an engine, but
does not necessarily provide a fair comparison of the engines. Redesigns or designs based
on existing cores could have been certified at a much later date but may not have employed
the newest available technology. Conversely, gas turbines that were conceived several years
earlier than their date of certification may have been delayed for non-engineering issues
such as government restrictions.

While the data is scattered, the trends expressed in this chapter are clear and indicate
the direction in which gas turbine performance is heading. However, the lack of certainty

makes it difficult to quantify these trends accurately.
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Chapter 3

Small Gas Turbine for a Distributed

Propulsion Aircraft

On use of multiple small engines would be to enable short or extremely short takeoff and
landings by using the well known interaction of jet exhaust with wing control surfaces to
generate such extra lift and drag, and low flight speeds [28].

In order to gain perspective of the extra lift required at takeoff, a comparable class of
transport aircraft has a takeoff lift coefficient (C.) of about 2.5. Such an aircraft requires
about 800m to takeoff in its current configuration. Figure 3-1 shows that Z needs to be
increased from 0.2 to 0.9 to achieve the goal of 100m takeoff. However, if the C; can be
increased by a factor of 4 with a fixed wing area (bottom curve of figure 3-1) then a 7 of
about 0.35 becomes required, rather than around 0.9 for the original configuration. This
minimum C;, of 10 at takeoff is achieved by blowing on the control surfaces.

The airfoil is designed with the engine embedded in the wing (generic engine-wing
depicted in figure 3-2). This 2D shape constrains the size of the fan and the length of
the engine. Further, the thrust requirement at takeoff along with the span of the wing
govern the number of engines and the spacing between each engine. Table 3.1 displays the
parameters for the distributed propulsion aircraft and table 3.2 shows the takeoff and cruise
conditions. With these constraints and conditions listed, engines with various performances
are conceptualized for the aircraft.

This chapter pursues three configurations to determine the feasibility of current engines
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Table 3.1: Aircraft Parameters

Estimated Takeoff Gross Weight (W) 70, 000/

Wing Surface Area (S) 1076 f¢
Wingspan (b) 115f¢
Aspect Ratio (AR) 12.25
w/S 65psf

Average Wing Chord (¢, = %) 9.61ft
Average Wing Chord at engines (c.,g) 10.80ft
Span Covered by Engines (b,r) 194.90ft

Table 3.2: Takeoff and Cruise Conditions for DP Aircraft

Takeoff Cruise

Altitude 0 350001t

Air Density (p) 0.73745 0.173%5

Static Pressure (py) 2109psf 498psf -
Static Temperature (7)) 536°R 348°R
Speed of Sound (a) 11352 9324
Viscosity (i) 121 %1072 9.54 % 10762
Total Thrust Required 38500ib 101041

and hypothetical future engines for use in this high-lift distributed propulsion aircraft. As
demonstrated in the last chapter, SFC is most sensitive to variation in BPR at small values
of BPR. For a given engine core (gas generator), BPR is limited by the maximum fan
diameter of 21 inches (which is constrained by the airfoil design). With a smaller core,
it is possible that the limit to BPR is the amount of power that can be extracted from the
turbines to power the fan. Future engine cores that employ future technology such as higher
TIT’s and component efficiencies would be able to provide more power. As such, an engine
driving the same-sized fan, a future core could be smaller than a current one and thereby

operate at a higher BPR, and hence a lower SFC.

Examining available data for existing engines up to 2008 [1], the maximum BPR is
2.56 for a gas turbine with a fan diameter less than 21 inches. Recall that SFC improves
significantly up to a BPR of 8, thus indicating large gains in SFC performance can be ob-
tained through increasing BPR. It is important to note that while increasing BPR improves

SFC, it also increases weight, which is detrimental to fuel burn so realistically a tradeoff is
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made to minimize fuel burn.

The approach of this research is to begin with a current engine, evaluate its performance
operating under the flight conditions of the distributed propulsion aircraft and extend it to
the overall performance of the aircraft by coupling it with the aerodynamics. The next step
involves developing conceptual engines that operate under the same physical constraints
but with enhanced performance capabilities to reflect improvement with time. These future
engines are projected as mid-term and far-term. Loosely, mid-term is technology 10 years
from now and far-term is technology perhaps 20 years away.

The analysis undertaken in this chapter neglects effects of interference between the
engines even though the spacing between engines is less than one fan radius away from each
other. However, these parallel compressor effects are ignored at this stage for simplicity as

they require 3D analyses.

