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Evolution of Compression Processes in Aero-Engine Thermal Cycles
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Abstract: In order to provide a basis for the establishment of an applicable strategy for the development of aero-engine
thermal cycles, the evolution of compression processes in aero-engine thermal cycles is reviewed in this paper by analyz-
ing the compression requirements for the injection or extraction of energy. It is therefore concluded that the injection of
energy in the compression is required for applications in low speed ranges, for example, the injection of energy in turbojet
compressors; the method of adiabatic compression is desirable for applications in intermediate speed ranges, for example,
shock interactions for ramjets/scramjets; and the extraction of energy is needed for applications in high speed ranges, for
example, the extraction of energy in ramjets with energy-bypass. The injection or extraction of energy in the compression
heavily depends on the aero-engine performance required for applications in different speed ranges.

Keywords: Aero-engine thermal cycle, compression process, energy injection or extraction, turbojet, ramjet/scramjet, ramjet

with energy bypass.

INTRODUCTION

As the flight speed advanced from subsonic to super-
sonic, and even hypersonic, significant changes took place in
aero-engine thermal cycles, especially in their compression
processes. Theoretically, maximum overall engine efficiency
depends on the maximum amount of work which can be
added in the compression process of a turbojet (Riggins JPP
2004) [1]. Addition of work is usually possible in a compres-
sor designed with overall engine efficiency taken into con-
sideration. However, the permissible amount of work which
can be added in the compression process decreases with the
increasing flight Mach number, because the thermal limit of
material at the combustor exit sets an upper limit on airflow
total temperature. In addition, the use of a mechanical com-
pressor is no longer needed for the compression at a higher
speed, as airflow stagnation increases significantly with the
increasing flight Mach number. Consequently, a ramjet
without a work interaction device becomes a preferred
choice for applications with the flight speed, for example,
the Mach number Ma > 3. As it becomes more and more
difficult to achieve the airflow compression required for sub-
sonic combustion in the ramjet, especially for hypersonic
applications, a supersonic combustion ramjet (scramjet), in
which the supersonic combustion reduces the airflow com-
pression, become a preferred choice for hypersonic applica-
tions.

When the flight speed increase further, for example, Ma
> 9, there are inevitably some technological challenges to the
ramjet/scramjet compression. In order to ensure sufficient
air/fuel mixing and stable combustion, the Mach number at
the combustor inlet must be kept in a permissible range. In a
hypersonic case, the compression of inlet airflow must be
sufficient enough to satisfy this Mach number limit at the
cost of an unacceptable compression loss and a significant
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increase in the static temperature at the compression exit,
which deteriorate the performance of ramjet/scramjet. If the
compression is mitigated, the Mach number at the combustor
inlet will be too high to achieve sufficient air/fuel mixing
and stable combustion over a practical combustor length.
Therefore, a ramjet with energy-bypass is proposed as a so-
lution of above mentioned problems (Fraishtadt Tech Phys
1998) [2], and its fundamental idea is that part of flow en-
ergy is extracted from the airflow field upstream of the com-
bustor and then returned downstream of the combustor. The
combination of an upstream energy extraction and a down-
stream energy return process is the so-called energy-bypass.
The incoming airflow goes through the process of compres-
sion, energy extraction, combustion, energy return and ex-
pansion in such an engine. Depending on the upstream en-
ergy extraction, the compression is kept under a certain level
with an acceptable process loss, and the airflow field in front
of the combustor can be controlled to ensure a permissible
Mach number at the combustor inlet. With the downstream
energy injection, the efficient use of energy is achieved.
Such operations improve the compression, combustion and
eventually engine performance.

