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Abstract: To solve the difficult problem of selecting initial guess values for component-level aero-
engine start-up models, a novel method based on the flow-based back-calculation algorithm (FBBCA)
is investigated. By exploiting the monotonic feature of low-speed aero-engine component character-
istics and the principle of flow balance abided by components in the start-up process, this method
traverses all the flows in each component characteristic at a given engine rotor speed. This method
also limits the pressure ratios and flow rates of each component, along with the surplus power of the
high-pressure rotor. Finally, a set of “fake initial values” for iterative calculation of the aero-engine
start-up model can be generated and approximate true initial guess values that meet the accuracy
requirement according to the Newton–Raphson iteration method. Extensive simulation verifies the
low computational cost and high computational accuracy of this method as a solver for the initial
guess values of the aero-engine start-up model.

Keywords: aero-engine; start-up model; flow-based back-calculation algorithm; initial guess value;
low-speed component characteristics

1. Introduction

Aero-engine start-up is a complex aerothermodynamic process with strong nonlinear-
ity. Unstable operating conditions and transient characteristics lead to serious difficulties in
the field of aero-engine start-up. Engine designers are faced with various challenges in sat-
isfying growing aero-engine start-up requirements concerning performance, effectiveness,
and reliability. To avoid blind engine tests, a reliable aero-engine start-up mathematic model
is the top priority to quantitatively study the influences of atmospheric conditions [1,2],
various parameters in the start-up process [3,4], different control laws [5–7], and fault
diagnosis [8–10] on start-up performance. This greatly reduces the number and cost of
engine start-up tests and shortens the development cycle of aero-engines [11,12].

The goal mentioned above motivated researchers to carry out aero-engine start-up
model establishment [13–15]. Agrawal [16] developed a generalized mathematical model to
estimate gas turbine starting characteristics early in the 1980s. The models made use of the
feature that small differences exist between component characteristics in the starting region,
and used generalized maps to study engine start-up performance, with the purpose of
reducing the number of engine tests. In 1983, to reduce the cost and improve the efficiency
of the testing procedure, Davis used a modular test program to optimize the ground-start
and air-start process [17]. In 1993, Chappell developed a generalized turbine engine start
model called ATEST-V3 [18]. The model can simulate the entire engine start-up process,
including windmill starting, spool-down starting, and starter-assisted starting. This model
was used to predict the boundary in the starting envelope between windmill starting
and starter-assisted starting. In 1999, Braig used a performance synthesis program to run
comparative analyses of the windmill performance of many kinds of turbojet and turbofan
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engines and investigate their relight capability [19]. In the same year, Owen carried out
research on the calibration of the established start-up model of a gas turbine engine and
comprehensively studied the factors influencing its accuracy [20,21]. The purpose of the
above work was to improve the simulating accuracy of the model and thereby enable better
research on engine start-up performance. In 2002, Kim grouped compressor stages into
three categories (front, middle, and rear) and used a modified stage-stacking method to
establish a compressor model [22]. This facilitated research on an aero-engine model based
on the compressor model to research the start-up process of the GE 7F under different
control laws. The phenomenon of rear-stage choking at a low speed under an idle speed
state was studied at the same time. In 2003, Riegler established a full thermodynamic engine
performance model for a two-spool, low-bypass-ratio, mixed-flow afterburner turbofan
engine by extending a model validated in the high-power range to this low state [23].
Further study on the windmill performance and dry crank of the engine was performed
with this model. In 2006, Sridhar studied the in-depth factors influencing the uncertainty
of engine relight altitude predictions [24]. Research on measures to improve the accuracy
of the component model simulating the windmill and start-up process was performed at
the same time. This work aimed to solve the difficult problem of predicting the envelope of
altitude and airspeed within which an engine can start. In 2016, Bretschneider concentrated
on the ground start-up process in which one turbofan engine starts from zero-speed and
performed deep simulations on static friction in the engine-off condition and reverse flow in
the bypass duct during the initial phase of engine acceleration [25]. This research identified
critical, previously unknown parameters that could promote the development of the aero-
engine. Furthermore, a data-driven-based method based on a nonlinear autoregressive
network with exogenous inputs (NARX) [26–28] is widely applied to the modeling and
simulation in the start-up procedure and obtains an excellent effect.

One of the difficult problems faced in the simulation of engine-starting performance
is the selection of initial guess values of the component-level aero-engine model, and this
directly determines whether the aero-engine model can work well. The selection of initial
guess values is a common problem in engine simulation, but this is more difficult for the
start-up process than for engine operation above idle speed.

For the dynamic simulation of an aero-engine above idle speed, the engine can main-
tain itself with a given fuel flow, which means the initial guess values of the dynamic
simulation above idle speed are essentially a steady-state operating point. There are many
methods to calculate a steady-state point. For example, by guessing a set of values as the
input variables, a set of error terms can be calculated from the model equations. Error
terms with a zero value indicate that one steady-state operating point has been acquired.
Mathioudakis illustrated that if the error terms have non-zero values, the guesses must be
repeated until the error terms are zeroed [29]. However, the method above requires a large
amount of numerical simulation to find a set of initial guess values that make the model
converge. Flack proposed a scientific method to select the steady-state point of the engine
model [30]. The method takes advantage of the flow balance and power balance between
components and adapts the mode from the inner gas generator to the outer aero-engine to
calculate the initial guess values. The method first gives the guess values of the inner layer.
It iterates on the guess values until the inner layer converges, then takes the parameters
calculated from the inner layer and the guess values of the outer layer as the input of the
outer layer, iterating the guess values until the outer layer converges. If the solution does
not converge, the above process must be repeated until the inner layer and outer layer both
converge, which means the steady-state point of the model has been solved. For initial
guess values, Zhou claimed that a table can be formulated by selecting typical sample
points in the flight envelope from the idle state to the maximum state [31]. Such a table can
be used to interpolate the initial guess values according to the fuel flow. Therefore, it is
easier to calculate the initial guess values of the dynamic simulation for the aero-engine
above idle speed.
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If there is no particular need to perform research on the engine’s static state, the
simulation for the ground start-up process usually starts from a speed that is nearly zero
but not zero, so the initial guess values table is not necessary. However, it is difficult to
select the initial pressure ratio values. Until now, there has been no scientific algorithm
to obtain the initial guess values of the aero-engine ground start-up model. In fact, the
initial guess values are usually chosen based on experience. Researchers have run a large
number of numerical simulations to find a set of ground initial guess values making the
model satisfy flow continuity, and this method to select initial guess values is the so-called
“cut-and-trail method,” which is similar to the method to select a steady-state point. Riegler
proposed a method to select the initial guess values of the ground start-up process [23].
The method calculates the initial guess values by iterating via a sequence of steady-state
calculations with a decreasing ram pressure ratio, which can solve the guess values from
the steady-state point at the high-level work state, step by step. Although the two methods
above are able to find a set of initial guess values to make the first point calculation converge
quickly, the method does not have universality. When the type of engine is changed, the
previously selected initial guess values may not be workable, possibly requiring a large
amount of repeated work to find a new set of initial guess values.