3.1 Today’s Gas Turbine (VLJ1)

The aircraft engine that is examined in this section is modeled as a representative contem-
porary engine for a very light jet (VLJ). The model used here (VLI1) is compared to an
existing small engine (EE) at flight conditions listed in table 3.2. The engine compared
with is selected due to its relatively recent certification and suitable size for the distributed
propulsion aircraft. The physical dimensions (fan size, BPR, core size, etc.) are the same
for both VLJ1 and EE, but due to the proprietary nature of EE, the dimensions are not
listed precisely. Other inputs required for defining VLJ1 include polytropic efficiencies of
turbomachinery, combustor efficiency, pressure ratios and maximum TIT. These inputs are
approximated and calibrated to match the performance of EE as accurately as possible. The
estimated values are realistic when compared to today’s technology. The selected turboma-
chinery polytropic efficiencies between 0.84 and 0.86 are relatively low (compared to ~ 0.9
of the largest modern engines) but since the engine is relatively small, the efficiencies can
be expected to be lower due to size effects. The OPR of 18 and maximum TIT of 2280R
are also relatively low for the same reasons.

Figure 3-3 demonstrates the accuracy of the cycle model [25] in use for this analysis.
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Performance Comparison of VLLJ1 and Existing Engine
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Figure 3-3: Performance comparison between VLJ1 and existing contemporary small gas
turbine

In the three operating ranges examined (TO, high altitude cruise and low altitude cruise),
the SFC’s are within 2% for any given thrust. This suggests that the input parameters used

for VLJ1 are realistic and representative of current day small gas turbines.

3.1.1 Satisfying the Distributed Aircraft Requirements

Cruise requires much less thrust due to its high £ (estimated at 15) of the distributed propul-
sion aircraft, thus the limiting factor for the number of engines is at takeoff. The % required
for takeoff is 0.55, which equates to 38,5001b of total thrust needed since the gross weight
of the aircraft is 70,000lb. As a result, the number of engines required is 22.4, which is
rounded up to 24 to offer a margin for the thrust gap between uninstalled thrust and in-
stalled thrust. Furthermore, the number of engines is kept even for balance on both sides
of the wing, as the aircraft is not designed to have engines built into the fuselage (see

figure 3-4).
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Figure 3-4: Frontal view of conceptual distributed propulsion aircraft, [17]
3.2 Mid-term (VLJ2) and Far-term (VLJ3) Gas Turbines

With the baseline engine VLI1, the mid-term and far-term engines, VLJ2 and VLJ3, are
conceptualized by modifying the input parameters of VLJ1 to account for technology ad-
vancement. VLJ2 and VLJ3 are designed to minimize cruise SFC while producing enough
thrust for cruise and TO. The number of engines on the distributed propulsion aircraft are
kept constant to obtain an appropriate performance comparison between the engines when
uninstalled and installed. The design point for these engines is at maximum TIT, 35,000ft
altitude and cruising at 0.6 Mach. These inputs, along with cruise and takeoff performance

parameters are listed in table 3.3.

3.2.1 Input Choices for VLJ2 and VLJ3

The key differences between the conceptual engines are shown in table 3.3. The initial
step taken in developing VLJ2 and VLJ3 is the assumption of OPR, maximum TIT and the
turbomachinery polytropic efficiencies (Mpoty), Which are chosen to realistically reflect their
improvements with time. The weight of the engines are also kept the same due to the lack
of confidence in such estimations as mentioned in the previous chapter.

The time frame of VLJ1, VLJ2 and VLJ3 are about 10 years apart. From chapter
2, the OPR improvement is roughly a factor of 1.5 every 10 years. In the models for
VLJ2 and VLIJ3, this factor is applied to the high pressure compressors and low pressure

compressors (HPC and LPC). The OPR does not reflect this increase exactly because of
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Table 3.3: Design point, cruise and takeoff performance for VLJ1, VLJ2 and VLJ3

VLJ1 VLJ2 VLJ3
Design point Design altitude 350001t 350001t 350001t
Design M 0.6 0.6 0.6
FPR 1.90 1.60 1.71
OPR 18 27 36
BPR between 2-3 8 12.5
TIT 2280°R 2800°R  3500°R
HPC 1,01 0.86 0.87 0.89
LPC 1p01 0.84 0.87 0.89
HPT 17,04 0.86 0.87 0.89
LPT 7,01 0.85 0.87 0.89
Cruise Thrust 23OIb 230lb 230lb
(35k ft, 0.6M) SFC 0.723;%  0.556;% . 04942
Exhaust velocity Vs 10654 932}; 964ﬁ
Exhaust gas temperature (EGT) 655°R 548°R 544°R
Inlet Weight Flow (W>) 24.0% 24.7% 24.0%
Takeoff Thrust 1850!b 18601b 18551b
(Oft. 0.084M) SFC 0.49;% 0342 031 lblb -
Core size 14 0.53 0.27
Vs 930£ 9314 931L
EGT 865°R 725°R 717°R
W, 64.4% 64.5% 65.12
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the lower fan pressure ratios (FPR). Due to lack of knowledge of 7,,,,’s, these are selected
conservatively such that VLI3’s 77,,;,’s do not exceed those of large engines today. 1,
of 0.89 is a conservative estimate assuming that efficiencies today may be up to 0.91 or
0.92 for state-of-the-art turbomachinery. Further, data suggests that turbine efficiencies are
improving at 0.25% per year for small gas turbines [3], which amounts to approximately

2.5% every 10 years.