The ramjet with energy-bypass can be realized with the
help of magneto-hydrodynamics (MHD) devices (Sheikin
Tech Phys 1992) [3] (Sheikin Tech Phys 1993) [4]. In a
MHD device, the axial body forces on flow elements are
induced by the perpendicular electric and magnetic fields
existing in the transverse plane. Deceleration or acceleration
of airflow is caused by these body forces with electrical
power generated or consumed onboard. Such an engine was
first proposed under the name of AJAX (Kuranov AIAA
2001) [5] (Gurijanov AIAA 1996) [6], and another was stud-
ied under the name of MHD-Arc-Ramjet in which an arc
heating device was used to return energy (Tang AIAA 2006)
[7] (Tang AIAA 2007) [8]. In order to make MHD interac-
tions effective, the appreciable electric conductivity of air-
flow is achieved using equilibrium ionization technologies at
high enough flow temperatures (Park JPP 2001) [9], or non-
equilibrium ionization technologies at medium flow tem-
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peratures (Sergey AIAA J 2001 ) [10] (Sergey JPP 2002)
[11] (Park JPP 2003) [12]. The characteristics of the ramjet
with energy-bypass is shown in Fig. (1) (seeing (Tang AIAA
2006) [7] for further details). The performance analyses in
previous work have demonstrated that the performance of
the ramjet with energy-bypass is better than ramjet/scramjet,
especially for the flight with Ma > 9, and such an engine
expands the scope of application in a higher flight Mach
number. (Park JPP 2001) [9] (Park JPP 2003) [12] (Litchford
JPP 2001) [13] (Park JPP 2001) [14] (Burakhanov JPP 2001)
[15] (Kuranov JSR 2003) [16] (Heiser JPP 2005) [17]
(Sheikin AIAA 2005) [18]
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Fig. (1). Temperature-entropy cycle diagram of ramjets (1'-2'-3'-4'-
1": conventional ramjet; 1'-2'-2m-3"-3m-4"-1': MHD accelerator
case; 1'-2'-2m-3""-3s-3a-4""-1": ARC case; process 2' — 2m: energy
extraction; process 3" — 3m and 3s — 3a: energy injection).

To sum up, the turbojet cycle based on a mechanical
compression with energy injected and a mechanical expan-
sion with energy extracted, is applicable to applications with
Ma = 0.5 ~ 3. The ramjet /scramjet cycle without the injec-
tion or extraction of energy in the compression, is suitable
for applications with Ma = 3 ~ 9. The cycle of the ramjet
with energy-bypass is a variant of Brayton thermal cycle for
applications with Ma > 9, in which part of flow energy is
extracted from the airflow field upstream of the combustor
and then returned downstream of the combustor. So, it is
worthwhile to discuss when the injection or exaction of en-
ergy is necessary in the compression process of an aero-
engine thermal cycle, because it is believed that this discus-
sion can leads to a good understanding of the development
trend of aero-engine thermal cycles so that an applicable
strategy can be established for the development of aero-
engine thermal cycles.

The evolution of compression processes in aero-engine
thermal cycles is reviewed in this paper by analyzing the
compression requirements for the injection or extraction of
energy.
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COMPRESSION REQUIREMENTS FOR INJECTION
OR EXTRACTION OF ENERGY

An ideal Brayton thermal cycle is made up of an isen-
tropic compression process (1—2), an isobaric combustion
process (2—3) and an isentropic expansion process (3—4).
According to the aero-thermodynamic theory, the specific
thrust of a Brayton cycle engine can be expressed as,

F,=v,—v, =y2L, +V] —v, )

where F,, is the specific thrust of engine; L, is the specific
K id

work provided by the ideal Brayton cycle; and v is the flow
speed.

Based on the thermodynamic principle, the following can
be easily derived,

y-1
r ol

L,=CT(n -1 )

id y-1

n-}’

where =" % is the pressure ratio; A:T’3T is the
1

1
temperature ratio; C, is the constant pressure specific heat;

y is the specific heat ratio; and p,p,,T,T, are the static

t
pressure, total pressure, static temperature and total tempera-
ture respectively.

From equation 2:
(A1) The influence of factor 7= p% (77: € [1,+°°))1
1

when w=1, Ll.d =0, which can’t occur at zero of
. L,=0,
which means the temperature at the compression exit
reaches the limit imposed by the type of material and
cooling methods, and the injection of energy is im-
possible in the combustion process. So L, ap-

b4

proaches its maximum when 7, = (7%3)2(7’1) .

1

cycle thermal efficiency; when w=rm

max

(A2) The influence of factor A= T T+ L benefits from
1

the increase of A, as T,, increases at A under a

fixed T

., and L, is improved as more heat is in-

jected for a larger T, .

From equations 1 and 2, it can be known that F;, benefits
from the increase of A, and F,, reaches its maximum in the
caseof 7, .

For the design of engine, the type of material and cooling

methods determine the value of A and the corresponding
value of 7, . For the function of engine, factor 7 can be di-

Dy P
Pu P

vided into two parts using expression 7 = . One part
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k—1 — - :
Pu (14+ —— Ma; )" is about the characteristics of incom-
P
ing airflow, and the other part p % is related to the com-
tl

pression mechanism. Under different incoming flow condi-

tions, i.e. different Py values, factor Prz
D, Pu

to make 7 approach r,, for the optimal gain of engine spe-

must be adjusted

cific thrust. The degree of the compression required can be

measured in terms of factor 12/ . Qualitatively a larger

tl

value of P % is needed in the case of a less % ,and a
t1

1

less value of P % is desirable in the case of a larger p % .
t1

1

It is known that the value of factor % is related to
t1

the change in total pressure experienced in the compression
process. With the help of Gibbs equation (Bejan Wiley1988)
[19], the definitions of total pressure and total temperature,
the change in total pressure in the compression process can
be expressed as,

ds, = C, -d(InT)— R-d(In p)

i 3)
=C,-d(InT)-R-d(Inp,)

where ds, is the differential of entropy; R is the gas con-
stant; and d(Inp), d(Inp,), d(InT),d(InT) are the dif-
ferentials of corresponding factors.