To address this dilemma, the main contribution of this paper proposes a novel adaptive
generation method to calculate the initial guess values of component-level aero-engine
start-up models based on a flow-based back-calculation algorithm (FBBCA). The algorithm
is designed based on the idea of the manual experience of selecting initial guess values.
Balance equations are converted to simplify the solutions of initial guess values. According
to the solution existence theorem, a set of “fake initial values” for iterative calculation is
generated and approximates true initial guess values that meet the accuracy requirement.
The advantages of this method are that it can quickly and accurately solve the initial guess
values of the aero-engine start-up model at a given corrected speed. Moreover, this method
has versatility and can be made available for arbitrary types of aero-engines.

This paper is organized as follows: Section 2 briefly introduces the establishment
of the start-up model; Section 3 presents the methodology; the corresponding results are
demonstrated in Section 4; Section 5 concludes the paper.

2. Establishment of Start-Up Model

Though different kinds of aero-engines have different numbers and types of compo-
nents, selecting initial guess values employs the same idea. The work presented here takes
a turboshaft engine as an example, to introduce the principle of the method of selecting
initial guess values in the following article.

A turboshaft engine can be divided into six typical components, containing an inlet,
a combined compressor, a combustor, a gas turbine, a power turbine, and a nozzle. The
configuration of the engine is shown in Figure 1, and the definition of each engine section
number is listed in Table 1. It is mentioned that the section number is just a label that
represents the information of the engine section. Among these components, the rotary
components such as the combined compressor, gas turbine, and power turbine must have
their own component characteristics. The model for each component is established.
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Table 1. Definition of engine section numbers.

Section Number Definition Section Number Definition

1 Inlet inlet 41 Gas turbine inlet
2 Inlet outlet 44 Gas turbine outlet

21 Combined
compressor inlet 45 Power turbine inlet

3 Combined
compressor outlet 5 Power turbine outlet

31 Combustor inlet 6 Nozzle inlet
4 Combustor outlet 7 Nozzle outlet

Since the characteristics of aero-engine components at a low-speed state are very
difficult to obtain, and the component characteristics provided by R&D departments
typically only contain characteristics above idle speed, we must extrapolate the component
characteristics to the low-speed state. Currently, a widely used method is to extrapolate the
characteristics at low speed from those above idle speed. There are many such extrapolating
methods, and here we use the exponential extrapolation method given by Zhou [32]. The
results are shown in Figures 2–4.
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3. Selection of Start-Up Initial Guess Values
3.1. The Manual Method to Select Initial Guess Values

For the ground start-up process of the turboshaft engine, simulations of the initial
rotor speed values of its gas turbine rotor and power turbine rotor are both definitely zero.
However, to facilitate the calculation and solution process when using one engine model to
model the start-up process, small values such as 0.5% or 1% of the designed rotor speed
are always chosen as the simulation initial rotor speed values, and generally, the power
turbine rotor speed initial value nL0 is usually smaller than the power turbine rotor speed
initial value nH0. After determining the initial rotor speed values, the problem of selecting
initial guess values for the ground start-up simulation of the turboshaft engine has been
determining how to find a better set of initial pressure ratio values at the given initial
rotor speed values. These initial values should make the engine model converge quickly
at the first calculating point while solving the balance equations and ensure the model
satisfies the flow balance between each component while ensuring the surplus power of
the high-pressure rotor is greater than zero.

At the beginning of the start-up process, the engine inlet air flow rate is very small.
If the nozzle exit area is fixed, then the engine inlet air flow rate will be proportional to
its total pressure ratio, which is closely related to the pressure ratio or expansion ratio
of the rotary components and the total pressure recovery coefficient of each component
in the flow channel. Because the engine air flow is very small at the beginning of the
start-up process, the wall friction loss is almost negligible when air flows through the flow
channel, so a value close to 1 can be taken as the total pressure recovery coefficient of
each component when selecting initial guess values. After determining the total pressure
recovery coefficient, the total engine air flow rate Wa2 will be directly determined by the
compressor pressure ratio πCP and turbine expansion ratios πGT , πPT :

Wa2 ∝
πCP

πGT · πPT
(1)

The following principles should be followed when choosing the pressure ratio or
expansion ratio of rotary components:

1. The total pressure ratio of the engine should be above 1.
2. The total pressure ratio should be kept constant while adjusting the pressure ratio or

expansion ratio of rotary components.
3. Selected pressure ratios should ensure interpolation calculation of component charac-

teristics at the given speed line.
4. The surplus power of the gas turbine rotor spool calculated by the selected initial

pressure values should be greater than zero.
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5. The rotary components’ inlet flow rate calculated by the selected pressure ratios using
component characteristics should meet the flow continuity equations.

6. The point interpolated by the selected pressure ratio in the compressor characteristic
map should be far from the surge and block boundary.

It is very difficult to simultaneously satisfy the above conditions in the actual debug-
ging process of selecting initial guess values; repeated debugging is needed to obtain a set
of initial guess values meeting the equilibrium equation. In some situations, inaccuracy
of the component characteristics may lead to the repeated selection of initial guess values
such that no point meeting the flow balance can be found, in which case the characteristics
must be modified.

The above manual method to select initial guess values, the widely used “cut-and-
trail method,” requires a large number of numerical simulations to find a set of initial
guess values that push the model to converge quickly. When the type of engine or the
environmental conditions of the starting simulation change, the initial guess values usually
must be re-selected, which may lead to exhausting repeated work.