TIT increase represents approximately 25% for subsequent models, which is consider-
ably more aggressive than OPR and the 1,,;,’s. However, with improving manufacturing
technologies, especially thinner blades, it is assumed that the cooling available to large
turbine blades will also be available to small turbines in coming decades, or at least the
technology gap will close. TIT has increased at a rate of approximately 50°C (90°R) per
year [3]. The increase of TIT’s for VLJ2 and VLIJ3 fall in this range.

Using these assumptions, VLJ2 and VLJ3 are designed to maximize the BPR to achieve
better SFC, higher propulsive efficiency (#,,,,), improved exhaust mixing and lower ex-
haust gas temperature (EGT). The first three factors directly impact overall performance,
while EGT is lowered to relieve heat stresses from the airframe, specifically the control
surfaces that the exhaust blows on. Since all models’ fans are limited to 21 inches, having
a larger BPR means having a smaller core. As a result, with the inputs listed in table 3.3
(other than FPR and BPR), VLJ2 and VLIJ3 are designed to have the smallest core that
is capable of powering the 21 inch fan. There are several design iterations for VLJ2 and
VLJ3 that involve varying BPR and FPR to achieve this maximum BPR while ensuring that
the fan did not draw so much power as to adversely affect SFC. In other words, the BPR
is incrementally increased every iteration and FPR adjusted accordingly to minimize SFC
until there is no more improvement in SFC. While this may not be the ideal design, it is
sufficient for a qualitative comparison between these present and future engines. To reiter-
ate an important exclusion, weight variation is not taken into consideration quantitatively

in this analysis.
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Figure 3-5: SFC vs. Thrust: Operating lines of VLJ1, VLJ2 and VLIJ3 at TO, high altitude
cruise and low altitude cruise

3.3 Comparison of Current, Mid-term and Far-term En-

gines

Table 3.3 lists the takeoff and cruise performances of the three models. As expected, there
are significant improvements in SFC, especially from current to mid-term (VLI1 to VLJ2).
The cruise SFC of 0.54% for VLJ2 is comparable to that of current large engines (figure 2-
2). While this is not an extremely precise performance prediction of a typical 2018 small
gas turbine, it does follow the trend of improving SFC and is within the margin of error

shown in figure 2-15 (though that margin of error is large).

Further comparison of the models are shown in figure 3-5. The graph shows the SFC
versus thrust for the operating spectrum of each VLJ model at takeoff (0.084M at sea level),
high altitude cruise (0.6M at 35,000ft) and low altitude cruise (0.5M at 15,000ft). The

operating lines consistently demonstrate that there is significant improvement in SFC from
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VLIJ1 to VLJ2 (approximately 20%) and, to a lesser extent, from VLJ2 to VLI3 (8-10%).
This greater improvement from current to mid-term, along with the prediction that the
mid-term VLJ2 would have the performance comparable to that of a current large engine,
suggest that the technology of small engines necessary for enabling distributed propulsion

will be developed within the next decade.

3.4 Parametric Studies

Input parameters are varied for VLJ1 to examine their relative effects. This study deter-

mines which factors affect SFC most, and how a parameter constrains another.

3.4.1 Bypass Ratio

From chapter 2, Figure 2-13 suggests that increasing BPR when its value is small has the
most significant positive effect on SFC. This figure draws its curve from a Mach number of
0.8 and a (0,) of 7.5. Operating under different conditions may dramatically affect whether
increasing BPR has the same effect shown in the figure. This prompts the examination of
several BPR’s with the design inputs of VLJ1 (Figure 3-6).

In this study, TIT and FPR are varied to optimize for SFC. If they are fixed, the study
could not be performed since increasing BPR would require more power from the turbine
to drive the larger fan but the core of VLJ1 would not be capable of powering such large
fans. As a result, either the TIT has to be increased (more power output from the turbines)
or the FPR has to be decreased (a weaker fan). In this study, both are varied to achieve the
results represented in figure 3-6. More detail will follow regarding the limitation effects of
TIT and FPR on BPR. |

Decreasing FPR does not represent advancement in technology, but rather a design
choice, so such a change is fair for VLJ1 (constant timeframe). Increased TIT on the other
hand represents better technology for the configurations operating larger BPR’s. Specifi-
cally, the TIT is increased from 2280°R for a BPR of 2 to 2900°R for a BPR of 16. Part
of the improvement in SFC can be attributed to this increase but more importantly, what

increased TIT offers is the enabling of higher BPR’s. Without these higher TIT’s, the larger
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Figure 3-7: Parametric study of BPR and TIT

BPR’s cannot be achieved with the VLJ1 inputs, unless FPR is lowered unrealistically to
approach 1 (effectively having no fan at all).