From equation 3, the anticipated change in total pressure

in the compression process, i.e. the needed p % , can be
t1

achieved as the following indications,
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(B1) For an ideal or isentropic compression, dsm =0, so

C,-d(InT)=R-d(Inp,), which means the total

pressure increases as energy is injected, and the total
pressure decreases as energy is extracted;

(B2) For a real compression, ds, = C,-d(InT)) -

R-d(In p,) >0, which means more energy than what

is needed for the ideal compression must be injected
at the same total pressure increment, and less energy
will be extracted at the same decrease in total pres-

sure;
(B3) For an adiabatic compression, dIn(7)=0, so
ds, =—R-dlIn(p,), which means the decrease in to-

nr
tal pressure will be caused by the increase in entropy
for process losses.

DEMONSTRATION OF COMPRESSION REQUIRE-
MENTS FOR INJECTION OR EXTRACTION OF EN-
ERGY

Compression Required for Turbojets

The temperature at the turbine inlet must be kept within a
permissible range for the safe operation of a turbojet engine.
Table 1 lists the specifications of some 3rd-generation turbo-

fan engines characterized with 7, in the range of 1 600 ~ 1
800 K. Corresponding to 7., factor T, i 20.1 ~21.4 at sea

level, 31.4 ~ 33.5 at an altitude of 10 km and 33.1~35.3 at an
altitude of 20 km respectively.

It can be seen from Fig. (2) that for the applications listed
in Table 1 7 is always located within m, range when Ma,

= 0.5 ~ 3, except M53-P2 engine of Mirage 2 000 aircraft. It
can also be seen that 7 is always greater than % . In
1

Table 1. Specifications of Turbojet Engine Applications
Country Engine Type Aircraft Application T T./K Aireraft M_?x Aircraft Max (Ma,)
s (vy)/km-h

F100-PW-220 F-15 32 1643 - 25

F110-GE-100 F-16 29.9~304 1643 - 2
F404-F1D2 F117 26 1643 - 0.92

USA

F404-GE-402 F/A-18 26 1643 - 1.8
F101-GE-102 B-1B 26.5 1643 - 1.25

F110-GE-129 - 32 1728 - -

AL-31F Su-27 23 1650 2430 -

Russia or USSR RD-133 MIG-29 21 1536 2450 -

D-30F6 MIG-31 21 1660 3000 -
France M53-P2 Mirage 2 000 9.8 1533 - 2.2

Taihang - 30 1747 - -

China PRC
Taihang growth versions - - 1800 - -
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order to obtain 7, the degree of the compression required

for turbojets is formulated as inequality P % >1.
t1

40 T T T T T T T T T

7o, choice for altitude of 20km case

30F 7o choice for altitude of 10km case ¢ F100- b
o F110-  PW-220
. . GE-100
251 F404.  F101- F404- .
cf‘ o Fip2  GE-102 GE-402 g AL31F
e 9 1 1 11 1 [ W 711 BT /17
) RD-133 D-30F.

T, choice for sea level case

Pu with consideration of
P _ compression losses
1.75 2 2.25 2.5 2.75 3

Fig. (2). Relationship between pressure ratio and flight Mach num-
ber for turbojet applications.

According to the indication (B1) of equation 3, the com-
pression required can be obtained by the implementing the
increase in total pressure induced by the injection of energy.
The injection of energy is achieved in turbojet engines by a
compressor in which the incoming flow is compressed si-
multaneously when energy is injected into the flow field, and
the energy for the compressor comes from the energy ex-
tracted from a turbine. It can also be seen from Fig. 2 that if
compression loss is considered, more energy is needed by
the compressor design.