3.2. The Flow-Based Back-Calculation Algorithm
3.2.1. Conversion of the Balance Equation

Taking a certain type of turboshaft engine as the modeling object, we will introduce
how we use the flow-based back-calculation algorithm to obtain the simulation’s initial
guess values. The initial guess values of the turboshaft engine are chosen as follows: Gas
turbine rotor speed nG, power turbine rotor speed nP, combined compressor pressure ratio,
gas turbine expansion ratio, and power turbine expansion ratio.

The balance equations are selected as follows:
(1) Flow rate balance between the combustor outlet section and the gas turbine

inlet section:
Wg4 −Wg41 = 0 (2)

where Wg4 represents the flow rate of the combustor outlet section and Wg41 represents the
flow rate of the gas turbine inlet section.

(2) Flow rate balance between the gas turbine outlet section and the power turbine
inlet section:

Wg44 −Wg45 = 0 (3)

where Wg44 represents the flow rate of the gas turbine outlet section and Wg45 represents
the flow rate of the power turbine inlet section.

(3) Flow rate balance between the nozzle inlet section and the nozzle outlet section:

Wg6 −Wg7 = 0 (4)

where Wg6 represents the flow rate of the nozzle inlet section and Wg7 represents the flow
rate of the nozzle outlet section.

As can be seen from Formulas (2) to (4), the rotary components and exhaust nozzle
of the turboshaft engine are restricted by the principle of flow balance, that is, there are
several flow rate balances between them. In the formula above, the flow rates of the gas
turbine and power turbine inlet sections can be interpolated and calculated using turbine
characteristic maps. For the combustor, the flow rate of its outlet section is determined by
the combined compressor, whose flow rate is determined by the compressor characteristic
map. As a result, the flow rates of the three rotary components of the turboshaft engine are
determined by their corrected speed and pressure ratio.

For the nozzle, its inlet section flow rate is determined by the power turbine outlet
section flow rate, while the nozzle outlet section flow rate is determined by its inlet param-
eters, such as the total pressure Pt6, total temperature Tt6, environmental static pressure
Ps0, nozzle outlet area A8, and air–fuel ratio fa. At the initial step of the ground start-up
process, there is no fuel supply in the combustor, and at the same time, the outlet area of
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the nozzle and the environmental pressure remain unchanged. Therefore, in the process of
calculating initial guess values of the ground start-up process, the calculated flow of the
nozzle outlet section is only determined by its inlet parameters Pt6 and Tt6, which can be
calculated from the upstream components.

As a result, Formulas (2) to (4) can be converted into the following equation when
calculating initial guess values of the ground start-up model:

f (nG, nP, πCP, πGT , πPT) = 0 (5)

The initial gas turbine rotor speed nG0 and power turbine rotor speed nP0 should be
given before calculating the initial pressure ratio values. Considering that huge differences
in the corrected speed may exist in the rotary component characteristics of different types
of aero-engines, and to ensure that each component’s corrected initial-guess speed is larger
than the minimum corrected speed characteristics, the initial speed values can be selected
by multiplying a given coefficient by the minimum corrected speed of the component
characteristic. For the turboshaft engine, the initial high-pressure rotor speed and low-
pressure rotor speed can be selected as follows:{

nG0 = (1 + k1) f (nGcormin)
nP0 = (1 + k2) f (nPcormin)

(6)

where k1 and k2 represent the given proportionality coefficients of the minimum corrected
speed lines.

After selecting the initial guess speed values, the problem of selecting initial guess
values is converted to an easier problem, which is to find appropriate values of the com-
bined compressor pressure ratio πCP, gas turbine expansion ratio πGT , and power turbine
expansion ratio πPT to satisfy the following equation:

f (πCP, πGT , πPT) = 0 (7)

3.2.2. Solution Existence Theorem

Figures 2–4 show that the rotary component characteristics of one aero-engine have
the monotonic feature in the low-speed lines of the start-up process. As can be seen from
the monotonic variation of the compressor flow characteristics, in one speed line, the
minimum corrected flow of the compressor corresponds to the maximum pressure ratio of
the compressor, while the maximum corrected flow of the compressor corresponds to the
minimum pressure ratio of the compressor.

Assuming that the initial gas turbine rotor speed nG0 corresponds to the corrected
speed ncorCP0 in the compressor characteristics, in that corrected speed line, we define the
maximum corrected flow rate as Wa,max and the minimum corrected flow rate as Wa,min.
The pressure ratios corresponding to them are defined as πCP,min and πCP,max, as shown
in Figure 5.
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When the compressor corrected flow rate changes from Wa,max to Wa,min continuously,
the pressure ratio corresponding to it increases from πCP,min to πCP,max monotonically and
continuously. To satisfy the flow balance, the corrected flow of the gas turbine and the
power turbine, which are in the downstream area of the combined compressor, will change
from large values Wg,GTLarge and Wg,PTLarge to smaller values Wg,GTSmall and Wg,PTSmall
continuously in its corresponding corrected speed line. At the same time, the expansion
ratios of the two turbines will also change from large values πGTLarge and πPTLarge to
smaller values πGTSmall and πPTSmall continuously in its corresponding corrected speed
line. As seen from Figures 3 and 4, the corrected flow of the gas turbine and power turbine
has a large span in low corrected speed lines. That means while the corrected flow of the
combined compressor changes between the maximum and minimum values, the corrected
flow rate of the gas turbine and power turbine only change in an interval, as shown in
Figures 6 and 7.
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The above analysis has shown that the calculated flow of the nozzle outlet section
is only determined by its inlet parameters Pt6 and Tt6. The nozzle inlet total pressure Pt6
can be determined by the pressure ratio of each rotary component and the total pressure
recovery coefficient of each component; since the rotating speed of the start-up process is
very low, the total pressure recovery coefficient of each component can be selected as 1, so
that Pt6 can be approximated by the following formula:

Pt6 = P0
πCP

(πGTπPT)
(8)

When the compressor-corrected flow changes from Wa,max to Wa,min continuously,
the corresponding pressure ratio increases from πCP,min to πCP,max monotonically and
continuously. To satisfy the flow balance, the expansion ratios of the gas turbine and power
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turbine change from large values πGTLarge and πPTLarge to smaller values πGTSmall and
πPTSmall continuously in its corresponding corrected speed line. This variation trend of
the pressure ratios of the rotary components causes the value of πCP

(πGTπPT)
to change from

minimum to maximum, which means the inlet total pressure Pt6 of the nozzle changes from
its minimum to its maximum. Because the inlet total pressure of the nozzle determines the
calculated flow of the nozzle outlet section, the larger the inlet total pressure, the larger the
calculated flow.