It can be seen in figure 3-6 that SFC increases most significantly when increasing BPR
from 2 to 4 (4%). Subsequent doubling of BPR yield less improvement to SFC (approxi-
mately 2.5% from 4 to 8 and less than 0.5% from 8 to 16). This result is consistent with that
drawn from figure 2-13, that increases of BPR at small values lead to the most improvement
in SFC. While TIT may contribute to this improvement in SFC, the value is selected along
with FPR to reflect the lowest SFC for the given BPR and other inputs. Further, previous
studies reinforce this observation, that BPR’s have to be over 8 in order for small aircraft

engines to achieve high fuel efficiencies required for distributed propulsion [22].

3.4.2 Turbine Inlet Temperature

To address the issue of how TIT may be the main factor in lowering SFC in figure 3-
6, a parametric study of TIT with BPR for the VLIJ1 inputs is performed to demonstrate
otherwise.

Figure 3-7 depicts SFC versus thrust for varying TIT and BPR. Thrust is not an impor-
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tant factor in this study, as its value can be changed in the model by altering the mass flow.
The purpose of this figure is solely to demonstrate how TIT affects BPR, and consequently
SFC. For each BPR, it can be seen that there is a minimum SFC, which is achieved at
different TIT’s. This figure demonstrates that increasing TIT does not necessarily improve
SFC, but rather it enables the use of larger BPR’s. It can be argued that for a given BPR,
the SFC can be improved by changing the TIT (decreasing is also an option). While this is
true, the design approach for the VLJ models is based on having a limiting TIT (i.e. fixed),

which in turn corresponds to a BPR that minimizes SFC.

3.4.3 Fan Pressure Ratio

The effect of TIT is not as simple as mentioned. Rather, it is coupled with other effects,
such as OPR, FPR, 7,,,’s of turbomachinery. The effect of 7,,;,’s are obvious, the higher
the better, which are easily managed when developing the VLJ’s since the values are chosen
based on what is deemed technologically appropriate. FPR on the other hand, constrains
the BPR, since the higher the FPR, the more power required to drive the fan. Compressor
pressure ratio also affects the performance since the higher the ratio, the more energy re-
quired from the core to drive the compressors, which has the same effect as higher FPR but
at a smaller scale (since compressors are smaller than fans). FPR and OI?R are analyzed

together because the choice of FPR directly affects the OPR.

OPR = FPR * Typc * N pc (31)

Figure 3-8 demonstrates the effect of FPR and HPC pressure ratio (7t;p¢) on BPR and
SFC. Thrust is fixed at 1000Ib for each of the data points of the parametric study. Each
graph in the figure represents a parametric study of n;pc with BPR. The value of 7z pc can
be viewed essentially as OPR since equation 3.1 shows that OPR is simply scaled up by
FPR and m;p¢, which are fixed for both graphs. It can be further deduced that each FPR-
OPR combination (each curve of fixed mypc) has a corresponding BPR that minimizes

SFC.

As mypc increases, SFC improves for a given BPR up to a point but then starts de-
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teriorating. This occurs because the core no longer provides enough power to drive the
compressors (HPC, LPC and fan) efficiently. This suggests that for a given OPR, which in
this distributed propulsion study refers to technology level, there is a corresponding optimal
BPR if other inputs (TTT, FPR) are fixed.

While TIT, OPR and FPR are parameters that affect SFC for a given BPR, they can also
be viewed in reverse, where TIT, OPR and FPR enable a certain BPR, which in turn affects
the SFC. VLJ2 and VLJ3 are designed in this way since TIT and OPR have fixed design
values, whereas FPR and BPR are varied to minimize SFC. Parametric studies depicted in

figures 3-6 and 3-8 help with this optimization.

344 Polytropic Efficiencies of Turbomachinery

Fan 1,,;,’s effect on SFC varies depending on the size of the fan (BPR). It is clear that
the higher the BPR, the greater the effect of the fan 7,,;, since an efficient large fan has
more impact on the overall performance (SFC) than an efficient small fan. Figure 3-9 is
an example of how significantly the fan 7, affects SFC. For a BPR of 2, a 1% change in
fan 1,y leads to a 0.2% change in SFC. For a BPR of 3 however, a 1% change results in
approximately a 1% change in SFC, which is a factor of 5 difference.