Compression Required for Ramjets/Scramjets

For a ramjet/scramjet engine, the determination of the
total temperature at the combustor exit requires a combina-
tion of elaborate computations and experienced judgments,
because such a temperature depends on many interrelated
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variables such as engine configuration, combustion detail,
heat transfer and cooling method. Although there are many

considerations, 7, must be kept within a permissible range

for an acceptable engine design. The 7, range used in this

paper is 2 500~8 500 K. (Heiser AIAA ES 1994) [20] The
corresponding 7, is 64.6 ~ 684.0 at sea level, 105.6 ~

1118.8 at an altitude of 10 km and 111.9 ~ 1185.5 at an alti-
tude of 20 km respectively.

The military nature of the applications of the ram-
jet/scramjet makes it difficult to have access to the detailed
descriptions of the ramjet/scramjet. Data concerning the spe-
cific compression issues in this paper come from the pub-
lished information about compression configurations and
working conditions. Listed in Table 2 are some compression
details, as the results of CFD analysis done with Fluent tools.
(Kuranov JSR 2003) [16] (Rozario AIAA 2007) [21]
(Emami NASA 1995 ) [22] (Patrick JPP 1996) [23] (Ding
AIAA 2001) [24] (Rodriguez JPP 2003) [25] (Voland AIAA
1999) [26] (Ault JPP 1994) [27] (Van JPP 1996) [28] (Chan
JSR 1995) [29]

It can be seen from Fig. 3 that 7 is always less than

p% in the range of Ma, =3 ~ 9. In order to obtain 7, the
1

degree of the compression required for ramjet/scramjet en-

gines is formulated as inequality P % <l.
t1

In ramjet/scramjet engines, incoming flow is compressed
by adiabatic shock interactions without the injection or ex-
traction of energy, and the decrease in total pressure is
caused by the increase in entropy induced by losses in the
compression process. As shown in Fig. (3) that mw are lo-

cated within m, range when Ma, = 3 ~ 9, the decrease in

total pressure resulting from adiabatic shock interactions
provides the compression required for the ramjet/scramjet
applications in this speed range. Moreover, it can be seen
from Fig. (4) that adiabatic shock interactions provide ram-

Table2. Compression Details of Ramjet/Scramjet Engines

Data Label Ma, p,/Pa T, /K p%l P ’ (x107) p%l Data Source
1 4 9084.3 66.1 152.2 63.8 97.0 Ref. [21, 22]
2 4 8960 170 152.2 73.6 112.1 Ref. [23]
3 4 8003.1 73.1 152.2 56.4 85.8
4 4 8003.1 76.0 152.2 582 88.6 Ref. [24]
5 4 8003.1 76.0 152.2 64.4 97.9
6 6.4 3968 203.5 2369.0 30.6 7252 Ref. [25, 26]
7 9.9 634.3 98.6 39905 8.97 3578.0
8 10.2 234.4 48.7 49488 7.6 3766.3

Ref. [27, 28]

9 10.4 606.8 48.7 55446 8.4 4646.9
10 13.1 1103 48.1 271818 33 8869.9
11 8 157 447 9844.3 6.5 637.9 Ref. [29]
12 10 1200 226 42900 10.4 4497.6 Ref. [16]
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jet/scramjet engines with acceptable changes in total pressure
in the compression processes when Ma; = 3 ~ 9, which are
also significantly demanded for the design of ramjet/scramjet
engines.

10°

e 7t choice for § =18° case
o
T‘:B 10 O \ 10 .
2 12 L
S %
CE‘ =y ] - , 7 choice for 6 =22 case

Fig. (3). Relationship between pressure ratio and flight Mach num-
ber for ramjet/scramjet applications.

Compression Required for Ramjets with Energy-Bypass
It can be seen from Fig. (3) that when Ma, > 9, & is al-

ways less than p % , and 7 locates beyond 7, range.
1

This means that although the decrease in total pressure is
caused by the increase in entropy induced by shock com-
pression losses, the decrease in total pressure can not provide
the compression required for applications with Ma; > 9. In
order to make 7 approach x,, , more decrease in total pres-

sure than that listed in Table 2 is needed. Thus when Ma, >9,

inequality P % <1 can be explained as a deep decrease in
t1

total pressure.

This compression required can be simply provided by a
deep compression. More losses in the deep compression
process result in more decrease in total pressure. More de-
crease in total pressure provide the compression required so
that the deep compression makes 7 approach 7, . Simulta-

neously the corresponding Py of the deep compression

t1
will be the order of magnitude of 10 or even less, as shown

in Fig. (4). For adiabatic shock interactions, such p %
t1

results in a significant entropy increase which is detrimental
to engine performance. Therefore, the deep compression can
not provide a comprehensive solution to the airflow com-
pression when Ma; > 9.