From the above analysis, we can draw the following conclusion: In the given corrected
speed lines, when the compressor corrected flow changes from its maximum to its minimum
continuously and monotonically, the calculated flow of the nozzle outlet section increases
from its minimum to its maximum. For the low-speed condition of the ground start-up
process, a larger compressor-corrected flow means a larger actual compressor air flow.

In Formulas (2) to (4), there are flow balance relationships between each compo-
nent and its adjacent components, and therefore, implicit flow balance relationships exist
between each pair of adjacent components of the aero-engine. An important implicit rela-
tionship is that flow balance exists between the flow of the compressor outlet section and
that of the nozzle outlet section.

Thus, one important conclusion is the following: With the given initial guess speed
values, if the compressor flow range calculated by the compressor flow characteristic
intersects with the range of the calculated flow of the nozzle outlet section, then a set of
initial guess pressure ratios making each component satisfy flow balance can certainly be
solved with the given initial guess speed values. If no intersection exists, then no set of
initial guess pressure ratios making each component satisfy flow balance can be solved
with the given initial guess speed values, which means the component characteristics must
be amended.

3.2.3. Solution of Initial Guess Values

The sections below will clarify the specific process of solving the initial pressure ratios
with the existence of a solution.

Figure 8 shows six cases in which there is an intersection between the compressor-
corrected flow range and the range of the calculated flow of the nozzle outlet section.
The calculated flow of the nozzle outlet section has been corrected, and the span of the
intersection is determined by the rotary component characteristics in Figure 8.

The corrected flow of the compressor must be in the intersection of the two flows in
Figure 8 when each component satisfies the flow balance. The lower and upper limits of
the intersection can be obtained by the following formula:{

Wa,low = fmax(Wa,min, WNZ,min)
Wa,up = fmin(Wa,max, WNZ,max)

(9)

where the maximum and minimum values of the corrected flow and pressure ratio of the
compressor can be calculated by the following formula:

(Wa,max, πCP,min, Wa,min, πCP,max) = f1(nCPcor0), (10)
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The calculating process of the maximum and minimum values of the nozzle flow
is as follows. We take the result of the minimum compressor pressure ratio πCP,min and
the maximum compressor pressure ratio πCP,max as the initial values of the compressor
pressure ratio and perform the regular flow path calculations. Then, the mass flow of the
downstream gas turbine inlet section will be solved, converting the mass flow to corrected
flow and using the inverse interpolation function to interpolate the expansion ratio of the
gas turbine:

πGT = fGT(nGTcor0, Wa,cor), (11)

We take the result of the expansion ratio πGT as the initial value of the gas turbine
expansion ratio and perform the flow path calculation of the gas turbine. Then, the mass
flow of the downstream power turbine inlet section can be solved, converting it to a
corrected flow and using it to interpolate the expansion ratio of the power turbine:

πPT = fPT(nPTcor0, Wa,cor), (12)



Sustainability 2023, 15, 3468 11 of 25

We take the result of the expansion ratio πPT as the initial value of the power turbine
expansion ratio and perform the flow path calculation of the gas turbine. Then, the inlet
parameters of the downstream nozzle can be solved and used to solve the calculated flow
of the nozzle outlet section:

WNZ = fNZ(Ps0, Pt6, Tt6), (13)

Through the process above, using the minimum compressor pressure ratio πCP,min
calculated by Formula (10) can solve the minimum calculated flow WNZ,min of the nozzle
outlet section while using the maximum compressor pressure ratio πCP,max calculated by
Formula (10) can solve the maximum calculated flow WNZ,max of the nozzle outlet section.

In the calculation process above, the flow balance between the combustor and the gas
turbine and between the power turbine and the gas turbine are both guaranteed, which
means the balance Equations (2) and (3) are already established. Because the expansion
ratios of the gas turbine and the power turbine can be solved by inverse interpolation, one
nozzle flow can be solved with one compressor pressure ratio, so the balance equation
represented by Formula (7) can be converted into the following formula:

f (πCP) = 0, (14)

The difficult problem of selecting the initial guess values is now simplified to the
problem of searching for an initial compressor pressure ratio πCP to enable us to use
Formula (14) to represent the balance equation.

For the situation shown in Figure 8b,f, the minimum calculated flow of the nozzle is
negative, indicating that the total pressure ratio of the aero-engine is less than 1 when the
compressor flow changes from its maximum to its minimum, which will result in nozzle
inverse flow. This situation must be restricted to improve the degree of closeness between
the real initial guess values and the “fake initial values” calculated.

According to the above process of solving the nozzle flow, the expansion ratio πGT of
the gas turbine and the expansion ratio πPT of the power turbine can be solved through
inverse interpolation by the pressure ratio of the compressor based on flow balance. When
the compressor flow changes from its maximum to its minimum, the pressure ratio of the
compressor gradually increases; however, the expansion ratios of the gas turbine and the
power turbine gradually decrease based on the analysis above. The total pressure ratio of
the aero-engine is approximately πCP

(πGTπPT)
, so the total pressure ratio of the aero-engine

gradually increases when the compressor flow changes from its maximum to its minimum.
Thus, the situation in which the minimum calculated flow of the nozzle is negative, as
shown in Figure 8b,f, only occurs when the compressor flow is near its maximum. The
interval between the maximum and minimum flow of the compressor can be divided into n
equal parts and n changes according to the requirement of precision. n is 100 in this article.
By gradually decreasing the compressor flow from the maximum flow and making use of
the inverse interpolation function, the compressor pressure ratio corresponding to the flow
can be solved, and then the expansion ratios of the gas turbine and power turbine can be
calculated using Formulas (11) and (12). We perform the above calculation process until
the total pressure ratio πCP

(πGTπPT)
of the aero-engine is greater than 1, and we replace the

flow Wa,max with the compressor flow Wa,temp in Formula (9) to solve a new upper limit
flow Wa,up.