The sensitivity of SFC to fan 1,,;, at high BPR’s shows the importance of improving
fan designs with time since VLJ2 and VLJ3 both operate at significantly higher BPR’s.
Similar studies for the HPC, LPC, HPT and LPT demonstrate similar trends, but not to
the extent that the fan demonstrates. While figure 3-9 is quantitatively specific to VLI1
settings, the effect of SFC being sensitive to polytropic efficiency at larger BPR’s applies
more generally. Thus, a small uncertainty in the fan 7,,,;, could lead to very different SFC’s,
which is important to note for the VLJ2 and VLJ3 configurations.

34.5 Combustor Pressure Drop

Pressure drop across the combustor is kept constant for the VLJ’s at 0.97 (Gasturb default
[25]). This drop is designed in for combustion stability and does not vary with engine size

[22]. This constraint eliminates a parameter that has influence on the OPR and SFC. Com-
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Figure 3-9: SFC vs. BPR: Parametric study of the effects of fan 7,,;, and BPR on SFC

bustor technology is not studied as a trend and no predictions are made for its improvement
with time. The effects of varying combustor pressure drop with BPR and turbomachinery
efficiencies are studied for the VLJ1 configuration. This is performed to provide insight
to how improving combustor technology may affect the SFC even though it is not imple-
mented for the VLJ’s. Figure 3-10 demonstrates the effect of the combustor pressure drop
(7.omp) in conjunction with the HPC n,,;,. It can be seen that with increasing efficiency of
the HPC, improvement of the combustor has less effect on the SFC. This relationship can
be similarly demonstrated for the other components of turbomachinery. This indicates that
combustor improvements in the nearer term would be more effective in improving perfor-

mance (i.e. for VLJ2 more so than VLJ3).

Figure 3-11 shows the effect of 7., with BPR. The SFC minimums for each curve
in the figure exist because the TIT and FPR are optimized for that particular BPR, so no
conclusion should be drawn from these minimums. The figure shows that for higher BPR’s,
improvement in combustor technology provides greater gains in SFC. Specifically, a 0.01
point gain in 7., (approximately 1%) for a BPR of 2 results in approximately a 0.3%

decrease in SFC. For a BPR of 3 however, a similar improvement in 7., results in a 0.6%
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Figure 3-10: Parametric Study of Burner Pressure Ratio with HPC 7,

decrease in SFC, which is twice that of BPR of 2. This result indicates that improving
combustor technology is most beneficial to cycle efficiency with high BPR’s, which the

later VLJ’s operate.

3.5 Performance of Aircraft with Installed Engines

VLIJ1 is designed to represent an engine with today’s technology and is capped at 21 inches
for fan size. The amount of takeoff thrust is calculated for VLJ1 and the number of engines
determined for the distributed propulsion aircraft with this. VLJ2 and VLIJ3 are designed
to represent future engines that have the same size and thrust capacity as VLIJ1, albeit with
better fuel efficiency. Ultimately though, the airflow that the aircraft sees from operating
VLJ1, VLJ2 and VLJ3 are similar because the inlet design Mach numbers are the same
(0.5M), the engines are physically identical in length and fan diameter, and the mixed out
exhaust is projected to be similar (Vg’s are almost equal and EGT at such low temperatures
present no issues for the control surfaces). The main difference the distributed propulsion

aircraft experiences is improved cycle efficiency, which equates to a combination of lower
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Figure 3-11: Parametric Study of Burner Pressure Ratio with BPR

gross weight (less fuel) and longer range. Since the exhaust is mixed out within the nozzle,
there are no propulsive efficiency gains associated with higher BPR’s of VLJ2 and VLJ3
as this is taken into account in the SFC. Higher BPR’s would normally be associated with
heavier engines, but with VLJ2 and VLIJ3, the fan sizes are the same as VLJ1 due to the
airfoil constraint. Further, VLJ2 and VLJ3 have smaller cores which would likely mean
lighter engines. Fuel burn is thus improved for later versions of VLJ (recall the range

equation [2.3]) due to this lower gross weight and SFC.

VLJ2 and VLJ3 are designed with the constraints of 24 engines, which meant that the
design thrust (4211b at 35,000ft, 0.6M, table 3.3) is also constrained. This constraint is kept
to offer a better comparison between the engines used in the distributed propulsion aircraft
(the VLIJ’s). While this is the design point, it is not necessarily the only design option. The
number of engines could be different (if the same airframe is kept, this number could only
be lower), which would offer a degree of freedom to design more power-dense engines. For
example, VLJ3 operates at a BPR of 12.5, which from figure 3-6, is deduced to have not
much BPR-induced SFC improvement (recall that SFC gains are greatest up to an of BPR
of 8). An alternative for the design of VLJ3, is for the design BPR to be the same as that of
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VLJ2. Keeping the BPR at 8 would mean having a more powerful core compared to VLJ2
and would therefore open up opportunities such as higher FPR and higher thrust.
Lundbladh and Gronstedt [22] studied the effects of varying the number of engines.
For their specific case of changing the number of engines from 2 to 8 for a 250-passenger
aircraft, the effect is a 4% gain in fuel efficiency. If this holds true more broadly to in-
clude this distributed propulsion aircraft, it suggests that lowering the number of engines
(less distributed airflow) may be detrimental to fuel efficiency. However gains in engine

performance by using less engines may balance this effect.