It can be seen from the above analyses that both the deep
decrease in total pressure and an acceptable process entropy
increment are needed when Ma, > 9. In this case, the com-
pression required can be re-explained as the combination of
the deep decrease in total pressure and the acceptable process
entropy increment. Based on equation 3, the extraction of
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energy and the increase in entropy can all cause the decrease
in total pressure. Thus the compression required for applica-
tions with Ma; > 9 can be provided in a way that the de-
crease in total pressure is mainly caused by the extraction of
energy, but not by the increase in entropy. This means that
the deep decrease in total pressure can be mainly caused by
the extraction of energy, and most importantly the process
entropy increment would also be kept in a permissible level.
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Fig. (4). Relationship between total pressure ratio and flight Mach
number for ramjet/scramjet applications.

The ramjet with energy-bypass, which has the combina-
tion of the adiabatic shock compression process and the en-
ergy extraction process upstream of the combustor, can pro-
vide the compression required for applications with Ma; > 9.
Moreover, the return of the extracted energy downstream of
the combustor is achieved for the efficient use of energy,
since the extracted energy is sourced from the movement of
engine/aircraft.

It should be noted that Ma, = 9 is used here as the termi-
nal of the application range. In fact, the determination of this
value requires a combination of detailed computations and
comparative analyses of engine performance for with or
without energy-bypass. The use of this specific value in this
paper is only because as shown in Fig. (3), 7 locates in 7,

range when Ma; =3 ~ 9 and 7 locates beyond 7, range

when Ma, > 9. It is assumed for intuitive demonstration that
the incoming flow is compressed through four ramps with
equal shock angles &, and then processed with or without
the energy extraction process under different conditions. It
can be seen from Fig. (3) that the achievement of the extrac-
tion of energy would be desirable for the compression re-
quired when Ma, is greater than a specific value in the dif-
ferent & case.

DEVELOPMENT TREND OF COMPRESSION
PROCESSES IN AERO-ENGINE THERMAL CYCLES

As discussed above, the injection of energy is required
for the turbojet compression; the method of adiabatic shock
interactions is desirable for the ramjet/scramjet compression;
and the extraction of energy is needed in the ramjet with
energy-bypass.
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Thus, with the increase in the flight Mach number, the
compression processes of aero-engine thermal cycles consist
of the compression with energy injection in the case of low
speed ranges, the adiabatic compression in the case of inter-
mediate speed ranges, and the compression with energy ex-
traction in the case of high speed ranges. The injection or
extraction of energy in the compression process aims at the
realization of the engine performance required for applica-
tions in different speed ranges.

It should be noted that when extraction of energy is re-
quired in the compression process for applications with Ma,
> 9, ramjet with energy-bypass is one of the possible solu-
tions, and a new type of engine can be developed when a
new way of energy extraction is available for hypersonic
applications.

DISCUSSION

There are many data sources about turbojet applications
in the open literature as well as very limited descriptions
about ramjet/scramjet applications. Due to commercial com-
petitions or military secrets, it is no doubt that there are dif-
ferences between the data adopted in this paper and the real
engine attributes. We cannot guarantee the accuracy of pub-
lic data. However, these data differences have little effect on
the viewpoint of this paper, because this work objective is to
analyze the public data and demonstrate the general trends,
but not to discuss any particular design. Furthermore, these
data differences may cause the imprecise determination of
the terminal of those engine application ranges.

The precise determination of the terminal of engine ap-
plication ranges is not rational in real life, since there are
always common application ranges for two types of engines.
Just like the range of Ma; = 1.5 ~ 3 as the common range of
turbojet and ramjet/scramjet applications, there must also be
a common flight speed range, in which ramjet/scramjet with
or without energy-bypass are developed for different applica-
tions. Furthermore, just like the range of Ma, < 3 as the
dominant range of turbojet applications, there must also be a
specific range for the applications of ramjet with energy-
bypass, which can be expressed as Ma; > 9 or a faster speed
range. In this paper, the uses of the specific values as the
terminal of those engine application ranges are only due to
the data locations shown in Figs. (2-4).

CONCLUSIONS

The evolution of the compression processes in aero-
engine thermal cycles is reviewed. The theoretical analyses
about the compression processes show that the injection or
extraction of energy in the compression process heavily de-
pends on the aero-engine performance required for applica-
tions in different speed ranges. The injection of energy in the
compression process is required for applications in low
speed ranges, for example, the injection of energy in turbojet
compressors; the method of adiabatic compression is desir-
able for applications in intermediate speed ranges, for exam-
ple, shock interactions for ramjets/scramjets; and the extrac-
tion of energy is needed for applications in high speed
ranges, for example, the extraction of energy in ramjets with
energy-bypass.
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