We take the flow midway between the lower and upper limits of the intersection of
the compressor flow and the nozzle flow as Wa,mid:

Wa,mid =
Wa,up + Wa,low

2
, (15)

In the compressor characteristics, the pressure ratio π′CP0 of the compressor can be
solved with the inverse interpolation of Wa,mid. With the help of Formulas (11) and (12), the
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expansion ratio π′GT0 of the gas turbine and the expansion ratio π′PT0 of the power turbine
can both be solved. π′CP0, π′GT0, and π′PT0 are the so-called “fake initial values.”

For the situation shown in Figure 8e, the upper and lower limits of the intersection
solved are the maximum and minimum compressor flows at the given corrected speed line,
which to some extent affects the accuracy of the “fake initial values” and conflicts with the
later iterative solution of the real initial guess values.

According to the above analysis, when the compressor flow changes from its maximum
to its minimum, the pressure ratio πCP of the compressor increases gradually, and the total
pressure ratio of the aero-engine also increases gradually, which finally contributes to the
gradual increase in the calculated flow of the nozzle outlet section. The interval between
the maximum and minimum compressor pressure ratios can be divided into m equal parts
and m changes according to the requirement of precision. In this article, m is selected as 100.
We gradually increase the compressor pressure ratio from the minimum to the maximum
and calculate the nozzle flow using Formulas (11) to (13) until the calculated flow of the
nozzle is larger than the minimum compressor flow. Defining the compressor pressure ratio
previously as πtemp1, its corresponding flow is Wa,temp1. Replacing the flow Wa,max with
Wa,temp1 in Formula (9), we can solve the new upper limit flow Wa,up. Then, we can solve a
new set of “fake initial values”, which include π′CP0, π′GT0, and π′PT0, using Formulas (15),
(11), and (12). The narrowing of the intersection of the flow brings the “fake initial values”
closer to the real initial guess values.

Similarly, the new lower limit flow Wa,low can be calculated by way of calculating the
maximum compressor pressure ratio and can further improve the accuracy of the “fake
initial values.”

The Newton iteration method is a powerful mathematical method for the equation
approximation solution in fields of real numbers and complex numbers. It has been widely
applied to diverse fields, such as the simulation of industrial equipment [33], the parameter
identification of transfer functions [34], and the design of basic science [35]. In addition,
the improvement of the Newton iteration method constitutes challenging and meaningful
research to enhance the global convergence capability [36–38]. When the Jacobian matrix is
positively definite and the initial values are close to the real initial guess values, the Newton
iterative method has second-order convergence. Taking advantage of the convergence
of the Newton iterative method, the real initial guess values can be solved by taking the
“fake initial values” obtained above as the initial point of the iterative solution. The above
traversal calculation of the flow has narrowed the intersection of the compressor flow and
the nozzle flow, which makes the “fake initial values” much closer to the real initial guess
values and ensures the true values of the initial guess values can be solved by iteration.

In the process of iteratively solving for the true initial guess values, we have added the
restriction that the surplus power of the gas turbine is greater than zero. So, the pressure
ratios πCP0, πGT0, and πPT0 can finally be solved. πCP0, πGT0, πPT0, and the speeds nG0
and nP0 defined by Formula (6) are called the ground initial guess values that can make the
model converge.

3.3. Expansion of the Flow-Based Back-Calculation Algorithm

The idea of our proposed FBBCA can also be applied to other types of component-level
aero-engine models to select the initial guess values.

The following will take the twin-shaft mixed exhaust turbofan engine as an exam-
ple to show how the FBBCA can be expanded to other types of component-level aero-
engine models.

Figure 9 is the functional block diagram of a twin-shaft mixed exhaust turbofan engine.
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3.3.1. Conversion of the Balance Equation

The initial guess values of the twin-shaft mixed exhaust turbofan engine are chosen as
follows: High-pressure rotor speed nH , low-pressure rotor speed nL, fan blade tip pressure
ratio πFT , compressor pressure ratio πCP, high-pressure turbine expansion ratio πHT , and
low-pressure turbine expansion ratio πLT .

The balance equations are selected as follows:
(1) Flow balance between the combustor outlet section and the high-pressure turbine

inlet section:
Wg4 −Wg41 = 0, (16)

where Wg4 represents the flow of the combustor outlet section and Wg41 represents the flow
of the high-pressure turbine inlet section.

(2) Flow balance between the high-pressure turbine outlet section and the low-pressure
turbine inlet section:

Wg44 −Wg45 = 0, (17)

where Wg44 represents the flow of the high-pressure turbine outlet section and Wg45 repre-
sents the flow of the low-pressure turbine inlet section.

(3) Flow balance between the nozzle inlet section and the nozzle outlet section:

Wg7 −Wg9 = 0, (18)

where Wg7 represents the flow of the nozzle inlet section and Wg9 represents the flow of the
nozzle outlet section.

(4) Static pressure balance between the low-pressure turbine outlet section and the
bypass outlet section:

Ps63 − Ps163 = 0, (19)

where Ps63 represents the static pressure of the low-pressure turbine outlet section and Ps163
represents the static pressure of the bypass outlet section.

Formula (19) ensures the flow balance between the fan blade root outlet section and
the compressor inlet section. From the above analysis of Formulas (2) to (4), we can convert
Formulas (16) to (19) to the following equation when calculating initial guess values of a
ground start:

f (nH , nL, πFT , πCP, πHT , πLT) = 0, (20)

According to the analysis of the turboshaft engine, the expansion ratio of the high-
pressure turbine and low-pressure turbine downstream of the compressor can be calculated
by the compressor ratio through the flow balance. Because Formula (19) ensures the
flow balance between the fan and the compressor, the fan blade root ratio can also be
calculated by the compressor ratio. An important implicit relationship can be achieved from
Formulas (16) to (19), which is that flow balance exists between the flow of the fan outlet
section and the flow of the nozzle outlet section.

Thus, one important conclusion is the following: With the given initial-guess speed
values, if the fan flow range calculated by the fan flow characteristic intersects with the
range of the calculated flow of the nozzle outlet section, then a set of initial-guess pressure
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ratios that causes each component to satisfy the flow balance can certainly be solved
with the given initial guess speed values. If no intersection exists, then no set of initial-
guess pressure ratios making each component satisfy the flow balance can be solved with
the given initial-guess speed values, which means the component characteristics must
be amended.