3.5.1 Installation Efficiency

Embedding the engine into the wing affects the performance of the engine, mainly through
the inlet and exhaust. The 3D installation drag is not accounted for in this analysis. 3D
CFD analysis of the model would be able to determine such drag. Further concerns are

discussed in [23, 24].

3.6 Propulsive System Analysis for a Distributed Propul-

sion Aircraft Mission

The purpose of this example is to quantitatively compare the VLJ models when operating
the distributed propulsion aircraft for a simple mission. The focus of the study is on fuel
burn and as such, only the climb and cruise situations are analyzed. The mission is split

into these two respective legs.

3.6.1 Climb

For purposes of comparison, the climb path for each VLJ configuration is modeled as
closely to each other as possible, however a perfect match proved difficult due to factors

such as excess thrust and aircraft weight at any given time (from varying fuel burn rates).
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Climb Model

The model is based on the total energy approach [5, 35]. At any given point during the
climb, there is an energy level (E) associated with the aircraft. This E is defined by equa-
tion 3.2 where m is the aircraft mass, g is the gravitational acceleration, A is the aircraft

altitude, V is the flight velocity.

E = m(gh + Z;-) | (3.2)

The first term on the right hand side represents the potential energy (PE) of the aircraft,
and the second term represents the kinetic energy (KE). This E is known at the beginning
of climb and at cruise. Starting from a E of virtually O at the beginning of climb to a
maximum E at cruise, any path through increasing ~ and V can be taken. Two popular
methods for optimizing the path exist, which are minimizing for climb time or minimizing
for fuel burnt [5]. Realistically however, a typical climb path is in between these maximum

rate and maximum energy schedules [35].

Energy required to accelerate and climb stems from excess thrust (7,,) produced by the
engines. This T,, can be calculated via equation 3.3, where T, is the net thrust of the
aircraft (of all 24 engines) and D is the aircraft drag. Drag (defined in equation 3.4) in this
model has a constant coefficient (Cp) of 0.04 and since the wing surface area (S) is fixed
(table 3.1), D is only dependent on the dynamic pressure (g.,) which is a function of # and
V.

Tex = L pet — D (33)

D = CpgoS (3.4)

The climb path can be broken into increments to find the energy gain in an incremental
time step (A7), given by equation 3.5. In this equation, AE,, is the *excess energy’ obtained

from T,, at V for a time period At.
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2
AE,, = f F.dt =~ F, VAt (3.5)

31

This AE,, can then be applied to either accelerate the aircraft or climb. Substituting
equation 3.2 into equation 3.5 yields equation 3.6:

m; V2

i+l

2

m;Vv.

-) (3.6)

AE,; = g(mi1hiy — mihy) + (

The subscripts i and i + 1 are indices for the step number, allowing for the calculation
of the next step (at time ¢ + Af). A choice is made for how this AE,, is distributed to PE
and KE. This choice of distribution affects the 4 and V, and therefore the climb path. A
weighting factor is used to distribute the AE,, at each time step, according to priority based

on the climb path.

The rate of change of altitude ("7','-) is computed using equation 3.7 at each time step.
This %’f is used to estimate the flight angle (y) at each time step as a sanity check for
realistic flight paths (equation 3.8). The maximum 7’s for the VL] configurations are found
to be 12.2°, 15.1° and 15.5° respectively. Angles of 15° are relatively high, but when the
zero-lift angle of attack (a;-¢) is factored in for this high lift aircraft, the actual maximum

a is closer to 12°, which is below stall for most wings (a NACA 2412 stalls at 16° a for

example [14]).
dh hi+1 - hi
dt:” Mt @D
. G
siny; ® —- (3.3)

In summary of the model, the state is known at index i (with i = 0 being the start of
climb). This state includes k; and V;. F,,, is obtained via input of these states into the cycle
model of the VLJ’s [25]. Equation 3.3, 3.5 and 3.6 are then applied to acquire the new
energy level at i + 1, and hence h;,; and V,,,. For each time step, the fuel consumption is

measured and weight of the aircraft updated accordingly.
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Climb Path: Altitude vs. Flight Speed
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Figure 3-12: Climb Schedule Comparison: Altitude vs. Flight Velocity