3.3.2. Solution of Initial Guess Values

For the condition of existing solutions, the process of solving the initial guess values is
as follows:

As with the turboshaft engine, we can select the high-pressure rotor speed nH0 and low-
pressure rotor speed nL0 according to Formula (6). There are two compression components
in the twin-shaft mixed exhaust turbofan engine—the fan and the compressor—and the
compressor is more likely to enter the surge and blocking state. Therefore, it is wise to take
the compressor as the center to calculate the initial pressure ratios of the twin-shaft mixed
exhaust turbofan engine.

To solve the corrected speed nCPcor0 corresponding to the initial speed value nH0
of the compressor and the maximum corrected flow, the minimum corrected flow, the
maximum pressure ratio, and the minimum pressure ratio in this corrected speed line, we
must determine the inlet parameters of the compressor. However, the outlet parameters
of the upstream fan are unknown, which makes the inlet parameters of the compressor
unsolvable. Considering that the pressure ratios of compression components are very close
to 1, the fan may encounter static in the initial stage of start-up, which means the fan is
doing no work to the air flowing through it. So, it is reasonable to assume the pressure ratio
of the fan is 1 to calculate the inlet parameters of the downstream compressor. With the
parameters solved, the corrected speed nCPcor0 can be solved, and then we can use Formula
(10) to solve the maximum corrected flow, minimum corrected flow, maximum pressure
ratio, and minimum pressure ratio in this corrected speed line.

By taking the result of the minimum compressor pressure ratio πCP,min and the maxi-
mum compressor pressure ratio πCP,max, respectively, as the initial value of the compressor
pressure ratio, we can solve the outlet parameters and the expansion ratio of the low-
pressure turbine by using Formulas (11) and (12). The compressor inlet flow Wa,CPin can
be solved by interpolation, and due to the flow balance between the fan blade root outlet
and the compressor inlet, the fan blade root outlet flow equals Wa,CPin. Because there is no
bleed air in the fan, the fan blade root inlet flow is Wa,CPin. Using the inverse interpolation
function, the fan blade root pressure ratio πFR can be solved. Then, using Formula (21), the
pressure ratio and flow of the fan blade tip can be solved:

(πFT , Wa,FTin) = f (πFR, nFANcor), (21)

After solving the flow of the fan blade root and fan blade tip, the outlet flow of the fan
can be solved. According to the flow balance between the fan blade root and the compressor,
it is clear that by using the minimum pressure ratio πCP,min as the initial pressure ratio of
the compressor, we can solve the maximum flow Wa,FANmax of the fan, and we can use the
maximum pressure ratio πCP,max as the initial pressure ratio to solve the minimum flow
Wa,FANmin of the fan. Using the parameters obtained by Formula (21), the outlet parameters
of the fan can all be solved, and these can be used to calculate the inlet parameters of the
bypass. Performing the flow path calculation of the bypass, the outlet parameters of the
bypass can also be solved.

Knowing the outlet parameters of the bypass and the low-pressure turbine, the flow
path calculation of the mixer can be performed to solve the inlet parameters of the down-
stream nozzle, as Formula (13) shows. From the above analysis of the turboshaft engine,
we know that by using the minimum pressure ratio of the compressor, the minimum fan
pressure ratio, the maximum high-pressure turbine expansion ratio, and the maximum
high-pressure turbine expansion ratio can be solved, so the nozzle flow that is solved is
the minimum. In a word, the minimum compressor ratio πCP,min represents the maximum
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fan flow Wa,FANmax and the minimum nozzle flow WNZ,min, while the maximum compres-
sor ratio πCP,max represents the minimum fan flow Wa,FANmin and the maximum nozzle
flow πCP,max.

In the calculation process above, the flow balance between the fan blade root and the
compressor, the flow balance between the high-pressure turbine and the combustor, and
the flow balance between the low-pressure turbine and the high-pressure turbine are all
guaranteed. The fan pressure ratio, the high-pressure turbine expansion ratio, and the
low-pressure turbine expansion ratio all can be solved by inverse interpolation of the flow.
So, using one compressor pressure ratio can solve one nozzle flow, and we can convert
Formula (20) to the form of Formula (14).

The subsequent calculation process is the same as Formula (15). After solving the
middle flow and using the inverse interpolation function to solve the compressor pressure
ratio π′CP, we can solve the fan blade tip pressure ratio π′FT , the high-pressure turbine
expansion ratio π′HT , and the low-pressure turbine expansion ratio π′LT with the help of
Formulas (21), (11), and (12). π′CP, π′FT , π′HT , and π′LT are the so-called “fake initial values.”
Then, using Newton’s method, we can obtain the true initial guess values.

For the twin-shaft turbojet engine similar to the twin-shaft mixed-exhaust turbofan
engine, the initial guess values can be solved by the same theory used to solve the pressure
ratio of the low-pressure compressor. For the single-shaft aero-engine, the initial guess
values can be solved by the FBBCA by simplifying the calculating process of the turboshaft
engine. So, the method proposed by this article can be applied to other types of component-
level aero-engine models to select initial guess values. An illustration of the selection of
start-up initial guess values is presented in Figure 10.
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4. Simulation
4.1. Simulation under Different Speeds

Taking a certain type of turboshaft engine as an example, we select different propor-
tionality coefficients according to Formula (6). Using different initial guess speed values
to calculate the start-up initial guess values with the iteration tolerance set to 0.001, the
ambient pressure set to 101,325 Pa, and the ambient temperature set to 288.15◦K, the input
of the given initial guess speed values and the corresponding simulation results are shown
in Figures 11 and 12, respectively.
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With the same initial-guess speed and environmental parameters, the simulation
results with the iteration tolerance set to 0.005 are shown in Figure 13.
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Figures 11–13 show that, even when the variation range of the given initial speed
values is very large, initial guess values that make the model converge can still be solved
with the algorithm presented in this article. By comparing the solved pressure ratios in
Figures 12 and 13, we can obtain the following conclusions. Reducing the iteration tolerance
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appropriately can significantly reduce the NR iteration number while the solved pressure
ratios only change slightly, as shown by the fact that the error between the solved pressure
ratios in Figures 12 and 13 at the same speed is less than 1‰. Such a tiny error also shows
that tiny variations of pressure ratios can contribute to large variations of flow error at low
speed, and if using the artificial method to select initial guess values, the difficulty and
workload will be enormous.