Climb Path

The takeoff roll for the aircraft is at 30m/s (98.4ft/s) and at sea level. It is deemed important
for the aircraft to increase its speed early during the climb due to its nature. This ’safe’
speed, is chosen as 300ft/s, approximately half the cruise speed. Initial attempts to boost
flight speed to its cruise speed before climbing failed due to the lack of excess thrust at high
flight speeds. The weighting factor, mentioned in the model, is set such that 80% of the
excess thrust is used to accelerate the aircraft, while the remaining 20% is used to increase
altitude. This factor is arbitrary, but correctly reflects the priority of the aircraft at this stage
of the climb. Once the speed of 300ft/s is obtained, the aircraft shifts its priority to climb,
but for simplicity and smoothness of path, at a constant ratio of Z—’: to ‘fT‘;/ (ratio of altitude
gain rate to acceleration). These constraints are set such that the aircraft obtains cruise
altitude at a Mach number of 0.5, or approximately 495ft/s. As part of the climb schedule
in this study, the aircraft then accelerates to cruise speed of 584ft/s (M=0.6). The aircraft

does not reach its cruise speed at top-of-climb because, as before, the % is too low when
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Flight Path: Altitude vs. x-cistance

25000
£ — VLA
S 20000 —W2
E —WLB

7
ol

0 50000 100000 150000 200000 250000 300000 350000 400000
Horizortal Cistance (ft)

Figure 3-13: Climb Path Comparison: Altitude vs. Horizontal Distance

climbing at high flight speeds.

Climb Schedule Results

Figure 3-12, a plot of altitude versus flight velocity, demonstrates the similar climb sched-
ules of the three configurations, which shows the reliability of the model to create such a
schedule. While these climb schedules are similar, the actual path taken by the aircraft for
each configuration is different, as shown in figure 3-13. This difference can be attributed to
variation in excess thrust of the engines, which is explained later in the section.

At increasing energy levels, cycle performance deteriorates, as can be expected, from
gains in altitude and flight velocity. Comparisons of how each VLI model’s SFC varies with
the energy level is shown in figure 3-14. The kinked shapes at the ends of each curve depict
the change in priority in climb path as described previously. Figure 3-14 demonstrates
no clear distinction between each configuration for efficiency degradation with increasing

energy level. This helps to explain the shape of the cumulative fuel burn chart shown in
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SFC vs. Energy Level
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Figure 3-14: Comparison of SFC vs. Energy Level for VLJ models

figure 3-15. The curves of cumulative fuel burn diverge because the efficiencies of the
later VLJ’s remain consistently higher, meaning that at each time step, the newer VLJ’s are
always burning less fuel. This is mitigated slightly by the extra loss in aircraft gross weight

of the less efficient models.

Figure 3-15 shows that the greatest gains in performance (in this case, burning of less
fuel) is from VLJ1 to VLJ2, which is consistent with analysis performed earlier in the
chapter with the uninstalled engines. By the time the configurations reach cruise conditions,
VLJ2 burns approximately 30% less fuel than VLJ1 (with respect to VLJ1) and VLI3
burns approximately 9% less fuel than VLJ2. Not only do newer VL] configurations burn
less fuel, they also reach cruise conditions faster. Notice from the figure that the time
lapse difference between VLJ2 and VLJ3 is much smaller than that of VLJ1 and VLJ2.
Shorter time spent for climb results in less time burning fuel. The fact that VLJ1 spends
significantly longer climbing, and is significantly less efficient than VLJ2 explains why the

cumulative fuel burn margin between the two is so great. A similar comparison of VLJ2
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Cumuiative Fuel Bumt for Climb
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Figure 3-15: Cumulative Fuel Burn vs. Time

and VLJ3 explains the more modest fuel burn differential between these two configurations.

VLIJ1 requires more time to climb because it produced less excess thrust than VLJ2 and
VLIJ3. Figure 3-16 demonstrates this. This plot shows that the excess thrust curves between
VLJ2 and VLJ3 throughout the climb schedule are very similar, and in fact the gap closes
at higher energy levels. Conversely, the gap between the excess thrust of VLJ1 and VLI]2
for a given energy level is much greater. This excess thrust gap narrows as energy level
increased, but this effect is not seen in fuel burn since it is more than balanced out by the

longer climb time and lower efficiency.

3.6.2 Cruise

Following the climb schedule, the weight of the aircraft at the beginning of cruise can be
adapted by taking into account the fuel burned. While there are differences in horizontal
distance traveled during climb, this distance is neglected since it is small compared to the

intended range of the aircraft. For purposes of determining fuel burn and range of the
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Excess Thrust vs. Energy Level
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Figure 3-16: Comparison of Excess Thrust for VL)’s: Excess Thrust vs. Energy Level
aircraft, the model used for cruise is the Breguet Range Equation (2.3). For convenience:

L W,
uy—lIn

Range = . .
WBE = eSFC"D "W, — W,

(3.9)

Instead of ISP, SFC is substituted in directly in equation 3.9. Recall from table 3.1 that
the % at cruise is 15, the flight speed u, is 584ft/s. Since all VLJ configurations take off at
maximum gross weight, it is assumed that they start with maximum fuel capacity, which
is 18,0001bs. After deducting the weight of fuel for climb, it is insightful to determine
the range and endurance of each configuration. Further, for completeness of the flight
envelope, two cruise missions are performed, one requiring cruise of three hours, and one
of five hours. It is likely that missions may require cruise at different altitudes, but for
simplicity, only the design cruise altitude and speed are examined. Also, it is assumed
that landing would require a negligible amount of fuel and that the ’empty weight’ of the
distributed propulsion aircraft accounts for fuel reserves required in emergency situations.

Table 3.4 shows the results of this analysis. Consistent with results from earlier in the
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Table 3.4: Cruise Comparison of VLJ Configurations (accounting for climb)

VLJ1 VLI2 VLI3

Fuel burned during climb (Ib) 1984.7 1420.7 1290.9
Fuel remaining for cruise (Ib) 16015.3 16579.3 16709.1
Weight at beginning of cruise (Ib) 68015.3 68579.3 68709.1

Cruise SFC (1b/(1b-h)) 0.680 0.541 0.495
Range (nmi) 2048.5 2654.0 2920.5
Endurance (hours) 5.92 7.67 8.44

Total fuel burn: 3 hour cruise(lb) 9562.9 73649 6704.3
Total fuel burn: 5 hour cruise(lb) 15219.1 11700.6 10622.8

chapter, greater improvement is found from VLIJ1 to VLJ2 than from VLJ2 to VLJ3. VLJ2
has a range and endurance almost 30% greater than that of VLJ1 while VLI3 has a range
and endurance about 10% greater than VLIJ2.

The results from this study reinforce the notion that improvement in the next 10 years,
from VLJ1 to VLJ2, will yield the most improvement in engine performance for small

engines.

3.7 Summary of Technology’s Effect on the Distributed
Propulsion Aircraft

What newer technology offers the distributed propulsion aircraft is improved fuel efficiency,
mainly through the enabling of larger BPR’s. In the study of uninstalled engines, it is found
that higher OPR, turbomachinery 7,,,’s and TIT offer the improved engines VLJ2 and
VLIJ3 opportunity to operate larger fans, which in turn greatly reduce SFC up to a BPR of
about 8. Further, new technology allows the distributed propulsion aircraft to demand more
from the engines, be it through fuel efficiency or thrust density. The study of installed VLJ
engines demonstrates that reduction in fuel burn is most significant from VLJ1 to VLJ2

(~ 30%), and less effective from VLJ2 to VL3 (~ 10%).

77



78



Chapter 4

Conclusion and Future Work

Conceptual engines for current, mid-term and far-term are developed for a distributed
propulsion aircraft. The performance analyses of these engines demonstrate significant im-
provement in fuel efficiency, mostly from current to mid-term (approximately 20%) such
that the mid-term engine SFC is comparable to that of a current state-of-the-art large en-
gine. The inputs for these conceptual engines are justified by the historical trends observed.
Parametric studies determined that SFC improves most by increasing BPR up to 8 and that
TIT, FPR, OPR, and turbomachinery 1,,;, advancement enabled larger BPR’s and lower
SFC’s. Installed performance of the conceptual engines are examined, which confirm the
uninstalled findings that gains are most significant from the current to mid-term.

Finally, these results and the observation that the mid-term engine performance is com-
parable to that of a large, current state-of-the-art engine suggest that the technology of small
engines required for commoditized and distributed propulsion will likely be developed in

the next decade.

4.1 Future Work

Of particular concern to this distributed propulsion aircraft is the effect of an engine shutting
down while operating under various flight conditions. When such an event occurs, the inlet
flow of the neighboring engines is distorted, which is detrimental to performance but more

importantly, lessens the stable flow range of the fan [19, 30].
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3D CFD analysis of the distributed propulsion aircraft with an engine-out would de-
termine whether inlet distortion to neighboring engines would lead to instability in the
compressors. Such a case is important as instability in neighboring engines would indicate
potential failure in many engines along the wing. The FAA also requires there to be no
such instability caused to neighboring engines [34].

For development of trends, it may be useful to separate engine data by their mission
requirements (maximizing %, range or fuel efficiency for example). More informative
and reliable data on weight for engines may allow a revisit of weight estimation. Such
a study would provide improved installed-engine performance analysis since the aircraft
gross weight and fuel weight can be estimated and incorporated more accurately.

Finally, a study of economics of commoditized and distributed propulsion would pro-

vide another dimension in analyzing the viability of its applications today, and in the future.
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