4.2. Simulation under Different Environmental Conditions

China’s vast territory and large latitude and longitude values lead to a large span of
temperatures. The maximum temperature in China can be as high as 320.15◦K, while the
minimum temperature can be as low as 221.15◦K. The lowest altitude of major cities is
near sea level, with atmospheric pressure close to standard atmospheric pressure, and the
highest altitude is up to 4 km, with atmospheric pressure as low as 64,000 Pa. Accordingly,
aircraft engines in China can face a variety of starting environmental conditions, including
plateaus, alpine conditions, high temperatures, and other extreme conditions. This section
will select typical sample points in the range of environmental parameters in China to
verify the adaptability of the FBBCA.

Taking a turboshaft engine as an example and changing the environmental param-
eters at the same initial guess speed (nG0 = 30 rpm and nP0 = 20 rpm), the input of
the environmental parameters and the corresponding simulation results are shown in
Figures 14 and 15, respectively.

Sustainability 2023, 15, x FOR PEER REVIEW 18 of 25 
 

 

will select typical sample points in the range of environmental parameters in China to 
verify the adaptability of the FBBCA. 

Taking a turboshaft engine as an example and changing the environmental parame-
ters at the same initial guess speed (𝑛 = 30 rpm and 𝑛 = 20 rpm), the input of the 
environmental parameters and the corresponding simulation results are shown in Figures 
14 and 15, respectively. 

 
Figure 14. Input of different environmental conditions. 

 
Figure 15. Simulation under different environmental conditions with iteration tolerance set to 
0.001. 

At the given initial guess speed, the convergence of 441 points of initial guess values 
calculated by the FBBCA in this turboshaft engine’s environmental envelope is shown in 
Figure 16. 

Figure 14. Input of different environmental conditions.

Sustainability 2023, 15, x FOR PEER REVIEW 18 of 25 
 

 

will select typical sample points in the range of environmental parameters in China to 
verify the adaptability of the FBBCA. 

Taking a turboshaft engine as an example and changing the environmental parame-
ters at the same initial guess speed (𝑛 = 30 rpm and 𝑛 = 20 rpm), the input of the 
environmental parameters and the corresponding simulation results are shown in Figures 
14 and 15, respectively. 

 
Figure 14. Input of different environmental conditions. 

 
Figure 15. Simulation under different environmental conditions with iteration tolerance set to 
0.001. 

At the given initial guess speed, the convergence of 441 points of initial guess values 
calculated by the FBBCA in this turboshaft engine’s environmental envelope is shown in 
Figure 16. 

Figure 15. Simulation under different environmental conditions with iteration tolerance set to 0.001.



Sustainability 2023, 15, 3468 18 of 25

At the given initial guess speed, the convergence of 441 points of initial guess values
calculated by the FBBCA in this turboshaft engine’s environmental envelope is shown
in Figure 16.
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Figure 15 shows that the atmospheric temperature has a large impact on the initial
guess values, while the atmospheric pressure has negligible impacts. Figure 16 shows that
the algorithm presented in this article can always solve suitable initial guess values, making
the model converge in response to the changing environmental parameters. The algorithm
has self-adaptability.

Furthermore, turboshaft engine performance comparisons at complete start-up condi-
tions between a real engine and the component-level model are shown in Figure 17. The
experiment was measured in a rig test. As shown in Figure 17, the simulation curves are
essentially consistent with the experimental curves.
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4.3. Simulation with Different Types of Aero-Engines

This section will take two types of single-shaft turbojet engines and a twin-shaft turbo-
fan engine as examples to verify the universality of the FBBCA proposed by
this paper.

The simulation results of type A and type B single-shaft turbojet engines using the
FBBCA under different environmental conditions are shown in Table 2.
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Table 2. Simulation results of two types of single-shaft turbojet aero-engines with iteration tolerance
set to 0.001.

Type A Type B
n0 πCP0 πT0 n0 πCP0 πT0

101,325 Pa,
288.15◦K 190.7 1.006376 1.006231 202.8 1.004524 1.003424

101,325 Pa,
313.15◦K 190.7 1.006227 1.006087 202.8 1.004415 1.003365

80,000 Pa,
285.15◦K 190.7 1.006395 1.006249 202.8 1.004536 1.003431

80,000 Pa,
263.15◦K 190.7 1.006532 1.006379 202.8 1.004638 1.003486

Table 2 shows that the FBBCA proposed by this article can be applied to different
types of aero-engines and solve their relevant initial guess values. At the same time, the
algorithm can adjust the initial guess speed automatically according to the component
characteristics and solve the corresponding initial guess pressure ratios. In addition to
this, the algorithm can adjust the solved initial guess values automatically according to the
variation of the environment to ensure the model always converges.

Taking the twin-shaft turbofan engine as an example to verify the universality of
the FBBCA, the input of the environmental parameters and the corresponding simulation
results are shown in Figures 18 and 19, respectively.
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Figure 19 shows that for the twin-shaft turbofan engine, the algorithm can solve its
ground initial guess values quickly and accurately. As can be seen in Figure 19, when the
low-pressure rotor initial guess value nL0 is very small, the fan pressure ratio solved is
below 1, which is consistent with the theoretical analysis. When the fan speed is very low,
the work performed on the airflow by the fan is nearly zero. However, when air flows
through the fan, a total pressure loss will be generated, which will make the pressure ratio
of the fan less than 1, which is why fan pressure ratios less than 1 can be observed in
Figure 19. The literature also mentions that at a very low-speed state, the pressure of the
fan tip outlet or bypass inlet might be lower than the environmental pressure, which will
contribute to the backward flow of the bypass nozzle [25]. This also verifies the rationality
of the FBBCA proposed in this article. When the fan speed increases, the power provided by
the fan increases and the total power is greater than the loss, which will make the pressure
ratio of the fan greater than 1, as shown in the fourth group in Figure 19.

4.4. Comparison of the Manual Method and the Flow-Based Back-Calculation Algorithm

Compared with the manual method, the FBBCA proposed by this paper has the
following advantages:

1. The FBBCA can quickly calculate the initial guess values of a component-level
aero-engine start-up model in only a few seconds, while the traditional manual method
usually takes several hours or even several days to select an appropriate set of initial guess
values that can make the model converge. For example, for the type of turboshaft engine
discussed above, the manual “cut-and-trail method” took half a day to select a set of initial
guess values that made the model converge. When the structure of the engine is more
complex, such as the twin-shaft mixed-exhaust turbofan engine, the manual “cut-and-
trail method” will consume much more time. A survey in research institutions indicates
that the traditional manual “cut-and-trail method” for the selection of initial guess values
of a twin-shaft engine could take one or two days. It is extremely dependent on the
designers’ experience and the reliability of the low-speed component characteristics. The
manual method for zero-based researchers could consume over a week. To avoid such a
circumstance, for the same engine configuration, some researchers could copy low-speed
component characteristics and corresponding initial guess values from one designed engine
to another undesigned engine. However, this approach can obviously reduce the confidence
of the aero-engine at start-up conditions.

2. The FBBCA can quickly judge whether the initial guess values have a solution and
show the scope of the solution based on the component characteristics.

Extrapolating the component characteristics in a low-speed state from its characteris-
tics above idle speed cannot ensure the accuracy of the extrapolated characteristics. This
extrapolation might sometimes even cause a mismatch problem between the components’
characteristics, leading to no solution for the initial guess values. However, the selection of
initial guess values assumes that the model has a solution, and no one knows whether the
model does have a solution. In the case where no solution exists, the manual “cut-and-trail
method” attributes the divergence of the start-up model to the wrong selection of the initial
guess values, and more time will be taken to repeatedly select new initial guess values
until the mismatching problem of component characteristics has been identified. However,
much time and energy have already been wasted.

The FBBCA proposed by this paper can quickly judge whether the initial guess values
have a solution, show the scope of the solution based on the component characteristics, and
avoid the case of no solution that can be encountered by the manual “cut-and-trail method.”
Figure 20 shows the solution scope in the combined compressor flow characteristic of the
type of turboshaft engine discussed above.
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acteristic of the type of turboshaft engine discussed above. 
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Figure 20. Solution scope in compressor flow characteristic of the turboshaft engine. Figure 20. Solution scope in compressor flow characteristic of the turboshaft engine.

As can be seen from Figure 20, the solution scope only accounts for a small part
of the overall flow characteristics, which also reflects the difficulty of using the manual
“cut-and-trail method” to select the initial guess values. Figure 21 shows that the final
convergent point of the model is strictly in the solution scope, which proves the reliability
and rationality of the FBBCA. If no solution scope can be solved by the FBBCA, the
component characteristics have a mismatching problem that must be corrected. Due to this,
the large amount of time and energy wasted by the manual method can be avoided.
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3. The FBBCA has good generality and self-adaptability. The initial guess values
obtained by the traditional manual method are only for a certain type of aero-engine. A
change in either the engine type or version will result in the initial guess values being no
longer applicable, and then the initial guess values must be re-selected. In addition, if the
initial guess speeds change, the corresponding initial guess pressure ratios obtained by the
manual method might make it difficult for the model to converge, and even might result
in the divergence of the model. Table 3 shows the variation of the NR iteration number of
the initial guess values obtained by both the manual method and the FBBCA for the type
of turboshaft engine discussed above. The iteration tolerance is set to 0.001, the ambient
pressure is set to 101,325 Pa, and the ambient temperature is set to 288.15◦K. For the manual
“cut-and-trail method,” the initial guesses of the gas turbine rotor speed and power turbine
rotor speed are 30 rpm and 20 rpm, respectively.
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Table 3. Comparison of NR iteration time between the manual method and the FBBCA at different
initial guess speeds.

nG0 nP0

NR Iteration
Number of the

Manual
“Cut-And-Trail

Method”

NR Iteration
Number of the

FBBCA

1 30 20 11 10
2 80 20 34 11
3 80 50 35 10
4 150 20 37 13
5 150 50 37 12
6 300 100 39 12
7 300 200 39 14

It can be seen from Table 3 that the initial guess values selected by the manual “cut-and-
trail method” can only make the model converge quickly at the corresponding initial-guess
speeds. When the initial-guess speeds change, the NR iteration number greatly increases.
However, the FBBCA proposed by this paper can make the model converge quickly at
any given initial-guess speed. In addition, the initial guesses of the pressure ratios of the
turboshaft engine, in this case, are only 3; when the engine type becomes more complex, the
initial guesses of pressure ratios might increase to 4, or even 5. By that time, it is difficult
for the initial guess values obtained by the manual method to guarantee that the model
still converges when the initial-guess speeds change greatly.

In summary, the FBBCA proposed by this article can solve the initial guess values of
a component-level aero-engine model quickly and accurately and can be adapted to the
variation of environmental parameters and multiple types of engine models.

5. Conclusions

In this paper, a novel generation method for initial guess values was introduced that
aimed to adaptively achieve initial guess values of the aero-engine component-level models
at the start-up condition. The relevant verifications are as follows:

(1) The FBBCA proposed by this article has good universality and can be applied to
solve the initial guess values of ground start-up models for the main types of aero-engines,
such as turbojet, turboshaft, and turbofan engines.

(2) The FBBCA can solve the initial guess values at a given corrected speed quickly and
accurately. This algorithm can adapt to changes in environmental parameters automatically
to ensure the initial guess values always result in convergence.

(3) The FBBCA can simplify the work of selecting initial guess values and save a
large amount of numerical simulation work required by the “cut-and-trail method”, so this
method has practical significance.
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Nomenclature

EF engine flow
ER expansion ratio
FBBCA flow-based back-calculation algorithm
n rotor speed, rpm
P pressure, Pa
P0 environmental pressure
PR pressure ratio
T temperature, K
TP total pressure
W mass flow rate
π pressure ratio/expansion ratio
Subscripts
a air
cor corrected parameter
CP compressor
FAN fan
FT fan blade tip
FR fan blade root
g gas
G gas turbine rotor
GT gas turbine
H high-pressure rotor
HT high-pressure turbine
L low-pressure rotor
LT low-pressure turbine
NZ nozzle
P power turbine rotor
PT power turbine
s static
t total
1–9 engine interface symbols
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